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ARTICLE INFO ABSTRACT

In this study, a newly fluorescent ZnSe quantum dots (QDs) with ion imprinting technology was firstly realized
on the three-dimensional (3D) rotary paper-based microfluidic chip platform which can be used to realize
specific and multiplexed detection of Cadmium ions (Cd?*) and Lead ions (Pb®™). Compared to CdTe quantum
dots, ZnSe quantum dots are less toxic and more environmental friendly. In addition, this design improved the
portability of the device by transferred the liquid phase of ZnSe QDs@ion imprinted polymers to solid glass fiber
paper. Moreover, the 3D rotary microfluidic chip (uPADs) showed great advantages including low cost, simple
and fast facile operation, multiplexed detection, and showed good sensitivity and selectivity. Under optimal
experiment conditions, our proposed method was enabled to realize specific and multi-channel determination of
Cd?* and Pb>* ions. The developed sensor of Cd** uPADs provided a linear response from 1 to 70 pg/L with a
lower detection limit of 0.245 pg/L, and Pb?* yPADs provided a linear response from 1 to 60 ug/L with a lower
detection limit of 0.335 pg/L, respectively. Excitingly, this newly designed 3D rotary uPADs exhibited quanti-
tative information conveniently, which showed the promising application prospects to rapid testing target metal
ions in environmental in the future.
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1. Introduction

Heavy metal ion pollutions have caused a number of serious threats,
even if they were low in concentration, and they were also very toxic
and pose high risks to the environment and human health [1,2]. Cad-
mium (Cd) element is a non-essential element of the human body. It is
generally low in nature and does not affect human health under normal
environmental conditions. When the environment is contaminated by
cadmium, cadmium can be enriched in the organism, causing chronic
poisoning of the human body through the food chain. Among them, the
kidney can absorb nearly one-third of the cadmium in the body, which
is the "target organ" of cadmium poisoning [3,4]. At the same time,

Lead (Pb) is a toxic heavy metal, which is not degradable in the en-
vironment and potentially toxic to many living tissues. Lead pollution
will cause children grow slowly or developmentally delayed, and even
leading to death [5]. According to the maximum level of drinking water
standards of United States Environmental Protection Agency issued, the
content of cadmium and lead ions are lower than 5pg/Land 15 pg/L,
respectively. Therefore, microanalysis of cadmium ion (Cd?*) and lead
ion (Pb%") in water environment monitoring has become the focus of
human attention. Many methods can be used for the determination of
Cd** and Pb®" ions in complicated water environments, such as col-
orimetric sensors [6-8], electrochemical analysis [9-11], fluorescent
sensors [12-14], Raman scattering sensors [15], etc.
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With the development of miniaturization and integration, 3D mi-
crofluidic paper-based analytical devices (UPADs) have received wide-
spread attentions [16-19], which showed great advantages in en-
vironmental analysis [20]. It had the advantages of low cost, portability
and quick detection in the field [21,22]. The main materials of micro-
fluidic chip are glass, silicon wafer, paper, etc. Compared with the
materials of silicon wafer and glass, the cost of paper chip is very low,
and easy to fabricate. And its operation is simple, without external drive
pump, and just relies on the paper’s capillary force to realize liquid’s
flowing. In addition, the paper is small, easy to carry and transport, and
the paper can be burned that is environmental user-friendly. After
combined with a variety of detection methods simultaneously, such as
fluorescence [23,24], electrochemical [25-27], surface enhanced
Raman spectroscopy [28,29], and colorimetric detection [30,31], it can
be used in a wide range of chemical analysis areas.

