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Construction of multi-dimensional practical teaching system with
characteristics of analysis for Applied Chemistry specialty

Zhu Xiaping, Hu Xiaorong, Sun Yonghua, Zhou Li

(College of Materials and Chemistry & Chemical Engineering ,Chengdu
University of Technology,Chengdu 610059, China)

Abstract: The Applied Chemistry specialty of Chengdu University of Technology relies on the advantages of
geological disciplinary in our university and mineral resources in western China,and has formed the distinctive
analytical charateristics. especially analysis for rocks and minerals with complex matrix. The stereoscopic and
multi-dimensional practical teaching system of applied chemistry with characteristics of analysis has been
described. The system includes practical content and mode.the practical process.and the practical assessment.
It can cultivate the ability of practical manipulative ability,innovative ability and the ability of solving realistic
problems of students.
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ARTICLE INFO ABSTRACT

Development of ultrasensitive method for Hg?* analysis is important for human health protection and
environment monitoring. In this work, we present a highly sensitive and selective electrochemiluminescence
ot (ECL) assay in a “turn-on” mode for the detection of Hg?" through selective assembly of gold nanoparticles
Hg . (AuNPs) on the surface of indium tin oxide (ITO) electrode. In the absence of Hg2+, the nonthiolated ssDNA
z(izslgr:s;; oparticles could protected AuNPs against its assembly on ITO surface, producing rather low ECL emission for Ru(bpy)s>*/

TPA system. Conversely, binding of Hg?* with the Hg?*-specific oligonucleotide through thymine-Hg?*-thymine
coordination formed the double-stranded structure, which could not effectively adsorb to AuNPs in solution.
The assembly of free-state AuNPs is achieved, which well preserves electronical conductivity. The presence of
AuNPs can catalyze the electro-oxidation of TPA, producing significantly enhanced ECL signal. Through
detecting the ECL signal mediated by assembly of AuNPs, the proposed method was able to ensure substantial
signal amplification and a low background. It was demonstrated that the ECL intensity was correlated with the
ssDNA-based recognition reaction, enabling quantitative analysis of Hg>* over the range of 8 pM to 2 nM, with a
detection limit of 2 pM. ECL intensity of the system were extremely specific for Hg?" even in the presence of
1000-fold higher concentrations of other metal ions. Analytical results of Hg?" spiked into water samples by the
proposed ECL method were in good agreement with that obtained by atomic fluorescent spectrometry or mass
spectrometry data.

Keywords:
Label-free
Electrochemiluminescence

1. Introduction

Mercury is a widespread heavy metallic contamination in the
environment, which is coming from diverse anthropogenic and natural
sources, such as coal and gold mining, fossil fuel combustion, chemical
manufacturing, and so forth. Water-soluble mercuric ion (Hg?*) is one
of the most usual and stable form of mercury pollution. Hg?* has lethal
effects on human and ecosystem health. such as damaging the brain,
heart, kidney and many other organs (Hoyle and Handy, 2005;
Tchounwou et al., 2003). Moreover, Hg2+ can also be converted to
more toxic methyl mercury and accumulates through food chain
(Harris et al., 2003). Therefore, mercury species have been listed as a
priority pollutant by many countries and international agencies
(Leopold et al., 2010). Thus, the development of highly sensitive and
selective method for environmental monitoring of mercury species is
essential for risk assessment.

Until now, a numbers of traditional analytical methods for the
detection of Hg?* were proposed, including atomic absorption spectro-

* Corresponding author.
E-mail address: huangrongful 3@cdut.cn (R.-F. Huang).
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scopy (AAS), atomic fluorescence spectrometry (AFS), inductively
coupled plasma-mass spectrometry (ICP-MS). However, most of these
approaches cannot be widely applied in routine monitoring of Hg>* due
to the tedious sample preparation, complicated or expensive instru-
mentation. To achieve this goal, the application of biosensor for
detecting Hg?" is a good choice, which combines the high selectivity
provided by the biological recognition reactions and the high sensitivity
of signal transduction techniques, including optical, electrochemical,
piezoelectric, thermometric, etc (Huang and Guo, 2013). According to
the reports, Hg?* specifically interacts with the thymine-thymine (T-T)
mismatch in DNA duplexes to form a T-Hg?*-T complex, where the
thymine residues bind to Hg®* through the formation of N-Hg?*-N
bond (N3 of thymine) (Clever et al., 2007). It is found that the Hg>*
mediated T-Hg®*-T pair is even more stable than the A-T pair (Miyake
et al., 2006). This property has been widely employed to design DNA
sensors for Hg>* detection in aqueous solution (Gao et al., 2008; Jiang
et al., 2009; Li et al., 2008; Miao et al., 2009; Zhang and Guo, 2012).

As a highly sensitive detection technique, electrochemilumines-
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cence (ECL) analysis has received considerable attention due to its
simple instrument, versatility and robustness (Hu and Xu, 2010; Miao,
2008). As noted, ECL-based immunoassay have been successfully
applied in the field of clinic diagnostics (Debad et al., 2004). The
ECL biosensor for Hg?* analysis using specific T-Hg?*-T construction
as recognition element has been widely reported, showing good
analytical performance (Huang et al., 2015; Li et al., 2010; Ma et al.,
2012; Tang et al., 2010; Yuan et al., 2011). For example, Ma et al.
developed ECL sensor for Hg®* analysis by introduction of the
Ru(bpy)s>* derivatives loaded on G4PAMAM dendrimer as ECL
emitting species (Ma et al., 2012). The ECL labels can be attached to
thymidine-riched oligonucleotide on electrode surface through the
formation of T-Hg®*-T complex, in which the detection of Hg?* down
to picomolar level was achieved. Additionally, the ECL sensor using
dsDNA/emitters conjugates for signal transduction were also reported,
such as [Ru(bpy).dppz]?>* (dppz=dipyrido[3, 2-a: 2’, 3’-c] phenazine)
or Ru(phen)g2+ (phen=phenanthroline) (Huang et al., 2015; Tang
et al., 2010). Among these works, it is necessary to design the specific
ECL emitting species to bind dsDNA-containing structure to achieve
label-free analysis of Hg®*. Additionally, the oligonucleotide as a
recognition element should be immobilized on the surface of working
electrode. The complicated operation procedures are time-consuming,
which also affect the recognition ability for the Hg®*-specific DNA
probe. Therefore, it is desirable to develop a simple, label-free and
immobilization-free method with high sensitivity and excellent selec-
tivity for Hg?" assay.

The interactions of citrate-capped gold nanoparticles (AuNPs) and
nonthiolated DNA have been investigated for years (Li and Rothberg,
2004; Zhang et al., 2012a, 2012b). The formation of nonthiolated DNA
functionalized AuNPs conjugates have enabled many new applications,
including the development of novel biosensor (Wang et al., 2006),
control of enzymatic reaction (Li et al, 2005) and synthesis of
nanoparticle (Wang et al., 2010). It is found that the flexible single-
stranded DNA (ssDNA) can partially uncoil its bases. The attractive van
der Waals forces or specific chemical interactions between the bases
and the AuNPs surface are sufficient to overcome an electrostatic
barrier for adsorbing negatively charged DNA. Then, ssDNA was
attached to the surface of AuNPs via DNA base adsorption, protecting
AuNPs against salt-induced aggregation and increasing its stability in
solution. However, it is not operative to the double-stranded DNA
(dsDNA) due to its rigid double-helical structure, which does not
permit the uncoiling needed to expose the bases. This will result in
stronger repulsion and negligible bind of dsDNA to AuNPs surface.
Based on the disparity in adsorption ability for ssDNA and dsDNA on
AuNPs, a rapid identification assay for DNA sequence, ions and
proteins has been extensively reported (Derbyshire et al., 2012; Tan
et al., 2011; Wang et al., 2008). For instance, Yang's group developed
an approach for visual and fluorescent sensing of Hg>* in aqueous
solution based on the Hg>*-induced conformational change of a
thymine (T)-rich ssDNA and the difference in electrostatic affinity
between ssDNA and dsDNA with gold nanoparticles (Wang et al.,
2008). Recently, Li et al. have proposed a simple approach for the
detection of microRNA sequence based on the differential adsorption
ability for nucleic acids onto AuNPs, in which the voltammetric signal
was mediated by the selective preconcentration of AuNPs on a 1, 6-
hexanedithiol blocked gold electrode (Li et al., 2016). Later, Cai et al.
developed a label-free, immobilization-free and sensitive ECL strategy
for Hg?" assay in solution by taking advantage of differential adsorp-
tion ability on Ru(bpy)s;>* doped silica nanoparticle and the T-rich
DNA probe recognition Hg?* as the model (Cai et al., 2016). Inspired
by these works, we present a novel “turn-on” ECL biosensor for Hg>*
analysis with high sensitivity and selectivity by exploiting the differ-
ences in the adsorption of ssDNA and Hg®*-dependent dsDNA on
AuNPs.
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2. Experimental sections
2.1. Materials and Reagents

