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ABSTRACT: Heavy metals, such as lead ions, are regarded as the main environmental
contaminants and have a negative impact on human bodies, making detection technologies of
lead ions critical. However, most existing detection methods suffer from time consuming,

complicated sample pre-treatment, and expensive equipment, which hinder their broad use in



real-time detection. Herein, we show a new fluorescent sensor for detecting lead ions derived
from liquid crystals doped with an aggregation-induced emission luminogen. The mechanism is
based on the variation of fluorescence intensity caused by the disturbance of an ordered liquid
crystal configuration in presence of Pb?**, induced by DNAzyme and its catalytic cleavage. The
proposed fluorescence sensor exhibits a low detection limit of 0.65 nM, which is two orders of
magnitude lower than that previously reported in an optical sensor based on liquid crystal. The
detection range of the Pb*" fluorescence sensor is broad, from 20 nM to 100 uM, and it also
select lead ion from numerous metal ions exactly, resulting in a highly sensitive, highly selective,
simple and low-cost detection strategy of Pb®" with potential applications in chemical and
biological fields. This approach to designing a liquid crystal fluorescence sensor offers an
inspiring stage for detecting biomacromolecule or other heavy metal ions by varying decorated

molecules.

INTRODUCTION

Lead ions, as major heavy metal in environmental pollutants, are harmful to human health
and can lead to problems such as muscle paralysis, anemia, memory loss, and mental health
concerns.'? Several technologies have been proposed to detect lead ions such as plasma atomic
emission spectroscopy,” atomic absorption spectroscopy,® surface enhanced Raman

89 electrochemical,!” and biochemical'! methods.

spectroscopy,’ colorimetric,’ quantum dots,
However, those analytical methods usually require large or expensive equipment with
sophisticated operators, complicated operation processes, and time-consuming sample pre-
treatments, thus developing a novel strategy for Pb>* real-time detection is highly desirable.

Liquid crystals are substances that flow like the liquid but remain some of the ordering

properties of crystals, which have anisotropy properties. In the liquid crystal phase, the



molecule's preferred orientation, #, is regarded as the “director”. The long axes of the molecules
will be inclined to align in this direction. The macroscopic orientation of the director can be
influenced by external electric fields, external magnetic fields, surface treatments, chiral agents.

12-14 gensors have attracted

Recently, liquid crystal (LC) based optical biochemical sensors
considerable attention due to the extraordinary sensitivity of chemical and physical properties at
a bounding interface that can transduce molecular events to a bulk response.'>'7 LC based
optical sensors for the detection of protein and cancer cells,'® polymer chemicals,' bacteria,*
viruses,?! and mercuric ions*> have been designed with features including low-cost, simplicity
and rapid responses. Moreover, many studies have reported the DNA functionalized sensing
systems, including “8-17” DNAzyme,?*** quadruplex DNAzyme,”> and GR-5 DNAzyme. 2%
Further, a novel naked-eye optical sensor based on LCs decorated with DNAzyme for the
detection of lead ions was recently reported by our group.”® The LC sensor described in that
work owns a particularly wide range detection of lead ions (50 nM ~ 500 uM). However, the
limit of detection is approximately 36.8 nM, which is unsatisfactory. Therefore, it is highly
desirable to improve the limit of detection of the LC sensor for Pb** while maintaining the broad
detection range.

In this letter, we report a liquid crystal fluorescence sensor developed for Pb*" detection
derived from liquid crystals doped with an aggregation-induced emission (AIE) luminogen. The
mechanism is based on the variation of the fluorescence intensity caused by the disturbance of
the liquid crystal configuration due to the existence of Pb** induced by DNAzyme and its

catalytic cleavage. The proposed fluorescence sensor reveals a low detection limit as well as a

broad detection range, leading to a highly sensitive, highly selective, simple, and low-cost



detection strategy for Pb>*. This device can be applied in environmental monitoring, industry
process monitoring, and clinical toxicology with great potential.