Quantum dots (QDs) had high fluorescence yield, high stability and
good luminescence performance, hence they were widely used in en-
vironmental monitoring, food safety testing, and biomedical field since
recent years [32-34]. For instance, Xu et al. detected streptomycin
based on CdTe QDs [35]. Wang et al. assembled a high-sensitive elec-
trochemical sensor of Sudan I based on ZnSe QDs [36].Wang et al. es-
tablished a bright, efficient, and color-stable violet light-emitting diodes
based on ZnSe QDs [37]. In this work, ZnSe QDs was chosen to take
place of the previous cadmium series of QDs, because the QDs of the
cadmium series are biologically toxic, and they will cause environ-
mental pollution and damage human health if they are handled im-
properly. On the contrary, ZnSe QDs are almost no toxicity, and will not
cause pollution damage to the environment and human body [38].
Moreover, the synthesis method is simple, and the quantum dot yield is
high and stable. It is well known that there are many substances that
can quench the fluorescence of QDs. Using this principle, we combined
ion-imprinting technology with QDs to produce a fluorescence sensor
with high sensitivity and high selectivity [39,40]. The development of
ion imprinting technology is based on molecular imprinting technology
[41-43]. In this experiment, we presented an attempt at preparation of
ion imprinted polymers on the glass fiber paper using Cd*>* or Pb**
ions as the templates, and then crosslinked the functional monomer
APTES by chelation reaction under the influence of TEOS. Finally, the
template ions are eluted by the acidic solution to remove the template
ions and produce the caves in the imprinted polymer layers, and these
caves are matched with the template ions, so that the specific re-
cognition of the template ions can be realized [44,45]. Vatanpour et al.
developed an ion imprinted membrane based on ion imprinting tech-
nology to detect nickel ion [46]. Qi et al. assembled a origami uPADs
based on ion imprinting technology to measure Cu®>* and Hg>* ions
[47].

In this work, we firstly used ZnSe QDs wrapped with ion imprinted
polymers on 3D rotary uPADs for the detection of Cd** and Pb** ions.
The 3D pPADs not only can realize multiplexed detection, but also
could be compatible of implementing pretreatment for the different
water. The biologically toxic CdTe QDs were replaced by ZnSe QDs,
which greatly improved the safety performance and ensured the re-
cognition ability of ions. According to our investigation, this is the first
time to combine ion imprinting technology and ZnSe QDs on 3D rotary
UPADs platform to realize the determination of Cd>* and Pb?>™ ions. In
addition, the proposed method provided a simple, facile and robust
method to detect other metal ions using appropriate template ions.

2. Experimental section
2.1. Materials

Selenium (Se), zinc acetate dehydrate (Zn(OAC,)-2H,0), sodium
borohydride (NaBH,4), 3-aminopropyltriethoxysilane (APTES), N-hy-

droxysuccinimide (NHS) and 3-ethylcarbodiimide hydrochloride (EDC)
were bought from Aladdin Bio-chem Technology Co.LTD
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(Shanghai,China). 2-N-morpholinoethanesulfonic acid (MES) were
procured from Sigma-Aldrich (Shanghai,China). thioglycollic acid
(TGA), ethanol, ammonia solution (NH3H,0), tetraethoxysilane
(TEOS), NaOH, HCI and other reagents were procured from Sinopharm
Chemical Reagent Co.LTD (Shanghai, China). Whatman No.1 chroma-
tography paper was acquired from GE Company (Shanghai, China).
Glass fiber paper was purchased from blue sky environmental mon-
itoring products factory (Shandong Dezhou, China). All aqueous solu-
tions used were ultrapure water (18.2 MQ specific resistance), which
was obtained from a Cascada laboratory water system (Millipore,
Bedford, MA, USA).

2.2. Instruments

Adobe Ilustrator (drawing software) was used to design pattern, To
form a hydrophobic channel, the wax was printed on the Whatman
No.1 chromatography paper by XEROX Phaser 8560DN, and then kept
in an bake oven at 120 °C for 30 s. Fluorescence spectrum was obtained
by a spectrofluometer (Fluoromax-4, HORIBA): the excitation wave-
length of the ZnSe QDs was 348 nm, and the emission spectrum be-
tween the wavelengths of 360 ~430 nm was recorded. Scanning mi-
croscope(SEM; JSM 5600 L V) was used to show the morphology of the
chip. Preparation process was determined by detecting the infrared
spectrum with Fourier transform infrared spectrometer (Nicolet iS10,
Thermo Scientific).

2.3. Synthesis of water-soluble TGA-modified ZnSe QDs

The synthesis of water-soluble TGA-modified ZnSe QDs was mainly
based on the previously literature [48]. For the synthesis of zinc pre-
cursor, 100 ml of Zn(OAc), solution (0.5 mM) and 1.5 mM of TGA were
dissolved in a three-hole flask, and the reaction media was adjust to pH
9.5 with 1.0 M of NaOH and bubbled with N, to maintain an anaerobic
environment. At the same time, 4.8 mg of Se and 18.9 mg of NaHB,
were dissolved in 5 ml of icy ultrapure in a centrifuge tube, and then the
reaction was carried out in an ice water bath at a temperature of 2 to
4°C for 1h to format NaHSe solution. At this point, all the Se dis-
appeared and a small amount of white crystal appeared at the bottom of
the bottle. Next, after injecting freshly prepared of NaHSe solution into
the three-hole flask and the whole system was stirred and heated to
boiling for 2h. When the solution was naturally cooled to room tem-
perature, the solution was irradiated by a 6 W UV lamp with a wave-
length of 245nm for 18 h. The synthetic of TGA-modified ZnSe QDs
showed excellent blue-green fluorescence at 370 ~ 400 nm.