Indium-doped tin oxide film electrode (film thickness: 900 =+
100 A, conductivity: 19 + 2.1 Q/o) was supplied by Weiguang Corp.
(Shenzhen, China). Hydrogen tetrachloroaurate trihydrate (HAuCly-
3H,0) and 3-mercaptopropyltriethoxysilane (MPTES), were purchased
from J &K Scientific (Beijing, China). Ru(bpy)sCl, (bpy=2,2’-bipyrri-
dine) and tripropylamine (TPA) were obtained from Aladdin
(Shanghai, China). Hg?* standard solution was purchased from na-
tional website for reference materials. The Hg>* specific oligonucleo-
tide (Sequences: 5’-TTCG TGTT GTGT TTCC AAA GGAT TCTC TACT
CGTA-3’ (Huang et al., 2015)) was synthesized by Shanghai Sangon
Biotechnology Co. Ltd. (Shanghai, China). According to Frens’ method
(Frens, 1973), a colloid solution of AuNPs with a diameter of 13 nm is
prepared by the citrate reduction of HAuCl, method and the concen-
tration of AuNPs in solution is calculated to be 4.4 nM. The other
chemicals were from Kelong Reagent Corporation of Chengdu
(Chengdu, China). All the reagents were of analytical-reagent grade
without further purification and solutions were prepared using ultra-
pure water (18.3 MQ cm). A concentration of 10 mM Tris-HCI solution
(pH 7.4) was used to dissolve oligonucleotide.

2.2. Instruments

The ECL measurement was performed in 150 mM phosphate buffer
solution (pH 7.4) containing 1 uM of Ru(bpy)s>* and 50 mM of TPA on
a CHI660E electrochemistry analyzer (Chenhua Co. Ltd., Shanghai)
with a Pt counter electrode and an Ag/AgCl (3 M KCl) reference
electrode. The collection of ECL light intensity was achieved by using
an IFFL-D Flow-injection Luminescence Analyzer (Xi'an Remax
Electronic Science Tech. Co. Ltd., Xi’an, China), in which the ECL cell
was placed directly in front of the R456 photomultiplier (PMT).
Scanning electron microscope (SEM) images were taken on a Hitachi
model S4800 (Tokya, Japan).

2.3. Preparation of substrate electrode

ITO electrodes were pretreated as described before (Xu et al.,
2001). In brief, ITO film electrode was cut into 2.5 cm x 0.5 cm size
slices. To create hydroxyl group at its surface and eliminate organic
contamination, the ITO slices were ultrasonically treated in a NaOH
solution (5 M in methanol) for 30 min. After wash with water and dry
in an oven at 100 °C, the cleaned ITO electrode reacted with 2% (V/V)
MPTES in dry ethanol at room temperature overnight with gently
shaking. After carefully washed with ethanol and water, the MPTES
functionalized ITO electrode is denoted as ITO/MPTMS. The resulting
electrode was characterized by cyclic voltammograms in the solution of
100 mM KCl with 1 mM potassium ferricyanide.

2.4. Procedure for Hg?* detection

Hg?* specific ssDNA was previously heated to 90 °C for 2 min and
then allowed to cool to room temperature for 1h before use. For
Hg?*detection, a 5 uL of Hg?" solution (or blank buffer solution as
control) was firstly mixed with 25 uL of Hg®* specific oligonucleotide
solution to incubate for 30 min at room temperature. Next, 70 pL of
AuNPs solution was added in and allowed to react for 20 min.
Subsequently, the assembly of AuNPs was achieved by casting a
10 uL of the above mixture solution to the surface of ITO/MPTES
electrode on an area of about 0.25 cm x 0.25 cm, and reacting for
30 min. After careful wash with copious amount of water, the resulting
electrode was measured in the mixture solution of Ru(bpy)s**/TPA.
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Scheme 1. Schematic diagram of the proposed method for electrochemiluminescence
detection of Hg?* by exploiting selective assembly of gold nanoparticles.

3. Results and discussion

In the proposed ECL strategy (Scheme 1), an ECL system sensitive
to the attachment of AuNPs is selected, such as Ru(bpy)s>* and its
coreactant, TPA. According to the accepted ECL reaction mechanism
(Miao and Choi, 2004), direct electro-oxidation of TPA plays a critical
role in ECL signal generation, which is strongly dependent on the
electrode materials, etc. For example, the oxidation activity of TPA on
ITO electrode is extremely lower than that on metal (Au, Pt) and
carbon (glass carbon) electrode, resulting in poor sensitivity for the
detection of a trace amount of Ru(bpy)s>*. However, the preparation of
metallic nanoparticles (e.g. AuNPs, PtNPs) modified ITO electrode can
achieve high ECL activity, which catalyzes the electrochemical reaction
of Ru(bpy)s>*/TPA. To more clearly observe deposition of AuNPs by
ECL, an “ECL-inactive” ITO electrode was employed as substrate
electrode, while the Ru(bpy)s>*/TPA system was selected as the signal
reporters. In the absence of Hg®*, the Hg®*-specific oligonucleotide
maintains a single-strand structure. Due to the formation of ssDNA
protected AuNPs, ITO/MPTES electrode adsorbs very little AuNPs,
resulting in low ECL response. However, in the presence of Hg>*, a
double helical DNA structure is formed through T-Hg>*-T interactions,
which facilitates the assembly of AuNPs on ITO surface. The presence
of AuNPs can significantly enhance ECL signal for Ru(bpy)s>*/TPA
system, leading to a Hg®* concentration dependent enhancement of
ECL response.

3.1. Interaction between AuNPs and Hg?*-specific oligonucleotide
probe

As shown in Fig. 1, the interactions of AuNPs with the Hg®*-specific
oligonucleotide probe with or without Hg*>* were studied by Uv—vis
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Fig. 1. Photographs and corresponding adsorption spectra of bare AuNPs or oligonu-
cleotides protected AuNPs with or without Hg?" against aggregation by adding salt.
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absorption spectra. We found a slight red-shift of 4 nm after oligonu-
cleotide reacted with AuNPs (Curve a and b), indicating the formation
of ssDNA protected AuNPs is well monodispersed (Photograph a' and
b' In the absence of Hg?*, the ssDNA protected AuNPs still kept a red
color (Photograph c’) with a specific surface plasmon peak at 534 nm
(Curve ¢) when 0.1 M NaCl was introduced. It could clearly be seen that
there is no appreciable aggregation of these nanoparticles. This is
because the adsorption of oligonucleotides can stabilize AuNPs against
aggregation. If oligonucleotide previously reacted with Hg?*, however,
the mixture solution turned bluish violet immediately once adding in
NaCl (Photograph d’). The adsorption peak at 520 nm decreased, red-
shifted to 540 nm, and overlapped with the appearance of a new broad
peak located at 634 nm (Curve d), indicating the aggregation of AuNPs.
In our previous work, we found the a hairpin structure DNA was
formed upon the binding of Hg?* through thymine-Hg?*-thymine
coordination. Therefore, we infer that the formation of double helical
structure in the presence of Hg?" cannot effectively protected AuNPs
against aggregation after addition of NaCl.

3.2. SEM and electrochemical measurements of AuNPs on ITO
electrode

To further confirm our design, a scanning electron microscope
(SEM) was utilized to closely inspect the selective assembly of AuNPs.
From Fig. S1, we observed the AuNPs in free state without both
oligonucleotide and Hg?* could be directly deposited on the surface of
ITO electrode (A and B). The AuNPs with an average diameter of
13 nm were uniformly dispersed on the ITO surface and retained their
original size and spherical shape. The results are similar to previous
work (Huang et al., 2015). In the absence of Hg>*, almost no AuNPs
was found on ITO/MPTES surface after incubation with the oligonu-
cleotide protected AuNPs (Fig. 2A). The appearance of small quantity
of AuNPs on ITO/MPTES may be due to the unspecific adsorption or
attachment of the AuNPs with uncovered surface at low concentration
of oligonucleotide. In the presence of 1 nM Hg>*, however, we found a
monolayer of AuNPs were uniformly dispersed on the ITO surface and
retained their original size and spherical shape (Fig. 2B). Adhesion of
AuNPs to ITO is very strong and can withstand repeated rinse with
water. Based on the particle number and diameter, the total surface
area of gold is estimated to be about 0.061 cm? on 0.25 cm?® ITO
substrate. These phenomenon are well in accordance to our previous
assumption, where the AuNPs in different states show varied adsorp-
tion ability.