Aggregation-induced emission is an extraordinary photophysical phenomenon that is the
opposite of aggregation-induced quenching, where the AIE fluorogens are highly emissive in
aggregation due to the restriction of rotation within the molecular.?®3° This materials have
attracted significant attention in various fields such as luminescent materials,?' sensors,*
bioimaging,*® biology delivery,>® and theranostics.*>*® Several research works have been
reported that combine AIE materials with liquid crystals, such as the work by Zhao who
demonstrated light-emitting liquid crystal displays and reported their performance under electric
field, based on an AIE luminogen obtained through synthesizing an AIE-LC material.>" It is
expected that AIE luminogens will enable fluorescent LC based sensors and largely decrease the

limit of detection in the probes, comparing to previously naked-eye based LC sensors.

MATERIALS AND METHODS

H>02, H>SOs4, dimethyloctadecyl [3-(trimethoxysilyl) propyl] ammonium chloride
(DMOAP), (3-Aminopropyl) triethoxysilane (APTES), C>HsOH, glutaral (GA), dodecyl
trimethyl ammonium bromide (DTAB), Pb(NO3),, CuClz, ZnCl,, AgNO3, CdCl, MgCl,, MnCl,
and KCl were purchased from Sigma-Aldrich (St. Louis, USA). The nematic liquid crystals 4-
cyano-4'-pentylbiphenyl (5CB) was purchased from HCCH (Jiangsu China). The DNAzyme
were obtained from Shenggong Bioengineering (Shanghai, China). Dongsheng Glass (Taizhou,
China) provided the glass slides (Sail brand). The TPE-PPE (tetraphenylethylene-
propylphenylethyne), as the AIE material here, was supplied by Beihang University. The
chemical structures of SCB, DTAB, APTES, GA, TPE-PPE and DMOAP are shown in Figure

la. The samples’ images were captured by optical microscope (Ti200, Nikon). The fluorescence



intensity was obtained from processing the images, which were captured by a charge coupled
device (CCD) camera (Nikon Ds-Ri2), where the gamma correction coefficient of the CCD was
1 and the integration time was 200 ms. The fluorescence spectrum was obtained by
microspectrophotometer (CRAIC technologies Inc.). The Milli-Q water purification system

(Millipore, Bedford, MA) was operated to prepare all aqueous solutions with deionized water

(DI water).
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Figure 1. (a) Chemical structures of 5SCB, DTAB, APTES, GA, TPE-PPE and DMOAP for lead
ion fluorescence sensor. (b) Schematic illustration of catalytically cleave of complementary

DNA molecules.

The process of substrate’s pretreatment and anchoring operations are the same as those in
our previous work on the optical sensor based on liquid crystal and DNAzyme.”> More
preparation details can be checked in [Ref 23]. The substrate was treated with sufficient piranha
solution and then washed with plenty of DI water. Then it was dried with N> and soaked in an

ethanol solution containing DMOAP and APTES. The anchoring of SCB was indeed influenced



by the DMOAP. For this sensor, the DMOAP was bonded to the substrate because of the
covalent Si-O-Si bonds. The carbon chain units on the other side of the “Si” kept vertical and
induced the liquid crystals to vertically align on glass substrate. The APTES molecules, which
has terminal amino groups capable of attracting anionic complementary DNA strands (base
sequence and structure corresponded to Figure 1b). The strands consisted of a catalytic strand
and its combined strand, attaching on the glass substrate through covalent bonds (Si-O-Si). GA
was subsequently applied to the surface and dried. Then, the catalytic strands (200 puM) and
combined strands (200 uM) were combined to this system. GA acted as the intermediate through
the amino groups between APTES and DNA strand. Next, the unbonded DNA strands of sample
were washed by DI water. Transmission electron microscopy (TEM) grids (copper mesh) were
then put on the glass substrate. After that, 1 pL of solution mixed with 5CB (99.9 wt%) and
TPE-PPE (0.1 wt%) was distributed onto the grid. Finally, the TEM grid was placed in DTAB
environment. The electrostatic interaction linked DTAB molecules to the DNA and this led to a
good dissolution of DNA through a self-assembled monolayer at the LC/aqueous interface.
Therefore, on the bottom glass substrate, the DMOAP was applied to help the LC molecules be
in a homeotropic alignment. On the top interface of LC and aqueous solution, the DTAB also
aligned LC molecules vertically. Based on both vertically alignments of DMOAP and DTAB, a
homeotropic configuration of LC was achieved.” The DNAzyme is a kind of 8-17 DNAzyme,
which is a mature and popular choice that corresponding to lead ion®*. The DNAzyme would be
disassembled because of catalytic cleavage at the “rA” site of DNA molecules, as shown in
Figure 1b. The thickness of the TEM grid was 10 pm and all experiments were finished at room
temperature (25 °C). The orientation of AIE featured TPE-PPE obtained a perpendicular