2.4. Synthesis of glass fiber paper (paper@ZnSe QDs) based fluorescent
sensors

The glass fiber paper’s dimension was 9 X 9 mm. After immersed in
0.2 M HCI solutions for 30 min, it was rinsed two times by ultrapure
water to get rid of extra hydrochloric acid. Subsequently, we mixed
150 pL of APTES and 20 mL ethanol solution (50 %), and the glass fiber
paper was immersed in the mixture and oscillated for 2 h to graft amino
groups, and then rinsed twice with ultrapure water to remove unreacted
residual. 10 mL ZnSe QDs, 6 mL of NHS (10 mg/mL) and 6 mL of EDC
(20 mg/mL) solutions were added in order. After reacted by oscillation
in the dark for 3 h, ZnSe quantum dots were grafted on the glass fiber
paper. In the experiment, covalent bonds on the paper@ZnSe QDs to
ensure the ZnSe QDs could be grafted firmly, and kept the signal high
and stable.

2.5. Synthesis of ion imprinted polymers on glass fiber paper (paper@ZnSe
QDs@IIPs)

The fabricated paper@ZnSe QDs@IIPs (PQ-IIP) was prepared by
reported literatures [49,50]. In order to form PQ-IIP of Cd** ion, 75 uL
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of APTES (functional monomer) and 5mL of 10 mg/L Cd?* jon were
mixed in the beaker for 10 min. under continuous oscillation with
150 rpm, followed by addition of 70 uL of NH5-H,O (initiator) and 70 puL
of TEOS (cross linker) reagents, and the oscillation was adjusted to
120 rpm. When the mixture was turned into white turbid, paper@ZnSe
QDs were added and kept the oscillation for 5h in the dark to generate
the ion imprinted polymer. The PQ-IIP of Pb?>* ion was synthesized in
the same way by using Pb>* template ion. 0.01 mM of EDTA solution
was used as Cd** and Pb** ions elution reagent. In control experiment,
we guaranteed the same experimental conditions but except adding
Cd?* and Pb®* template ions, and named it non-imprinted polymers
paper@ZnSe QDs-NIP(PQ-NIP).

2.6. Preparation of 3D rotary uPADs

The 3D PQ-IIP yPADs device was designed by Freehand MX soft-
ware. As shown in Fig. S1, after printing on the Whatman No.1 chro-
matography paper by printer XEROX Phaser 8560DN, the uPADs was
baked in an oven at 120 °C for 30s to form a hydrophobic structure.

Fig. S2 contained all the component parts to assembly the 3D rotary
UPADs. As displayed the figure, the yPADs was consisted with three
layers, including top circular sampling layer (red color), middle rec-
tangular isolation layer (yellow color), and bottom rectangular sensor
layer (green color). The diameter of the top sampling layer was 55 mm,
including two sample introducing areas, four sample transporting areas,
two hydrophilic channels, and two detecting windows (9 mm X 9 mm).
The side length of the middle rectangular isolation layer was 55 mm,
including four rectangular holes (9 mm X 9 mm), corresponded to the
bottom sensing sites. The function of the middle layer acted as a barrier
to prevent the sample on the top layer to leak and contaminate the
bottom layer. The side length of the bottom rectangular sensor layer
was the same size as the middle layer, including four rectangular
(9 mm X 9mm) fluorescent components (PQ-IIP components).