Cyclic voltammograms (CVs) of the resulted bare ITO and AuNPs
deposited ITO (ITO/AuNPs) electrodes obtained in 50 mM H»SO, are
shown in Fig. S2. No evident faradic current was observed at the bare
ITO electrode. In contrast, the ITO/AuNPs electrode exhibited similar
characteristic redox waves as a regular gold electrode, namely, an
oxidation peak starting at ~1.12 V in the positive scan and a reduction
peak at ~0.68V in the reverse scan. The active surface area of the
AuNPs of the ITO/AuNPs electrode was estimated based on the
amount of charge consumed during the reduction of the gold surface
oxide monolayer, and a reported value of 400 uC cm ™2 was used for the
calculation (Dai and Compton, 2006). From the reduction peak, the
gold active surface area is 0.057 cm?®. This value is slightly smaller than
the area estimated from the SEM image, suggesting that about 6.4% of
the nanoparticles on ITO are electrochemically inactive. The partial
loss of electrical activity for AuNPs can be explained by the formation
of nonconductive organic film, resulting in a certain suppression of the
charge transfer at the interface. Combining SEM images with voltam-
metric results, we testified that the formation of a double helical DNA
structure through T-Hg?*-T interactions facilitates ensured AuNPs in
free state and allowed its assembly on ITO surface with well-preserved
electronically conductive.
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Fig. 2. SEM images of the ITO/MTPTES electrode after incubation in the mixture solution of AuNPs with oligonucleotides probe with (A) or without (B) 1 nM Hg?*. Scale bar: 100 nm.

3.3. Hg?*-dependent of AuNPs assembly on ITO electrode for ECL
enhancement

Fig. 3 shows the ECL curve of proposed strategy to detect different
concentration of Hg?*. In the absence of Hg®*, the resulted ITO
electrode exhibited very low activity toward TPA oxidation. No faradic
current was observed until the electrode potential reached ~1.05 V by
the catalysis oxidation of TPA in the presence of Ru(bpy)s>*. The
current increased gradually as further positive potential scan, while the
direct electro-oxidation of TPA is beyond ca. 1.3V (Inset, curve a).
Correspondingly, the onset of luminescence occurs at ca. 1.1 V where
Ru(bpy)s®* gets oxidized. Light intensity keeps rising slowly with
potential positive scan (Curve a). The voltammetric and electrochemi-
luminescent profiles of the resulted ITO electrode without Hg>* are
similar to that of a bare ITO electrode (Fig. S3a), indicating the absence
of AuNPs, which is in accordance to previous SEM measurements and
voltammetric response.

After adding in 1 nM Hg?", a broad irreversible anodic wave was
primarily due to the direct oxidation of TPA, and the rather low
concentration of Ru(bpy)s>* on the CV is negligible. Apparently,
electrochemical oxidation of TPA was facilitated significantly. In detail,
the electro-oxidation current started to rise at about 0.65 V, which
represented a negative shift of about 650 mV by comparison with that
on the bare ITO electrode. The voltammetric current keeps rising with
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Fig. 3. ECL curves and voltammograms (inset) in 150 mM PB solution (pH 7.4)
containing 1 pM Ru(bpy)32+ and 0.05 M TPA at the ITO/MPTES electrode before (a)
or after incubation with the mixture solution of AuNPs and oligonucleotide probe reacted
with varying concentration of Hg>* (0.1, 0.5 and 1 nM, curves b—d). Potential scan rate:
100 mV/s. Reference electrode: Ag/AgCl (3 M KCl).
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potential scan, and peaks at 1.1V (Inset, curve d). Two ECL waves
appeared at ca. 1.0 and 1.5V (Curve d). The emission at higher
potentials mainly followed the conventional ECL route where both
Ru(bpy)s>* and TPA were oxidized. Meanwhile, the electrode surface
was oxidized too, leading to the formation of a surface oxide layer that
suppressed TPA oxidation. For the first ECL peak, the low-oxidation-
potential (LOP) signal around 1.0 V could be interpreted by a novel
LOP ECL mechanism (Miao et al., 2002). The improved voltammetric
and electrochemiluminescent behaviors can be attributed to the
appearance of AuNPs with well-preserved electronically conductivity
after Hg>*-specific oligonucleotide probe interacted with Hg?*. This
was also confirmed by SEM (Fig. 2B) and electrochemical measure-
ments (Fig. S2a). The ECL response is similar to that on an AuNPs
modified ITO electrode, even incubation with a dsDNA solution (Fig.
S3b and c). We also found that both voltammetric current and ECL
intensity increased progressively with the addition of Hg?*, resulting
from a Hg?" concentration dependent AuNPs deposition (Fig. 3, curve
b—d). As noted, if a small amount of AuNPs are attached when adding
in low concentration of Hg?*, a significant enhancement in the ECL
intensity as shown in Fig. 3 (curve a and b) can be observed, although
no obvious change in the current is found (Fig. 3 inset, curve a and b).
The results also reflected the higher ECL sensitivity than the voltam-
metric measurement.

3.4. Optimization of experimental conditions

3.4.1. Effects of molar ratio of oligonucleotide to AuNPs

As described in Scheme 1, we used the disparity in adsorption
ability for single- and double-stranded oligonucleotide on citrate
coated AuNPs suspended in solution to design a sensitive ECL assay
for Hg>*. The molar ratio of oligonucleotides to AuNPs would play an
important role in current sensing strategy. To achieve higher sensitivity
for quantifying Hg®* inducing the conformational change of oligonu-
cleotide, the Hg?*-specific oligonucleotide was mixed with AuNPs
solution at oligonucleotide/AuNPs molar ratio of 0.5, 1, 2, 3, 5, 10,
15 and 20 after addition to 100 pM Hg?* solutions (Fig. S4). At low
ratio, many of AuNPs are theoretically in free state, which can be
attached on ITO surface and produce high ECL intensity as back-
ground. In addition to Hg>* to liberate AuNPs to the free state, the
increased attachment of AuNPs is limited, resulting in negligible ECL
enhancement. When significantly increasing the ratio, the amount of
oligonucleotide was much enough to protect against the immobilization
of AuNPs. Under this condition, the small amount of Hg** cannot
effectively change the AuNPs from protected state to free state, also
leading to negligible ECL enhancement. As expected, we found both the
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background and signal are high enough at low molar ratio, producing
the low ratio of signal to background (S/B, closed to 1.0). The S/B ratio
increased with the increasing molar ratio from 0.5 to 3 and reached a
maximum at 3. Thereafter, it gradually decreased. At last, the ECL
signal is as low as the background, while the S/B ratio is also calculated
to be ca 1.0. Thus, the oligonucleotides/AuNPs ratio of 3 was selected
for subsequent experiments, in which the concentrations of oligonu-
cleotides and AuNPs are 5.4 nM and 1.8 nM, respectively.

3.4.2. Test conditions

According to the accepted ECL reaction mechanism for Ru(bpy)s>*/
TPA, the relative contribution of the reaction routes to the formation of
excited states and observed emission also depends on the relative
concentrations of Ru(bpy)s** and TPA. To decrease the background
and more clearly observe ECL enhancement, we employed lower
concentrations of ECL reactants ([Ru(bpy);>*]=1 pM and [TPA]
=50 mM) in this experiment. At low concentration of Ru(bpy)s>* and
high concentration of TPA, the oxidation of TPA follows direct
oxidation route, which is strongly dependent on the electrode materi-
als. This would result in low background on ITO electrode and high
signal amplification on AuNPs modified ITO electrode.

Next, the applied electrochemical parameters were investigated by
compare multi-steps step with cyclic voltammeter (CV). It was found
that the strongest ECL intensity was obtained when the multi-step
mode was employed, while the formation of surface oxides significantly
blocked the direct oxidation of TPA in CV mode. This mode was chosen
in this work because of its higher sensitivity for the detection of Hg>".
Meanwhile, the influence of the applied constant potential on the ECL
intensity of the proposed strategy was investigated from +0.8 to +1.4 V,
and the results are shown in Fig. S5. It can be seen that a much weak
ECL signal on ITO substrate electrode can be detected below 1.0V,
which is attributed to the unspecific adsorption of AuNPs. The back-
ground increased gradually when low concentration of Ru(bpy)s>* gets
oxidized. Relatively, we found ECL signal on AuNPs assembled ITO
electrode keeps rising when applied potential increased. However, the
S/B ratio initially increases with increasing applied potential from +0.8
to +1.0 V, maximizes at about +1.0 V (S/B ca. 28), and decreased with
further increase of the applied potential. This result can be attributed to
the different ECL reaction mechanism for Ru(bpy);>*/TPA system. In
detail, ECL signal at the more negative potential related to the direct
oxidation of TPA on the surface of AuNPs, while the electrocatalytic
oxidation of TPA contributes more to the overall ECL intensity. To
obtain high enough ECL intensity and S/B ratio, a constant potential of
1.0 V was eventually chosen in the following experiments (S/B ca. 28).