orientation in the homeotropic LC mixture.>’ It is worth noticing that the orientation of AIE-



featured TPE-PPE was induced by the orientation nematic liquid crystal SCB here. Therefore,
the liquid crystal molecules and AIE molecules were anchored by these vertical long chains
formed by DMOAPAPTES-GA-DNA-DTAB on glass substrate’?>. The homeotropic
configuration of LC/AIE was formed through self-assembly property of LC molecules.

In our experiment, the sensor was placed under an optical microscope to capture the
fluorescence signal, and was stimulated by an ultraviolet (UV) light (365 nm). Figure 2 depicts
the process of Pb*>" sensing in the AIE doped LC optical sensor. The AIE-featured TPE-PPE
molecules aggregate in the nematic liquid crystal mixture at a concentration of 0.1 wt% in our
experiment, which leads to a significantly high fluorescence efficiency.’” According to quantum
chemistry calculations, the emission dipole moment of TPE-PPE is parallel to the double bond.®
The dipole moment along the short axis direction is greater than that along the long axis direction
of TPE-PPE molecule, leading to a stronger fluorescence of molecules for a homeotropic
configuration when observed using optical microscopy.®” Initially, the liquid crystal 5CB
molecules (and DNA strands) possess a vertical alignment configuration (homeotropic
configuration) on the glass substrate with DMOAP, which forms homeotropic configuration and
induces vertically alignment of AIE-featured TPE-PPE (as shown in the left part of Figure 2).
The corresponding florescence intensity of sample under UV illumination is relatively high. In
the presence of lead ions, the complementary DNA strand disassembles based on catalytic
cleavage of DNA, which disturbs the vertical alignment of LC (5CB) as well as AIE-featured
TPE-PPE (as shown in the right part of Figure 2), resulting in a relatively low florescence
intensity of sample under UV illumination. It is worth noticing that the orientation of AIE-

featured TPE-PPE is induced by the orientation nematic liquid crystal SCB here, thus leading to



the fluorescent intensity change, which is different from the ordinary AIE where the fluorescent

intensity change is due to the aggregation of AIE molecules.
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Figure 2. Schematic illustration of the sensing system on the basis of liquid crystals doped with

AIE for detecting lead ions.

RESULTS AND DISCUSSION

The concentration of DTAB is critical for liquid crystal alignment with DNA molecules in
the initial homeotropic configuration. The fluorescence image of the Pb** sensor under
illumination by UV light (365 nm, 5.6 mW/cm?) is shown in Figure 3, for concentrations of
DTAB varying from 0 uM to 50 mM without the presence of Pb**. It can be seen that, without
DTAB (0 puM) the fluorescence intensity of sample is low, leading to a relatively dark
fluorescent image (Figure 3a). The brightness increases with increasing concentration of DTAB
(Figures 3b-3d), suggesting that more AIEgens are anchored on the glass slide vertically. The
fluorescence image tends to saturate when DTAB’s concentration reaches 10 mM, above which
there is no further significant change in the brightness of sample. The saturation of the alignment
effect of DTAB is accompanied by the anion-cation balance originating from the cationic in

DTAB and anionic in the complementary DNA strand. In our following experiments, the



optimum concentration of DTAB was chosen to be 10 mM. Figure 3 plots the relationship of

DTAB concentration and the fluorescence intensity.
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Figure 3. Fluorescence image of the lead ion sensor sample viewed by optical microscopy with
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the concentration of DTAB varying from (a) 0 uM, (b) 500 uM, (¢) 1 mM, (d) 10 mM, without
the presence of Pb**. (e) The relationship of DTAB concentration and the fluorescence intensity.