3. Results and discussions
3.1. Preparation of paper@ZnSe QDs@IIPs component

In this work, the glass fiber paper was used as substrate to manu-
facture yPADs, because the surface of uPADs is SiO, that is beneficial to
let the ZnSe QDs graft firmly. To prove it, paper@ZnSe QDs were rinsed
three times with ultrapure water and measured its fluorescence in-
tensity, then it was used to make a comparison with the fluorescence
intensity before rinsing. As illustrated in Fig. S3, the fluorescence in-
tensity of the ZnSe QDs grafting onto the glass fiber paper by covalently
immobilization (Curve a) was much stronger than the physical ad-
sorption (Curve c) grafting. Meanwhile, the fluorescence intensity of
paper@ZnSe QDs almost showed no change after rinsing three times
with ultrapure water (Curve b). This phenomenon indicated that the
ZnSe QDs attached to the glass fiber paper firmly under the action of
covalent bonds and had the good ability to keep the signal stable. From
the FT-IR spectra of bare paper, paper@ZnSe QDs and paper@ZnSe QDs
in Fig. S4, it could indicate that ZnSe QDs and ion imprinted polymers
were successfully grafted.

The sensing principle and the process of ion imprinted polymers
grafted to the glass fiber paper were displayed in Fig. 1. For covalent
linking to the glass fiber paper, the bare paper was first soaked in HCI
solutions for 30 min to make the OH™ groups activated and to remove
impurities. 150 uL. APTES was added, which interacted with glass fiber
paper to graft amino groups on it. With the action of 6 mL of EDC
(20 mg/L) and 6 mL of NHS (10 mg/L), the glass fiber paper’s amino
groups and ZnSe QDs’s carboxyl groups reacted to form an amide bond,
and the QDs can be grafted on the glass fiber paper firmly. To form ion
imprinted polymers, template Cd** (or Pb®*) ion solution and 80 uL
APTES (functional monomer) were added to the beaker for 10 min.
under continuous oscillation with 150 rpm, then 75uL TEOS (cross-
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linker) and 70 pL. NH3-H,O (initiator) reagent were added, and the os-
cillation was adjusted to 120 rpm. When the mixture turned into white
turbid, the paper@ZnSe QDs were immersed into the polymerization
solution and kept the oscillation for 5h in the dark to get paper@ZnSe
QDs@Cd?*-1IPs(PQ-Cd-IIP) or paper@ZnSe QDs@Pb?*-IIPs(PQ-Pb-
IIP). When the template ions were existed, the fluorescence of the QDs
was quenched. The fluorescence intensity signal of the QDs was re-
covered after eluting the template ions, as shown in Fig. 1.

3.2. Characterization of paper@ZnSe QDs@IIPs component

In this work, glass fiber paper was used to assemble onto 3D mi-
crofluidic paper chips to fabricate a facile, rapid and simple detection
for Cd*>* and Pb®* ions. The morphologic structures of the modified
paper were characterized by SEM. From the SEM images in Fig. 2A and
B, an irregular clear dendritic fiber structure of the bare glass fiber
paper can be observed. In the case of the amide bonding reaction, the
glass fiber paper was covered by a large number of quantum dots. In
addition, it was discovered by observation under a high-power SEM
that there were obvious protrusions on the surface of the glass fiber
paper, indicated that the quantum dots were distributed uniformly
(shown in Fig. 2C and D). Fig. 2E and F showed ion imprinted polymers
were synthesized successfully, it could be seen that the surface of
quantum dots were wrapped with spherical imprinted polymers and
coated on the fiber simultaneously, and its diameter was about 250 nm.

3.3. Assembly and operation of paper@ZnSe QDs@IIPs uPADs

The newly designed PQ-IIP yPADs had advantages such as easy
portability, multiplexed detection, high selectivity and sensitivity for
detecting two sets of Cd*>* and Pb®* ions by uPADs. The entire ma-
nipulation inspection process was shown in Fig. 3A-F. During the
process of assembly, the top sampling layer was combined with middle
layer. Then, we assembled the top layer, middle isolation layer and the
bottom sensor layer, ensuring that the sample area of the top layer
corresponds to the holes of the middle layer and sensing sites of the
bottom layer. In addition, to ensure that the top layer can be rotated
freely, these three layers are fixed together using a hollow rivet. By
rotating the top layer, the bottom sensor site was exposed and could be
directly detected by the fluorescent device. These pyPADs not only
guaranteed the efficiency of detection, but also facilitated the con-
venience of detection. During the detection, 30 uL samples were added
to the injection sample introducing area (Fig. 3C), and liquid flowed
through the hydrophilic channels to the sample detection areas. Sub-
sequently, the samples reacted with the PQ-IIP components on the
bottom layer and its fluorescence intensity would be decreased due to
the quenching effect. After the reaction completed, we rotated the top
and middle layer to let PQ-IIP components on the bottom layer exposed
and the yPADs were placed on the shelf of the Fluoromax-4 spectro-
fluometer to test the fluorescence signals (Fig. 3E). Fig. 3F showed the
photograph of the fluorescence of PQ-IIP yPADs under the UV light.