3.5. Analytical performance

To evaluate the sensitivity of the proposed assay, different concen-
tration of Hg?" from the stock solution were mixed with Hg>" specific
ssDNA probe solution and AuNPs solution to react for 30 min. The
prepared mixture solution was then cast on ITO electrode for assembly
process and next measured in the solution of Ru(bpy)s>*/TPA. We
found that the ECL intensity initially increased upon increasing the
Hg?* concentration up to 10 nM, and then leveled off at higher Hg**
concentrations. The plateau indicates saturation of Hg®* binding sites
to Hg?* specific ssDNA probe. A linear relationship between the ECL
intensity and the Hg?* concentration over the range of 2 nM to 8 pM
was shown in the insert of Fig. 4. The linear equation was Igcp, =
2.229C-8.181 (C: pM) with a linear correlation of r=0.9945. The
relative standard deviation for 7 repetitive measurements of 200 pM
was 7.2%. The detection limit (30pL/S, where oy is the standard
deviation of the blank and S is the sensitivity) was calculated to be
2 pM, which met the requirement of U.S. Environmental Protection
Agency (EPA) for Hg?" in drinkable water. A satisfactory reproduci-
bility of the proposed method is observed. To assess the selectivity of
the proposed method, the ECL signal was measured in the presence of
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Fig. 4. ECL response of the proposed assay in the presence of Hg?* (from a to m: 8, 10,
20, 40, 60, 80, 100, 200, 400, 600, 800, 1000, 2000 pM). Inset: linear relationship
between ECL intensity and Hg®* concentration. Applied potential: 1.0 V (vs. Ag/AgCl,
3M KCD.

other metal ions (Ca*, Cd*, Co?*, Cu®*, Fe?*, Mg?*, Mn?*, Pb%*, AI**,
Fe®*). As shown in Fig. S6, even with 1000 times excess of another
metal ion (200 nM versus 200 pM Hg?*), the ECL response was
substantially lower than that with Hg?". As we know, selective binding
of Hg?* to thymine-thymine (T-T) base pairs in DNA duplexes, which
can reduce the influence of coexist metal ions (Ono and Togashi, 2004).
Therefore, this excellent selectivity for the detection of Hg®" can be
attributed to highly specific interaction of T-Hg>*-T, which led to the
conformation change of Hg?" specific oligonucleotides from linear
chain to hairpin configuration.

3.6. Detection of Hg?" in water samples

The application of the ECL assay was evaluated via the detection of
Hg?* in water samples collected from Yanhu Lake in campus, Chengdu
University of Technology. The samples collected were filtered through
0.2 ym membrane to remove impurities, which were also measured by
atomic fluorescence spectrometry (AFS) and ICP-MS methods. As
shown in Table 1, the recoveries ranged from 88% to 107% for samples
spiked with different amount of Hg®*. The results were in good
agreement with those obtained by AFS and ICP-MS, showing its
potential practicality for environmental samples. The sensitivity of
the proposed ECL assay is comparable to ICP-MS, which is much
higher than AFS.

4. Conclusions

In summary, a novel ECL assay in “turn-on” mode was successfully
applied to measure Hg?" in environmental aqueous samples at
picomolar level. This method depends on the differential adsorption
of single-stranded and double-stranded oligonucleotide on AuNPs,
where Hg?* can induce its conformational change from linear chain
to hairpin structure. Unlike commonly reported ECL system by direct
deposition of AuNPs to catalyze ECL reaction, the most appealing
characteristics of the proposed strategy is the target-dependent assem-
bly of AuNPs for ECL enhancement. The change of electrode material is
dependent on a bio-recognition reaction, leading to selectively turn on
ECL emission. Without complicated chemical label procedures and
immobilization of oligonucleotide probe, this strategy is much more
convenient and low-cost, also showing high sensitivity and excellent
selectivity. We believe this approach can be applied to other types of
molecular probes by simply changing the sequences of the oligonucleo-
tides to a specific target (e.g. detecting small molecules, and DNA
hybridization, or probing of biomolecular interactions). These features
establish the universality and simplicity of the platform and could,
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Table 1
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Detection of Hg?* in aqueous samples by proposed method and comparison with AFS and ICP-MS.

Sample Added Detected by proposed method (nM)* Recovery AFS ICP-MS
(nM) (%) (nM)* (nM)*
Tap water 0 0.048 + 0.011 NAP N.A. 0.044 + 0.013
0.05 0.092 + 0.021 88 N.A. 0.062 + 0.017
0.2 0.24 + 0.015 96 N.A. 0.21 + 0.041
Lake water 0 0.72 + 0.06 N.A. N.A. 0.68 + 0.061
2 2.77 £ 0.25 98 2.63 + 0.32 2.73 £ 0.21
4 498 + 0.31 107 4.70 + 0.13 4.79 £ 0.29

@ Mean of three measurements with standard deviation.
> N.A.: Not available.

therefore, provide the groundwork for the design of design a new type
of ECL sensor.
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Electro-thermal atomic absorption spectrometry (ETAAS) is a powerful element detector, thanks to its low cost,
high sensitivity, multiple element detectability, and low sample consumption. In this work, a simple and sensitive
DNA assay utilizing ETAAS detection was demonstrated with Au nanoparticles (NPs) tag. Ebola Virus (EV)-
related DNA was detected by sandwich hybridization assay, using Au NPs-labeled reporter probes and magnetic
microparticle (MMP)-labeled capture probes. The sandwich hybridization reaction conditions were optimized.
After hybridization reaction, aqua regia was added to dissolve Au NPs and release Au ions, which were subse-
Electro-thermal atomic absorption quently detected by ETAAS. A good linearity was obtained between the concentration of target DNA and the
spectrometry (ETAAS) atomic absorbance signal intensity. The limit of detection (LOD) was 3 pM (LOD, 30), with the linear range of
DNA 10-200 pM (R = 0.9933). The relative standard deviation (RSD) for 20 pM target DNA was 1.07%. The target
Graphite furnace DNA results obtained by the proposed method correlated well with those obtained by inductively coupled
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1. Introduction

Simple, sensitive, and quantitative determination of sequence-
specific DNA is one of the central topics in biological science, forensic
science, and clinical diagnosis [1]. The information of genetic mutations
at molecular level provides an opportunity for diagnostics even before
any symptom of a disease [2]. A large number of DNA detection systems
based on the hybridization between a DNA target and its complementa-
ry probe have been described, such as colorimetric [3], fluorescent [4],
chemiluminescent [5], and electrochemical [6] instruments. Among
these, fluorescence-based techniques are most widely used. However,
the inherent drawbacks such as sophisticated synthesis of fluorescent
probes, photobleaching, and spectral overlap significantly limited their
application in DNA quantification.

In recent years, element tagging-based biomolecules quantification
has gained great attention by using atomic spectrometric detectors
[7-14]. Metal atoms in element tags were directly detected, without
the need of special characteristics such as fluorescent, chemilumines-
cent, electric, and electrochemical properties. This characteristic greatly
alleviates the time- and labor-consuming work for the design and

* Corresponding authors.
E-mail addresses: huxiaorong@cdut.cn (X. Hu), liur.ray@gmail.com (R. Liu).

http://dx.doi.org/10.1016/j.microc.2015.12.026
0026-265X/© 2015 Elsevier B.V. All rights reserved.

synthesis of element tags [15,16]. Recently, Zhu et al. [17] reported an
Au nanoparticles (NPs)-based methodology for the detection of DNA
by inductively coupled plasma atomic emission spectrometry (ICPAES),
with a low detection limit of 350 pM. Zhang et al. [ 18] developed a mul-
tiplex nucleic acid assay by inductively coupled plasma mass spectrom-
etry (ICPMS), without the need of complicated DNA chips. Fifteen
clinical diseases (cancer, heredopathia, and virus) associated DNA tar-
gets were simultaneously detected with lanthanide element tags
(ie.,Y,La,Ce, Pr,Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu). Further-
more, Au NPs, Ag NPs, and Pt NPs were utilized to acquire higher sensi-
tivity for the determination of three DNA targets associated with clinical
diseases (HIV, HAV, and HBV) [19]. Detection limit as low as 1 pM was
realized for these DNA targets.

Electro-thermal atomic absorption spectrometry (ETAAS) is one of
the most popular atomic spectrometric techniques with almost 60 ele-
ment detection abilities [20,21]. The high atom density and long atom
residence time in the graphite tube improve ETAAS detection limits by
a factor of up to 1000 fold compared to flame AAS and ICPAES, down
to the sub-ppb range. The maintenance and operation of ETAAS instru-
ment are simple and cost-effective, especially compared with the sensi-
tive but expensive ICPMS instrument. The low sample consumption of
several microliter makes ETAAS an ideal match for biological and clinical
samples of limited availability. Recently, our group successfully applied
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ETAAS to metalloimmunoassay of human IgG quantification at lower
ng/mL level with Cu NPs tagging [22]. In this work, we developed an
ETAAS-based DNA hybridization method for disease-related target de-
tection. Ebola Virus (EV), which causes a severe and often fatal hemor-
rhagic fever of human and other mammals, was selected as a model for
disease-related DNA target detection. The strategy of DNA sandwich hy-
bridization is shown in Scheme 1. The report DNA was thiolated at the
3’-end for Au NPs conjugation, while the capture DNA was modified
by biotin at the 5’-end for the immobilization on magnetic microparti-
cles (MMPs). After the sandwich hybridization reaction between report
DNA, target DNA, and capture DNA, aqua regia was added to dissolve Au
NPs and release Au ions, which were then determined by ETAAS. The
optimization of assay conditions, analytical performance, specificity of
DNA hybridization, and method validation, were investigated and
discussed in detail. To the best of our knowledge, this is the first report
of ETAAS-based DNA hybridization assay.