The scale bar is 100 pM.

The influence of lead ions’ concentrations on the luminance of sensor’s fluorescence was
studied to provide a quantitative analysis. Figure 4a-4h show fluorescence images of the Pb**
sensor under illumination by UV light at am intensity of 6.7 mW/cm?, for varying concentrations
of Pb?* (from Pb(NOs), ) solution (0 nM - 100 uM). The initial fluorescence image, without Pb*",
is shown in Figure 4a, demonstrating a highly brightness. Herein, the AIE molecules were
anchored on the glass slide vertically with the homeotropic configuration of LC molecules.
During the process of adding Pb*", the DNA molecules are catalytically cleaved, disturbing the
orientation of both the liquid crystal and AlEgens, resulting in a darker fluorescence in the
sensor. The concentration of added Pb®" determined the amount of cleavage of the DNA strands;

increasing the Pb** concentration caused more DNA strands to be cleaved, leading to a darker



sensor. The response time is counted with starting time of adding Pb2+ on the sensor and ending
time of viewing stable fluorescence in optical microscope. The response time of Pb*" sensor was
less than 20 seconds. Figure 41 plots the absorption spectra of our sensor before and after adding
1 uM Pb*". It is clear that there is no obvious difference between the two spectra. Figure 4;
shows the emission spectra of our sensor before and after 1 uM Pb?*" added, where the central

wavelength is unchanged while the intensity dramatically decreases after addition of 1 uM Pb*".

a 0 nM b 20oM ' 100n0M Id 500 nM

100 pm 100 pm 100 D 100 pm
e 1pm WP 0um ‘
| |
’ 100 pm 100 100 pm
o [ | & A% pm — a0
1 32 —— before adding Pb?* before adding Pb?"
0 - after adding Pb%* 2000+ ~— after adding Pb®*
=' —_
s 0.8 : 1500 4
s 8
o c
5 0.6 2 1000
] @2
g 0.4 £
w
< 500
0.2
0.0 T T T T 0 T T T T
200 300 400 500 600 700 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 4. The fluorescence images of the sensor observed using a microscope where the
concentration of Pb?" is (a) 0 nM, (b) 20 nM, (c) 100 nM, (d) 500 nM, (e) 1 puM, (f) 10 uM, (g)
50 uM, and (h) 100 uM. The scale bar is 100 pm. (i) Absorption spectrum of our sensor before

and after adding 1 uM Pb?*. (j) Emission spectrum of our sensor before and after adding 1 uM

Pb*".



Figure 5 plots the relationship of Pb?>" concentration and the fluorescence intensity of the
sensor. Within the detection range, from 20 nM to 100 uM, the fluorescence intensity varies
from very bright to relatively dark. This sensor is relative stable and not very sensitive to the
environmental temperature within 15 °C ~ 30 °C. After processing the images from multiple
samples under the same conditions, the average intensity, /, and standard deviation were
determined for each Pb?*" concentration was measured and fitted to the relationship

I=-26.98(InCpp2+) +237.1 with a correlation coefficient of R*=0.9918 ( Cpp2+ is the

concentration of Pb*" in nM).
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Figure 5. The relationship of Pb?" concentration and the fluorescence intensity of sensor.