3.4. Sensing principle of paper@ZnSe QDs@IIPs lPADs

Sensing material of ZnSe QDs was firstly used to test Cd*>* and Pb?™*
ions on PQ-IIP yPADs. The sensing principle of the quenching may in-
volve electronic transfer from the QDs to the relative ions due to the
formation of the Meisenheimer complex that was produced between
ions and primary amino groups of QDs surface. Mainly, when the target
(Pb%* or Cd%* ions) was present, a Meisenheimer complex would be
formed between primary amino groups of QDs surface and target ions,
and then the photoluminescent energy of QDs would be transferred to
the complex, resulting in the fluorescence quenching of QDs. Therefore,
the contents of the Cd*>* and Pb?* ions could be detected by particular
recognition sites of ion imprinted polymers on the fiber paper surface.
The fluorescence quenching effect in our experiment followed the
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Fig. 1. Schematic illustration of the sensing principle and imprinting process of ion imprinted polymers of the rotary Microfluidic Chip.

Fig. 2. SEM images of the paper@ZnSeQDs@IIPs: (A)(B) bare glass fiber paper; (C) (D) paper@ZnSe QDs; (E)(F) paper@ZnSeQDs@IIPs.

Stern-Volmer equation:
(Fo/F) =1 = Ksy Cu

Where F, and F are the fluorescence intensities of the chips in the ab-
sence of template ions and the presence of template ions, respectively.
Ksy represents the quenching constant, Cy; is the consistence of the
template ions. This formula is applied to quantify the different
quenching constants in this study, and assess the selectivity of the ion
imprinted by the imprinting factor (IF). It was defined by the ratio of
the Ksy values of imprinting chip and non-imprinting chip (Ksy, IIP/

Ksy, NIP).

3.5. Optimization of experimental conditions of paper@ZnSe QDs@IIPs
UPADs

The fluorescence intensity and stability of the PQ-IIP uPADs depend
to a large extent on certain variables, such as equilibrium time, elution
time, pH. Under optimized experimental conditions, the stability and
sensitivity of the yPADs will be greatly improved. Therefore, it is ex-
tremely important to optimize the experimental conditions.
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Fig. 3. The entire assembly and detection process of ion imprinting paper-based chip. (A) Three layer’s paper-based chip and its components, (B) chip’s assembling
process, (C) adding samples to the introducing area, (D) rotating the top layer 90° to facilitate the detecting windows on the top layer corresponded to the paper@
ZnSe QDs@IIPs sensing sites of the bottom layer, (E) putting the paper@ZnSe QDs@IIPs yPADs on the shelf of the Fluoromax-4 spectrofluometer to test the
fluorescence signals, (F) photo of paper@ZnSe QDs@IIPs yPADs under the UV light.

The pH of the solution affected the ability to recognize Cd** and
Pb2* ions, thereby further affected the fluorescence stability and in-
tensity of the PQ-IIP yPADs. Therefore, the effect influence of pH on
fluorescence intensity was investigated within the pH range of
5.0~8.5. As seen from Fig. 4A, when the pH value was between
5.0~5.5, the fluorescence intensity was extremely weaker than others.
When the pH value was around 5.5~7.0, the fluorescence intensity
enhanced greatly, and the fluorescence intensity attained a maximum at
the pH of 7.0. As the pH value continued to increase, the fluorescence
intensity reduced rapidly at the pH value between 7.0 ~ 8.5, because the
interaction sites among the ion imprinted shell binding recognition sites
and the target Cd*>* and Pb?" ions were de-protonated, caused a dra-
matic decline of the fluorescence signal. Because the optimized pH
value is 7, and considering that the actual water sample’s pH value is 7,
we don't need to adjust it with a buffer solution.

In order to investigate the adsorption equilibrium time of the ion

imprinted polymers with template Cd*>* and Pb®* ions, an equilibrium
adsorption analysis was carried out, and the concentration of the Cd**
and Pb?" ions were 30 ug/L in this experiment. Kinetic profiles of the
imprinted polymers with template ions were determined using direct
fluorescence detection, as described in Fig. 4B. The fluorescence in-
tensity decreased obviously from 0~ 10 min. During 10 min-14 min,
the rate of fluorescence decline begins to slow and reached a plateau at
15 min. Hereafter, the fluorescence intensity gradually stabilize because
the recognition sites of the ion imprinted polymers were fully combined
with Cd®* or Pb?* ions. Therefore, 15 min was selected as the optimal
time.