2. Experimental section
2.1. Chemicals and materials

All reagents were of at least analytical reagent grade. Deionized
water (DIW) was used throughout this study. Chloroauric acid
(HAuCl4-4H,0) was obtained from Aladdin (product No. G109455).
Streptavidin coated MMPs (10 mg/mL, Dynabeads M-280) and a mag-
netic separator were purchased from Invitrogen Co. Bovine serum albu-
min (BSA) was purchased from Biodee Biotechnology Co. Ltd (Beijing,
China). Nitric acid, hydrochloric acid, and trisodium citrate were obtain-
ed from Changzheng Chemical Reagent Co. Ltd. (Chengdu, China). All
oligonucleotides were purchased from Sangon Inc. (Shanghai, China)
and their sequences are listed in Table 1. All glassware was soaked
with aqua regia for at least 12 h, rinsed with DIW, and then dried before
use. The buffer solutions are as following: coupling buffer (0.01 M PBS,
containing 0.15 M NaCl, pH 7.4), and washing buffer (0.01 M PBS con-
taining 0.1% Tween 20, PBST, pH 7.4).

2.2. Instrument

An AAnalyst™ 800 atomic absorption spectrometer (PerkinElmer
Inc., Shelton, CT, USA) was used in this work. The instrument is
equipped with a graphite furnace atomizer, an AS 800 auto-sampler to
facilitate precise sample introduction, and a radiation source of Au hol-
low cathode lamp (HCL). The signal measurements were performed
using the peak area (integrated absorbance) mode.

2.3. Procedure

2.3.1. Synthesis of colloidal gold nanoparticles

The colloidal gold nanoparticles were synthesized by using the cit-
rate reduction of HAuCl, in water according to reference [23]. Briefly,
120 mL 0.01% HAuCl4-4H,0 was heated to boiling for five minutes.
1 mL of 1% (m/v) trisodium citrate was added to the solution. After
30 min, the colloidal suspension was cooled to room temperature and
stored at 4 °C.
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Table 1
The sequences of oligonucleotides used in this work.

Name Sequence (5'-3")

Target DNA GGAGTAAATGTTGGAGAACAGTATCAACAA
Report DNA TCCAACATTTACTCCAAAAAAAAAA-(CH,)6-SH
Capture DNA biotin-AAAAAAAAAATTGTTGATACTGTTC

GGAGTAAATGTTGAAGAACAGTATCAACAA
AATGGCATTTGTTGGGGTAACCAACTATIT

Single base pair-mismatched DNA
Mismatched DNA

2.3.2. Preparation of DNA-modified Au NPs

The thiolated report DNA was immobilized on Au NPs using a mod-
ification procedure of literatures [24,25]. Briefly, 37 L of thiolated re-
port DNA (100 pM) was incubated with 2 mL Au NPs solution at room
temperature for least 24 h. By slowly adding 2 M NaCl into the bottom
of glassware for three times in 24 h, the concentration of NaCl was in-
creased to 0.3 M during the salt aging progress. The mixtures were cen-
trifuged to remove unreacted DNA strands. The Au NPs were washed
with PBS (pH 7.4), and then redispersed in 2 mL PBS.

2.3.3. Preparation of DNA-modified magnetic microparticles

Biotinylated DNA was immobilized on MMPs according to the
procedure provided by Invitrogen Co. In brief, 240 L of streptavidin-
coated magnetic microparticles (10 mg/mL) was rinsed three times with
240 pL of PBS and resuspended in 120 pL PBS. Subsequently, 108 pL of
DIW and 12 L of biotinylated capture DNA (100 M) were added. After
2 h of gentle shaking at room temperature, the magnetic microparticles
were separated and rinsed with washing buffer for three times. Finally,
the beads were resuspended in 240 pL PBS and stored at 4 °C before use.

2.3.4. Sandwich hybridization reaction and ETAAS measurement

The proposed principle of the sandwich hybridization reaction is
shown in Scheme 1. Before the hybridization process, the report DNA-
modified Au NPs and the capture DNA-conjugated magnetic micropar-
ticles were equilibrated with BSA for 1 h, respectively. After rinsed
with washing buffer, 100 pL of report DNA-modified Au NPs and 30 pL
of capture DNA-conjugated magnetic microparticles were mixed in a
centrifuge tube. Then 100 L of target DNA of known concentrations
were added, followed by gentle shaking at room temperature for one
hour. The MMPs were separated from the solution and rinsed three
times with PBST. Subsequently, the sandwich complexes were resus-
pended in 100 pL of H,0. To release the Au NPs from the sandwich com-
plexes, the suspension was heated to 95 °C for 20 min. After magnetic
separation, 100 pL of diluted aqua regia was added to the supernatant
to dissolve the Au NPs. Finally, the solution was measured by ETAAS
with temperature program listed in Table 2.

3. Results and discussion
3.1. Optimization of assay conditions
The assay conditions, including the capture DNA concentration, the

reaction time between biotin modified capture DNA and MMPs (Tgy),
the reaction time of sandwich hybridization (Tg), the report DNA-Au

aoueqiosqy

ETAAS >
determination

Scheme 1. Sandwich hybridization analysis based on Au NPs labeling and ETAAS determination.
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Table 2

Temperature program of graphite furnace atomizer.
Steps Temperature Ramp time Hold time Ar gas flow

0 (s) (s) (mL/min)

Drying 110 1 30 250
Drying 130 15 30 250
Pyrolysis 800 10 20 250
Atomization 2000 0 3 0
Clean 2450 1 3 250

NPs bioconjugate concentration, and the aqua regia concentration, were
optimized in detail. In this study, capture DNA was firstly immobilized
on magnetic microparticles. As shown in Fig. 1, the signal intensity sig-
nificantly increased when the concentration of capture DNA was in-
creased from 0.3 to 4.8 pmol/uL (1 pL MMPs react with 1 umol capture
DNA) and then leveled off. Thus 4.8 umol/uL of capture DNA was used
throughout this work.

Reaction times, including Tgy and Tg, are important influencing pa-
rameters. As shown in Fig. 2a, the signal intensity increased rapidly
with the increase of Tgy ranging from 30 to 120 min and then leveled
off after 120 min, indicating the completeness of the reaction between
streptavidin and biotin. Thus 120 min of Tgy was chosen for the subse-
quent experiments. As shown in Fig. 2b, the signal intensity was stable
in the range from 60 to 150 min. Thus T of 60 min was selected to
save time in the subsequent studies.

In order to get the best signal to noise ratio, the concentration of re-
port DNA-Au NPs bioconjugates was optimized. The signal intensity
sharply increased with the increase of DNA-Au NPs bioconjugates con-
centration, while the noise intensity remained low and stable (Fig. 3).
Hence, the dilution of report DNA-Au NPs bioconjugates is unnecessary
and not performed in further investigations.

Aqua regia was used to disolve Au NPs to homogenous solution for
ETAAS determination. However, high concentration of aqua regia can
bring high background signal, as well as reduce the lifetime of graphite
tubes. Fig. 4 shows that the blank signal intensity decreases after the di-
lution of aqua regia, while too much dilution caused the decrease of
sample signal. Consequently, 1:6 dilution of aqua regia was selected to
dissolve colloidal Au NPs considering both dissolve efficiency and
blank signal control.

3.2. Assay performance

Under the optimized conditions, the quantitative relationship
between the signal intensity and concentration of the target DNA
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Fig. 1. Optimization of capture DNA concentration. Experimental conditions: Tgy, 2 h; Tg,
1 h; dilution rate of report DNA-Au NPs bioconjugates, 1:0; target DNA concentration,
10 nM; dilution rate of aqua regia, 1:6.
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Fig. 2. Optimization of reaction times. (a) The reaction time between biotin modified
capture DNA and MMPs (Tgy); and (b) the reaction time of sandwich hybridization
(TRr). Experimental conditions: capture DNA concentration, 4.8 pmol/uL; dilution rate of
report DNA-Au NPs bioconjugates, 1:0; target DNA concentration, 10 nM; dilution rate
of aqua regia, 1:6.
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Fig. 4. Optimization of the dilution rate of aqua regia. 30 pL of Au NPs solution was
dissolved by 100 pL different concentrations of aqua regia.

was investigated. A good linearity was obtained with the concentra-
tion of target DNA range from 10 to 200 pM, with the correlation coeffi-
cient of 0.9933 and the linear calibration curve of y = 0.0018x + 0.0014.
The limit of detection (LOD, 30) was calculated to be 3 pM. The relative
standard deviation (RSD) for 20 pM target DNA was 1.07%.

The LOD of the proposed method is compared with some literature
values of direct DNA hybridization assay (Table 3). As shown in
Table 3, the LOD of the proposed method is comparable to ICPMS hy-
bridization assay, and better than those obtained by ICPAES, fluorescent,
chemiluminescent, colorimetric, and electrochemical assay. It should be
noted that either ICPMS or ICPAES is much more expensive than the
ETAAS system.