According to the theory of Martins and Naes,*® the limit of detection (LOD) with the rule of
3o/slope (o refers to the standard deviation of the background obtained from multiple
measurements in blank samples) can be worked out as 0.65 nM, which is two orders of
magnitude lower than previously reported result of 36.8 nM from liquid crystal based Pb*
optical sensor.?” It can compare with those of sensors based on organic dye and quantum dots
(from 0.1 nM-0.6 nM).*!*** In addition, the detection range (20 nM-100 pM) of this proposed

strategy is rather wider than those based on organic dyes (2-50 nM),*' semiconductor quantum



dots (0.1-10 nM),** graphene quantum dots/graphene oxide (9.9-435.0 nM),* and graphene

).** The comparison of these related Pb>" sensors

quantum dots/gold nanoparticles (50 nM-4 uM
are shown in Table 1. The broad detection range with high sensitivity of our sensor is critical for

its practical applications.

Table 1. The comparison of related Pb** sensors

Methods Materials LOD Linear range | References

Fluorescent | GR-5 DNAzyme, nanoparticles | 1.108 nM | 0-1 nM Ref 27

Fluorescent | G-quadruplex DNA, graphene | 0.4 nM 2-50 nM Ref 41
oxide

Fluorescent CdSe/ZnS quantum dots, | 0.09 nM 0.1-10 nM Ref 42

graphene oxide

Fluorescent | Graphene quantum dots-aptamer | 0.6 nM 9.9-435.0nM | Ref43
probe, graphene oxide

Fluorescent | Graphene quantum dots, gold | 16.7 nM 50 nM-4 uM Ref 44

nanoparticles
Gray-value 8-17 DNAzyme, LC 36.8 nM 50 nM-500 uM | Ref 23
Fluorescent 8-17 DNAzyme, LC, AIE 0.65 nM 20 nM-100 puM | Our work

The selectivity is also a critical indicator for sensor. Figure 6 plots the performance of the
sensor at 1 pM Pb*"and 100 uM Cu?’, Zn*', Ag®, Cd*", Mg?", Mn*" and K". The initial and final
fluorescence is denoted by F; and Ff, respectively. The ratio of the change in fluorescence
intensity is determined by (Fi- Fr)/ Fi. It is obviously that the change of fluorescence intensity is
significant on adding 1 uM Pb*" to the sensor, while effectively no change occurs in the presence
of other metal ions with the concentration of 100 pM. About three times the value of influence of
lead ions was achieved in comparison to other metal ions. The results indicate that only Pb*"ions
can cleave the DNAzyme strands, thus disrupting the homeotropic configuration of the LC and

the AIE materials TPE-PPE. This fluorescence sensor shows a negligible response to Cu**, Zn*",



Ag", Cd**, Mg*, Mn*" and K* under similar condition. Due to the reason that double stranded
DNA with C or G bases in addition of sufficient Ag* can form Ag'-mediated guanine pairing,*
the anchoring of the sensing system would be affected slightly. Therefore, the Ag™ had a higher

fluorescence changing ratio compared to other ions.
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Figure 6. Selectivity of the fluorescence sensor under existing of 100 uM Cu?*, Zn**, Ag®, Cd*",

Mg?*, Mn?*, K" and 1 uM Pb?*".

CONCLUSION

In this study, a fluorescence sensor for detecting lead ions on the basis of AIE-doped liquid
crystals has been demonstrated. A disordered configuration of the liquid crystal sample doped
with AIE luminogen leads to reduction in the fluorescence intensity, which is led by catalytic
cracking of complementary DNA strand in existing of Pb*". The proposed fluorescence sensor
possesses a low LOD of 0.65 nM, which is two orders of magnitude lower than that from
previously reported LC optical sensor. The detection range of the Pb*" fluorescence sensor is
broad, from 20 nM to 100 puM. It also indicates that this sensor can select Pb** from many other
metal ions correctly, resulting in a highly sensitive, highly selective, simple and low-cost

detection strategy for Pb?>" with potential applications in chemical and biological fields. This LC



fluorescence sensor can provide an inspiring platform for detection by varying the decorated

molecules, such as detecting other heavy metal ions and antigens.
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