In the process of synthesizing ion imprinted polymers, an appro-
priate amount of functional monomer is beneficial to the polymers to
have better recognition ability and adsorption characteristics. In order
to prevent self-polymerizing of APTES to form more non-specific biding
sites that would decrease of the components adsorption performance,
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Fig. 4. (A) Effect of pH on fluorescence
quenching effect of paper@ZnSe QDs@Cd>*-
IIPs and paper@ZnSe QDs@Pb2+—IIPs, (B) The
fluorescence intensity changes of paper@ZnSe
QDs@Cd? " -IIPs and paper@ZnSe QDs@Pb?*-
IIPs during 20 min, (C) Effect of the amount of
APTES on fluorescence quenching effect of
paper@ZnSe QDs@Cd>* -1IPs and paper@ZnSe
QDs@Pb2*-1IPs, (D) Effect of elution time on
fluorescence intensity changes of paper@ZnSe
QDs@Cd?*-1IPs and paper@QDs@Pb? " -IIPs.
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the amount of functional monomer APTES was investigated. It can be
seen from the Fig. 3C, in the range of 20 pL to 80 L, the fluorescence
intensity of the PQ-Cd-IIP declined with the increase of APTES, and
reached a plateau at 80 pL. In the range of 80 uL~ 140 pL, the fluores-
cence intensity of the PQ-Cd-IIP almost no changed, indicating that the
amount of functional monomer APTES was enough. As illustrated in
Fig. 3C, the fluorescence intensity trend of the PQ-Pb-IIP almost the
same as the PQ-Cd-IIP with the increase of APTES. Therefore, the
amount of APTES was selected as 80 pL.

Due to the method of surface imprinting, EDTA solution could elute
the template Cd®>* and Pb?" ions in a very short time. But if the elution
time was too long or the concentration of EDTA was too high, it also
had a quenching effect on the fluorescence. According to previous re-
ports [47], 0.01 mM of EDTA solution was selected as the elution re-
agent, so we investigated the elution time of EDTA solution. As shown
in Fig. 4D, between 0~ 6 s, the fluorescence intensity of the PQ-Cd-IIP
was increased, and reached maximum at 6, then the fluorescence in-
tensity of the PQ-Cd-IIP began to decrease, so we determined the op-
timal elution time as 6 s. Similarly, the fluorescence intensity of the PQ-
Pb-IIP was reached maximum at 8s, so the optimal elution time was
selected as 8s.

3.6. Detecting of Cd>™ and Pb** ions on paper@ZnSe QDs@IIPs uPADs

The quantitative detection of Cd>* and Pb?>* ions could be achieved
using developed PQ-IIP uPADs, and the performance of the yPADs was
further studied. The concentration of Cd*>* and Pb?* ions was from 1 to
100 pg/L. In order to detect the initial fluorescence intensity Fy of the
UPADs, 30 uL ultrapure water was slowly added to the introducing area,
when the sample flowed to the sensing sites, the fluorescence signal was
measured. After air drying, 30 puL sample solution containing different
concentration of Cd®>* and Pb?>* ions were dropped to the introducing
areas and detected the fluorescence intensity, respectively. It could be
seen from Fig. 5A, as the concentration of Cd®>* ion increased, the
fluorescence intensity of the PQ-Cd-IIP yPADs showed a significant
decline and excellent fluorescence quenching effect. The fluorescence

T T T

4 8 12 16

Time(s)

intensity of PQ-Cd-IIP uPADs provided a linear response from 1 to
70 ug/L with a lower detection limit of 0.245 pg/L (calculated using 30/
s criteria, where o is the slope of the linear calibration curve, and s is
the standard deviation of corresponding ion’s fluorescence in-
tensity).The equation of linear regression was y = 0.0124*c[Cd**] +
0.0038, with a correlation coefficient (R?) of 0.996. In addition, as
shown in Fig. 5 A and B, Under the conditions of the same concentra-
tion of Cd®>* ions, the fluorescence quenching effect of the non-im-
printed polymers PQ-NIP yPADs was much smaller than PQ-Cd-IIP
UPADs, and the correlation coefficient(R?) of PQ-NIP UPADs was 0.974.
Similarly, as illustrated in Fig. 5C and D, when the concentration of
Pb2* jons was between 1 to 60 pg/L, the fluorescence intensity of PQ-
Pb-IIP pPADs was linearly, the equation of linear regression was
y= 0.0241*c[Pb®"] + 0.0053, with a correlation coefficient (R?) of
0.993, and the limit of detection (LOD) was 0.335 pg/L, and the cor-
relation coefficient(R?) of PQ-NIP uPADs was 0.980.