To investigate the specificity of this assay system, a single-base mis-
matched DNA sequence and a completely mismatched DNA sequence
were tested. As shown in Fig. 5, no obvious signal was obtained for
completely mismatched target DNA, while the signal intensity of single
base mismatched target DNA is much lower than fully matched target
DNA.

3.3. Method validation

To verify the accuracy of this method, the correlation between the
proposed ETAAS-based DNA assay and well-established ICPMS-
based DNA assay was investigated. Different concentrations of target
DNA were detected by ETAAS and ICPMS, respectively. As shown in
Fig. 6, a good correlation was obtained (R = 0.9924) between these
two methods, validating the accuracy of the proposed ETAAS DNA
assay.

Table 3

Comparison of various DNA assay.
Detection methods  Labels Limits of References

detection

Chemiluminescent ~ Graphene oxide 34 pM [5]
Fluorescence CdTe QDs 0.26-0.57 nM  [4]
Fluorescence Pyrene-labeled hairpin DNA 10 pM [26]
Colorimetry Au NPs 50 pM [3]
Colorimetry Au NPs 8 nM [27]
Electrochemistry Anthraquinone 0.13 nM [6]
ICPMS Lanthanide elements 0.5-2 pM [18]
ICPMS Au NPs 1pM [19]
ICPAES Au NPs 350 pM [17]
ETAAS Au NPs 3pM This work
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Fig. 5. Specificity of the proposed DNA hybridization assay. The concentration target DNA,
mismatched DNA, and one base mismatched DNA were all 200 pM.

4. Conclusions

A novel ETAAS-based method was developed for quantitative DNA
assay. The disease-related DNA target can be detected at 3 pM with Au
NPs labeling, which increases the sensitivity by several orders of magni-
tude over that of colorimetric methods, ICPAES methods, etc. The LOD is
comparable with that obtained by the ultrasensitive ICPMS detection. It
is worth noticing that the sensitivity could be further improved by com-
bining with signal amplification methods such as polymerase chain re-
action, rolling cycle amplification, silver enhancement, etc. ETAAS is
able to detect NPs without any special optical or electrochemical prop-
erties, so a wide range of NPs such as TiO,, CuO, Ag, Fe304, etc. could
be easily adopted. As the ETAAS signal is almost unaffected by the sam-
ple matrix, the proposed method is potentially applicable for accurate
determination of DNA in real clinical samples.
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ABSTRACT: Exploration of quantum dots (QDs) as energy acceptors revolutionizes
the current chemiluminescence resonance energy transfer (CRET), since QDs possess
large Stokes shifts and high luminescence efficiency. However, the strong and high
concentration of oxidant (typically H,0,) needed for luminol chemiluminescence (CL)
reaction could cause oxidative quenching to QDs, thereby decreasing the CRET
performance. Here we proposed the use of bienzyme—QDs bioconjugate as the energy
acceptor for improved CRET sensing. Two enzymes, one for H,0, generation
(oxidase) and another for H,0, consumption (horseradish peroxidase, HRP), were
bioconjugated onto the surface of QDs. The bienzyme allowed fast in situ cascaded
H,0, generation and consumption, thus alleviating fluorescence quenching of QDs.
The nanosized QDs accommodate the two enzymes in a nanometric range, and the CL
reaction was confined on the surface of QDs accordingly, thereby amplifying the CL
reaction rate and improving CRET efficiency. As a result, CRET efficiency of 30—38%

Oxidase
substrate

Luminol

CRET efficiency: 38%
CRET ratio: 93%

was obtained; the highest CRET efficiency by far was obtained using QDs as the energy acceptor. The proposed CRET system
could be explored for ultrasensitive sensing of various oxidase substrates (here exemplified with cholesterol, glucose, and
benzylamine), allowing for quantitative measurement of a spectrum of metabolites with high sensitivity and specificity. Limits of
detection (LOD, 30) for cholesterol, glucose, and benzylamine were found to be 0.8, 3.4, and 10 nM, respectively. Furthermore,
multiparametric blood analysis (glucose and cholesterol) is demonstrated.

hemiluminescence resonance energy transfer (CRET) is

nonradiative energy transfer from a chemiluminescent
donor to an energy acceptor, the mechanism of which is similar
to that of fluorescence resonance energy transfer (FRET).
Namely, the prerequisite for CRET is substantial overlap
between the chemiluminescence (CL) of the donor and the
absorption of the acceptor as well as their proximity." Since no
external light source is needed for excitation of CL, the
nonspecific signals caused by external light excitation occasion-
ally observed in fluorescence-based measurements can be
minimized. Moreover, CRET also offers additional advantages
of no direct excitation of the acceptor and minimized
photobleaching of the fluorophores over FRET. These
characteristics make CRET an attractive scheme in various
bioassays.”~'* However, conventional CRET often uses small-
molecule fluorophores as energy acceptors. Their small Stokes
shifts often result in poor spectral separation of the acceptor
emission from the donor CL, thereby decreasing energy-
transfer efficiency. Introduction of quantum dots (QDs) as
energy acceptors to CRET largely alleviates these drawbacks
due to their large Stokes shifts and high luminescence
efficiency.””™* Besides, the narrow emission and broad
absorption of QDs allows simultaneous arrangement of
multiple-QD acceptors with the same CL donor, leading to
CL multiplex.”**

-4 ACS Publications  © 2016 American Chemical Society
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Due to their high CL efficiency in the blue region, luminol
and its derivatives are by far the most used CL energy donors in
CRET systems.'”>>***> A strong and high concentration of
oxidant is required for luminol CL, typically H,O,, and also
other oxidants such as K;Fe(CN), KMnO,, or NaBrO. The
luminol—-H,0, CL reaction is one of the most sensitive CL
reactions and widely used in CL bioassays. However, it has
been reported that H,O, could oxidize QDs and therefore
quench the luminescence, and the quenching effect became
more serious when increasing the exposure time in an oxidative
environment.”*™*® Therefore, the application of the luminol—
QD CRET systems in bioanalysis is greatly limited due to the
use of H,0, as oxidant for luminol CL. To inhabit the
oxidation of QDs, an organo-modified hydrotalcite—quantum
dot nanocomposite has been fabricated as a CRET probe, in
which the hydrophobic dodecylbenzenesulfonate provided a
protective microenvironment against the oxidation of QDs."”

Since H,0, is indispensable for the luminol CL and CRET
must occur in the proximity of luminol and QDs, an effective
route to solve such a dilemma is fast generation and
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Figure 1. CRET from luminol to CdTe QDs: (A) schematic principle of CRET with bienzyme—QDs biconjugate, (B) luminol CL spectrum and
absorption spectra of three CdTe QDs (QD54S, 2.3 nm; QDS594, 3.9 nm; QD643, 4.4 nm), and (C) CRET spectra obtained with GOx—HRP—QDs
bioconjugate of three CdTe QDs. QD545 indicates CdTe QDs with maximum emission wavelength of 545 nm, similarly hereinafter.

consumption of H,0,. Limoges et al. pointed out that the
reaction rates could be remarkably amplified when two
enzymes were confined within a nanometric range.”” Inspired
by their research, we proposed here to use a bienzyme—QDs
bioconjugate as energy acceptor moiety for CRET to alleviate
the potential quenching of QDs by H,0,. The bienzyme
system is appealing in bioanalysis since the substrate of the one
enzymatic reaction can be produced in situ by another, thereby
cascading the enzyme reactions.”’™>> Two enzymes, one for
H, 0, generation (oxidase) and another for H,O, consumption
(horseradish peroxidase, HRP), were bioconjugated onto the
surface of QDs assisted by 1-ethyl-3-(3-dimethylaminopropy)-
carbodiimide (EDC) and N-hydroxysuccinimide (NHS).*® The
oxidant H,O, was generated in situ and consumed immediately
for the CL reaction, thus alleviating fluorescence quenching of
QDs. The nanosized QDs accommodated the two enzymes in a
nanometric range, and the CL reaction was confined on the
surface of QDs accordingly, therefore amplifying the CL
reaction rate and improving CRET efficiency.

B EXPERIMENTAL SECTION

Materials. All reagents used in this work were of analytical
grade. Tellurium powder (99.999%) was provided by Guoyao
Reagent Co. (Chengdu, China), CdCl, (99.0%), N-Acetyl-
cysteine (NAC), NaOH, glucose, and NaBH, were obtained
from Kelong Reagent Co. (Chengdu, China). Luminol,
cholesterol, cholesterol oxidase (COx), and benzylamine
oxidase (BOx) were purchased from Aladdin (Shanghai,
China). Glucose oxidase (GOx), plasma amine oxidase from
bovine, benzylamine, and horseradish peroxidase (HRP) were
provided by Sangon Biotech. H,O, solutions were prepared
fresh daily by dilution of a 30% (v/v) H,0,. A stock solution of
1.0 X 10* mol/L luminol was prepared by dissolving 1.77 g of
luminol powder in 1000 mL of 0.1 mol/L NaOH solution.
Ultrapure water (18 MQ cm™") was used in all experiments.

Synthesis of CdTe QDs. N-Acetyl-cysteine (NAC)-capped
CdTe QDs were synthesized according to a previous report
with slight modification.”® All glassware for preparation of
CdTe QDs was thoroughly cleaned with freshly prepared 0.1 M
HNO; and ultrapure water. First, NaHTe solution was
prepared by the reaction between 50 mg of Te powder and
60 mg of NaBH, in 2 mL of ultrapure water at 60 °C for 10
min. Sequentially, the cadmium precursor solution was made by
adding 0.57 g of NAC into 200 mL of 10 mmol L™ CdCl,
solution (adjusting the pH of mixing solution to 8.0 by NaOH)
in N, atmosphere under vigorous stirring for 30 min. The
molar ratio of Cd**/'Te* /NAC was fixed at 4:1:7. Finally, a

series of colloid CdTe QDs were obtained by mixing the freshly
prepared NaHTe solution with cadmium precursor, and
transferred to a Teflon lined stainless steel autoclave and
heated to the growth temperature (150 °C). The prepared
CdTe QDs were purified using an ultrafiltration membrane
(Micoron YM-10-10 000 NMWL, Millipore, USA) and
redispersed in ultrapure water. The as-prepared QDs were
characterized by UV—vis spectrophotometry (Yuanxi Instru-
ment Co. Ltd. China) and GE-100 gel electrophoresis
(Puzhen, Shanghai). The separated QDs were illuminated
with a 4-W 365 nm UV lamp (in a dark room) and the
electropherogram was recorded by a camera.

Conjugating HRPand GOx/Cox/BOx with CdTe QDs.
HRP and GOx/COx/BOx were conjugated to CdTe QDs
using EDC/NHS-assisted coupling.’® HRP and GOx/COx/
BOx were dissolved in phosphate buffered saline solution (PBS,
pH 7.4, 10 mM) to obtain solutions of 1800 and 900 U mL™,
respectively, and were stored at 4 °C. For conjugation, CdTe
(30 uM), EDC (2 mg), and NHS (1 mg) were mixed in
phosphate buffered saline solution (PBS, pH 7.4, 10 mM, 1
mL) and the mixture was incubated at room temperature for 30
min to activate the QDs. Then, the HRP solution was added in
the activated QDs to incubate at room temperature for 0.5 h.
Finally, the GOx/COx/BOx solution was added in the above
mixture to incubate for another 2.5 h. The conjugate was
purified using an ultrafiltration membrane (Microcon YM-100-
100000 NMWL, Millipore, USA). After ultrafiltration (10 000
rpm, 10 min), the purified products were redispersed in
phosphate buffered saline solution (PBS, pH 7.4, 10 mM) and
stored in a refrigerator at 4 °C.

Procedures for CRET Sensing and Imaging. To a 300
uL well, bioconjugate (40 xL) and luminol (110 uL, pH 9.10)
were sequentially added. The CL reaction was triggered by
adding the oxidase substrate, ie., glucose/cholesterol/benzyl-
amine standard solution (S0 pL). The CRET spectra were
obtained by an F-7000 fluorescence spectrophotometer
(Hitachi, Japan). The CRET ratios were determined by
dividing the area of the acceptor emission by the area of the
donor emission. The CRET efliciency, E, was calculated by eq
1:

S (C VR PA
I(A) + I(D) 1)

where I(A) and I(D) correspond to the integral areas of the
acceptor and the donor emissions, respectively.

The CL signals were monitored by a CL analyzer (RLF-1A4,
Xi’an Remax Analysis Instruments Co., Xi’an, China). The data
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integration time of the CL analyzer was set at 0.1 s per
spectrum, and a working voltage of —700 V was used. CL
signals produced from the well plates were recorded by a
computer equipped with CL software, by which data were
obtained and processed. The CRET imaging signals were
recorded by a gel imaging system equipped with a CCD
camera.

B RESULTS AND DISCUSSION

Design and Validation of Bienzyme—CdTe QDs
Bioconjugate for CRET. The principle of the proposed
CRET with luminol as the CL energy donor and the
bienzyme—QDs bioconjugate as energy acceptor moiety is
illustrated in Figure 1A. To facilitate the cascade enzyme
reactions, oxidase and peroxidase were used for H,O,
generation and consumption, respectively. H,O, generated
from the oxidase enzymatic reaction could oxidize luminol with
HRP as a catalyst to emit blue light. Due to the broad
absorption of CdTe QDs, substantial overlap between the CL
emission of luminol (360—540 nm) and the absorption of the
QDs exists (Figure 1B). The occurrence of the CL reaction on
the surface of the QDs permits close proximity of the CL
energy donor and acceptor, leading to CRET with high
efficiency. Besides, the bienzyme—QDs bioconjugate confined
both the oxidase enzymatic reaction and CL generation on the
surface of the nanosized QDs, thereby accelerating the H,O,
consumption,”” which is expected to largely alleviate potential
quenching of the QDs by H,0,.

To facilitate CRET, HRP and oxidase were sequentially
biconjugated with the carboxyl-terminated CdTe QDs through
EDC/NHS-assisted coupling. Glucose oxidase (GOx) was
taken as the model oxidase for generation of H,O, upon
catalyzing the oxidation of glucose. Three bioconjugates of
CdTe QDs with different emission wavelengths (545 nm,
QDS4S5; 594 nm, QDS94; and 643 nm, QD643; Figure 1B)
were prepared. The corresponding HRP—CdTe QDs bio-
conjugates were also prepared as controls. The bioconjugated
QDs were purified with an ultrafiltration membrane and
characterized by UV—vis absorption spectrometry and gel
electrophoresis. As shown in Figure 2A, the characteristic
absorption bands of GOx (275 nm), HRP (410 nm), and CdTe
QDs (620 nm) were all observed in the absorption profile of
the bienzyme—CdTe QDs bioconjugate. The average loadings
of HRP and GOx per QDs were evaluated as 4.0 and 1.6,
respectively (see methods in the Supporting Information). Gel
electrophoresis characterizations indicated that the electro-
phoretic mobility of QDs was almost unchanged when just
mixing them with enzymes (HRP or HRP/GOx, Figure 2B).
However, after bioconjugation with enzymes, the electro-
phoretic mobility of the QDs decreased obviously after being
linked with enzyme (Figure 2C). Meanwhile, the quantum yield
(QY) of the QDs before and after bioconjugation remained
almost unchanged (Figure S1). Also, the bioconjugation
process was monitored with capillary electrophoresis (Figure
S2), with results agreeing well with those by gel electrophoresis.
Also, the purity of the HRP/GOx-CdTe QDs bioconjugates
could be verified to be more than 90%. These results validated
successful bioconjugation of QDs with enzymes.

Successful CRET from luminol to CdTe QDs is evidenced in
Figure 1C. Upon addition of glucose (200 yM), clear emissions
of QD545, QD594, and QD643 were observed, which matched
well with the fluorescence emission of these QDs. The spectra
shifts of these CRET systems were 95, 144, and 193 nm for

6420

82

(A) GOx

HRP

@
o
x
;410 nm 3
4 =%
: =
@

+ dyH + sad
SO-dyH

=8
8
8 S
= 5
@ 3 0 <
o < O =3
S CdTe QD < ﬁ 3 T
_8 e QDs 0] ;:‘U: l g 8
< E § >'<I
62(:) nm £ %
+ Q
- e}
GOx-HRP-QDs 3

bioconju:gate

300 400 500 600 700
Wavelength / nm

Figure 2. Characterization of bienzyme—CdTe QDs bioconjugate
(QD643 as the model): (A) UV—vis absorption spectra of GOx, HRP,
CdTe QDs, and GOx—HRP—CdTe QDs bioconjugate; (B) gel
electropherograms of QDs, mixture of QDs and HRP, and mixture of
QDs, GOx, and HRP; and (C) gel electropherograms of QDs, HRP—
QDs bioconjugate, and GOx—HRP—-CdTe QDs bioconjugate.
Experimental conditions for gel electrophoresis: gel, 2% agarose;
buffer, 20 mM phosphate solution (pH 7.0); voltage: 120 V; and
separation time, 65 min.

QDS545, QDS94, and QD643, respectively, and this warrants
distinct separation of excitation and emission and, thus, a much
better signal-to-noise ratio in the CRET measurements.

To evaluate the necessity of bioconjugation of bienzymes
with CdTe QDs, the CRET performance of the GOx—HRP—
CdTe QDs bioconjugate (with glucose as substrate) was
compared with those of HRP—CdTe QDs bioconjugate and a
mixture of free HRP and CdTe QDs (both with H,O, as
substrate). As shown in Figure 3A, the CRET efficiency of the
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Figure 3. Comparison of CRET performances of GOx—HRP—CdTe
QDs bioconjugate, HRP—CdTe QDs bioconjugate, and mixture of
free HRP and CdTe QDs: (A) CRET spectra and (B) CRET ratio.
Experimental conditions: luminol concentration, 0.5 mM; luminol pH,
9.10; and H,O, concentration, 2 mM.