To verify the feasibility of fluorescence on-site detection using
paper-based microfluidic chip, we set up the corresponding portable
fluorometer device (as shown in Figs. S5 and S6) to cooperate with our
chip with smartphone. However, this device is in the process of de-
velopment and the smartphone’s App was not finished, so we get the
pictures by mobilephone and analyzed them by ImageJ analysis soft-
ware. Briefly, the chip of PQ-Cd-IIP device was put into the bottom of
the box and its fluorescence signal was excited by these LED lights and
picture was captured by smartphone camera. The excited fluorescence
images could be analyzed by ImageJ analysis software and the results
showed good effect. The linear regression was y = 0.5067x +91.069,
with a correlation coefficient (R?) of 0.977.

In order to demonstrate the stability and good uniformity of fluor-
escence intensity of PQ-IIP yPADs, we tested the fluorescence intensity
of 15 various locations on one PQ-Cd-IIP, and the RSD was 4.2 %(as
shown in Fig. S7). Then we stored six different PQ-Cd-IIP yPADs in a
dark environment at room temperature for 14 days and tested its ori-
ginal fluorescence intensity every day, the results were shown in Fig.
S8. The fluorescence intensity almost keep no changed stable after 14
days restored, that indicated the yPADs had satisfactory reproducibility
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Fig. 5. Quenching effects in the fluorescence spectra of (A) paper@ZnSe QDs@Cd? " -1IPs, (B) paper@ZnSe QDs@Cd>"-NIP, (C) paper@ZnSe QDs@Pb?*-IIPs, (D)
paper@ZnSe QDs@Pb?* -NIP. The concentration of the Cd** and Pb** ions were from 1 to 100 pg/L. The corresponding Stern-Volmer plot curves of the IIPs and NIP
are shown in the insets. The experimental conditions were pH 7.0 under room temperature; The excitation wavelength was 348 nm, the slit widths of emission and

excitation were 5nm (n = 5).

and good storage stability.

In order to evaluate the specificity of the PQ-IIP uPADs for Cd** and
Pb2* ions, Co®*, Cu®*, Hg?" and Ni2™" ions were selected as the in-
terference ions, which also cause slight quenching effects when directly
contacted with ZnSe quantum dots. The concentration of Cd®>* and
Pb?* ions solution was selected as 40 ug/L, other interference ions
solution was 100 pg/L, and the adsorption time was set to 15 min, the
results was shown in Fig. 6A and B. The fluorescence quenching effects
of Cd*>™ ion on the PQ-IIP uPADs was most obvious (Fig. 6A), similarly,
the fluorescence quenching effects of Pb>* ion on the PQ-IIP uPADs was

[] paper@ZnSe QDs@Cd**-1IPs
0.5 paper@ZnSe QDs@Cd**-NIP
0.4
Ty
L{"Qo.s 4
R
0.2
0.1 1
% 2 VA7
0.0 Z 2 2 / r 7 7

v, 7.
Ccd2t Pb2t (o2t cu?t Hg?t Ni2

most obvious (Fig. 6B), too. This phenomenon indicated that the ion
imprinting layer had a specific recognition for the template ions, and
the interference of other ions on the fluorescence performance of the
quantum dots could be excluded by a specific recognition site. Although
common heavy metal ions had slight quenching effects on fluorescence,
it did not cause too much interference with the results of fluorescence
quenching. Therefore, PQ-IIP yPADs had a specific recognition for the
template ion and could be used to detect actual samples.

=

0.7+
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Fig. 6. Selectivity of (A) paper@ZnSe QDs@Cd>*-IIPs and paper@ZnSe QDs@Cd>*-NIP; (B) paper@ZnSe QDs@Pb?"-IIPs and paper@ZnSe QDs@Pb?*-NIP for

sample solutions of different interfering ions (Cd**. Pb**, Co®**, Cu®"*,
terference ions solution was 100 ug/L (n = 5).

Hg?*,

Ni?*). The concentration of Cd®>* and Pb®* ions was 40 ug/L and other in-
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Table 1
Recovery of Cd** and Pb?™ in Lake water and Seawater detected using paper@
ZnSe QDs@IIPs yPADs (n = 5).

Sample Added Founded Recovery = RSD
cd** Pb** cd** Pb>* cd®* (%) Pb* (%)
(ng/L)  (ug/L)  (ug/L)  (wg/L)

Lake water 5 5 4.94 4.75 98.8 = 4.7 95.0 = 4.3
10 10 9.86 9.83 98.6 = 4.8 98.3 = 3.1
15 15 15.76 14.86 105.1 = 5.6 99.1 = 3.2

Seawater 5 5 4.75 5.21 95.0 = 4.1 104.2 = 4.3
10 10 10.08 10.06 100.8 = 3.6 100.6 + 3.1
15 15 15.26 15.11 101.7 = 3.1 100.7 = 3.2

3.7. Application of the paper@ZnSe QDs@IIPs uPADs for Cd*>* and Pb**
ions detection in real samples

To validate the actual application of the PQ-IIP uPADs, we put Cd>*
ion imprinted fluorescence chip and Pb>* ion imprinted fluorescence
chip on the yPADs to detect Cd>* and Pb>* ions simultaneously in the
real samples. Seawater samples were obtained from fisherman’s wharf
of the Yellow Sea which located in Laishan District of Yantai City, and
lake water samples were from Sanyuan Lake of Yantai University. The
spiked concentration of Cd*>* and Pb?* ions were 5 pg/L, 10 ug/L, and
15 pg/L, respectively. The results of the method were shown in Table 1,
the recovery rates of lake water and seawater were from
95.0%-105.1%, and RSDs ranged from 3.1%-5.6%. Furthermore, the
designed pPADs could realize the pretreatment process by its pre-filter
function. To prove it, we added an additional experiment as shown in
Fig. S9. It can be observed that in the sewage samples including sandy
seawater and algae-rich lake water, some dirty pollutants can be well
filtered out. The purpose using hydrophilic channel can easily solve the
interference of dirty contaminants fluorescence signal using the direct
dipping method.

3.8. Comparison of various methods’ performance

As shown in Table S1, the results of PQ-IIP yPADs for detecting
Cd?* and Pb®* ions was prepared with previously reported literature.
From the Table we could see that our PQ-IIP yPADs exhibited high
sensitivity and recognition for Cd?>* and Pb®" ions, although the limit
of detection of our method was slightly higher than some results re-
ported previously, the synthesized ion-imprinted polymers had specific
recognition sites that avoided interferences from other ions. According
to the maximum level of drinking water standards of United States
Environmental Protection Agency issued, the content of cadmium ion is
lower than 5pg/L, and lead ion is lower than 15 ug/L. The developed
UPAD successfully quantified 0.245 pg/L of Cd and 0.335 pug/L of Pb,
both are lower than standards and can be used for the environmental
water samples detection. In addition, the PQ-IIP yPADs could recognize
two ions at the same time, which was impossible for most other
methods, reflected the PQ-IIP yPADs equipment was both highly sen-
sitive and efficient.

4. Conclusions

In this work, we developed a novel, versatile and portable platform
for multi-channel detection of heavy metal Cd** and Pb®* ions, using
ZnSe QDs and ion imprinting technology. To the best our knowledge,
this is the first time to use ZnSe QDs and ion imprinting technology on
3D rotary uPADs platform to realize the multiplexed determination of
heavy metal ions in a facile, simple and robust way. Compared to CdTe
quantum dots, ZnSe quantum dots are less toxic and more en-
vironmentally friendly. Moreover, this method not only had good se-
lectivity and sensitivity, but also demonstrated good repeatability in the
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process of detecting Cd®>* and Pb®* ions in actual water samples. The
developed sensor of Cd?>* yPADs provided a linear response from 1 to
70 ug/L with a lower detection limit of 0.245 pg/L, and Pb?* yPADs
provided a linear response from 1-60 pg/L with a lower detection limit
of 0.335ug/L, and the real samples recovery rate was 95.0%-105.1%,
and RSDs ranged from 3.1%-5.6%, respectively. The technique has
various appealing benefits, including low cost, portability, and QD’s
environmentally friendly form, and we expected that the paper@ZnSe
QDs@IIPs uPADs platform would have broad application prospects in
environmental pollution detection and food safety testing.
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