HRP conjugated QDs (bioconjugates of bienzyme—QDs and
HRP—QDs) was considerably higher than those of free HRP
and QDs. The CRET ratios of these three cases were 0.51, 0.15,
and 0.05, respectively (Figure 3B; besides CRET efficiency,
CRET ratios were also used here for better comparison with
literature reports'>'”). In the conjugated cases, the luminol CL
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reaction occurred on the surface of QDs, leading to closer
proximity of CL donor and acceptor and thus better CRET
efficiency. In particular, the CRET ratio of the proposed
bienzyme bioconjugate was more than 3-fold higher than that
of single enzyme bioconjugate (HRP—QDs) or QDs with
physically adsorbed bienzyme (Figure S3), demonstrating the
superiority of bienzyme bioconjugates.

Lower Fluorescence Quenching Efficiency of H,0,
toward Bienzyme—CdTe QDs Bioconjugate. The oxidant
used for the luminol CL reaction (H,0,) could quench the
fluorescence of QDs,”*™*® resulting in decreased CRET
efficiency. Hence, the fluorescence quenching of the
bienzyme—CdTe QDs bioconjugate by CL reactant (0.5 mM
luminol and 2 mM H,0,) was investigated, and HRP—QDs
were taken as the control. As shown in Figure 4A,B,

1200

(A: Bienzyme-QDs) (B: HRP-QDs)
1000+
> —0 min .
Q —1 min 0 min
@ 800+ ——2 min —1 min
S ——5 min 2 min
3 10 min 5 min
2 600 ——30 min 10 min
8 ——30 min
0
o
© 400
=)
[T
200+
0-7 T T T T T T L T
600 650 700 750 600 650 700 750
Wavelength/nm Wavelength/nm
100
< {©
~ 804 .
> —o— HRP QDs conjugate
o —o—Ri ) :
_g 604 Bienzyme-QDs comugatee
%
o 404
c
£
2 20
(]
3
g o4
T T T T T T
0 1 2 3 4 5
Time / min

Figure 4. Fluorescence quenching of CdTe QDs (QD643) by CL
reactants (0.5 mM luminol and 2 mM H,0,, 4, = 425 nm): (A)
fluorescence emission spectra of bienzyme—QDs bioconjugate, (B)
fluorescence emission spectra of HRP—QDs bioconjugate, and (c)
time-dependent quenching efficiencies of the above two QDs. The
concentrations of HRP—QDs and bienzyme—QDs were both 20 uM
(based on the concentration of CdTe QDs).

fluorescence quenching of both QD-based bioconjugates was
observed, but the bienzyme—CdTe QDs bioconjugate suffered
less quenching effect (Figure 4C). Especially, the quenching
efficiency of HRP—QDs was 3 times higher than that of
bienzyme—CdTe QDs bioconjugate at an exposure time less
than 1 min (Figure 4C). Control experiments indicated that
luminol caused minimal fluorescence quenching to QDs.
Therefore, the observed quenching could be majorly ascribed
to H,0,-induced oxidation. Accompanied by quenching, blue
shifting of the fluorescence spectra was also observed, which
agreed well with a previous report.”* Again, the bienzyme—
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CdTe QDs bioconjugate received less blue shift, ie., less
oxidation effect. It must be noted that in CRET with
bienzyme—CdTe QDs bioconjugate, the exact amount of
H,O0, generated via oxidase enzymatic reaction would be much
less than that used for quenching investigations. Besides, the
generated H,O, would take part in the peroxidase enzymatic
reaction (luminol CL reaction) quickly.

The fast in situ generation and consumption of H,0, was
also evidenced from the time-dependent CL profiles of the
CRET system. As shown in Figure S, at the same substrate
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Figure 5. Time-dependent CRET investigations: (A) CRET profiles
of bienzyme—CdTe QDs upon addition of 2 mM glucose, (B) CRET
profiles of HRP—CdTe QDs upon addition of 2 mM H,0,, and (C)
CL imaging brightness of the above two systems decayed with time.
The CRET with bienzyme—CdTe QDs can be almost fully restored,
but HRP—CdTe QDs cannot. Experimental conditions: luminol
concentration, 0.5 mM; luminol pH, 9.18.

concentration (2 mM glucose or bienzyme—CdTe QDs and 2
mM H,0, for HRP—QDs), the CRET signal of the bienzyme—
CdTe QDs system lasted about 60 min, while that of HRP—
CdTe QDs decayed in less 1 min. Even after 60 min,
appreciable CRET signal was still observed for bienzyme—
CdTe QDs (Figure SA,C), revealing that efficient CRET still
occurred. Such Iong-persistent CRET was not reported in other
CRET systems.'>""~"” This is attributed to the persistent CL
reaction catalyzed by the bienzymes and the low fluorescence
quenching efficiency of such a system. Particularly, the CRET
with bienzyme—CdTe QDs can be restored to a large extent
upon readdition of the same amount of substrate (glucose). But
for the HRP—CdTe QDs, the restoration was only minimal
(Figure SC). Therefore, the above evidence proved that the
bienzyme—QDs bioconjugate was more suitable than HRP—
QDs as an acceptor for luminol-based CRET.

After careful optimization of the CRET parameters (Figure
S4), the best CRET efficiency and ratios of 30—38% and 0.7—
0.9 were obtained, respectively. As listed in Table 1, the CRET
ratio and efficiency with the proposed bienzyme bioconjugates
are much higher than those of previously reported QDs-based
CRET systems. The superior CRET efficiency mainly benefited
from the advantages of bienzyme bioconjugates, ie., in situ
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Table 1. Comparison of the CRET Performances of
Bienzyme—QDs with Previously Reported Systems

CRET efficiency ~ CRET ratio
CRET system (%) (%) ref

bieneyzmes—QDs (glucose) 30 72 this work
bieneyzmes—QDs 38 93 this work

(cholesterol)
bieneyzmes—QDs 37 85 this work

(benzylamine)
HRP-QDs 12 15 this work
HRP-QDs - 32 15
DNAzyme—QDs 20 - 18
BrO~—QDs - 30 17
LDH-QDs" 24 - 19

“LDH—QD:s is layered double hydroxide and quantum dot nano-
composite.

H,O, generation, alleviated fluorescence quenching of QDs,
and accelerated CL reaction on the nano-QDs surface.

CRET with Bienzyme—CdTe QDs for Biosensing. After
successful demonstration of the improved CRET performance,
the biosensing applications of bienzyme—CdTe QDs for
oxidase substrates were explored. Here, three oxidases, namely
glucose oxidase (GOx), cholesterol oxidase (COx), and
benzylamine oxidase (BOx), were selected and conjugated
onto QD643, QDS594, and QD545 for CRET sensing of
glucose, cholesterol, and benzylamine, respectively. As shown in
Figure 6, successful CRET was obtained from all the three

1.0
10J (A) — GOx (B)
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. —— BOx 0.8.
£ 0.8
C
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©
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Figure 6. Analytical potential of CRET sensing with bienzyme—CdTe
QDs: (A) CRET spectra obtained from GOx—HRP—CdTe QDs,
COx—HRP-CdTe QDs, and BOx—HRP—CdTe QDs upon addition
of 2 mM glucose, cholesterol, and benzylamine, respectively; (B)
CRET ratios of the above three systems; and (C) CL imaging
brightness of the above two systems. Experimental conditions: luminol
concentration, 0.5 mM; and luminol pH, 9.18.

CRET systems with high CRET ratio and imaging brightness.
Therefore, the proposed bienzyme—CdTe QDs bioconjugates
were effective and universal for CRET sensing of a variety of
oxidase substrates.

The analytical performance of the proposed CRET with
bienzyme—CdTe QDs bioconjugates were demonstrated with
glucose, cholesterol, and benzylamine as the oxidase substrates.
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As shown in Figure S5, increased CL intensity was observed
upon increasing the concentration of oxidase substrate
(exemplified with glucose). A linear relationship between the
CRET intensity and the glucose concentration was found in the
range of 10—1000 nM with a correlation coefficient R > 0.990,
corresponding to a linear range over 2 orders of magnitude.
The reproducibility for five replicated measurements of 500 nM
glucose was 1.3% (relative standard deviation (RSD), Figure
S6). The limit of detection (LOD, 36) was 3.4 nM, which is
about 10—1000-fold more sensitive than the current QDs-based
glucose sensor.”***™*” Such high sensitivity can be ascribed to
the amplified reaction rate of bienzyme in the nanometric range
and high CRET efliciency. Due to the high specificity of
enzyme, the proposed assay possessed good selectivity for
glucose detection (Table S1). The calibration graphs for
cholesterol and benzylamine are given in Figure S7 and Figure
S8, respectively. Besides, chemiluminescence imaging study was
also performed for these three analytes. Figure S9 shows the
representative CCD images obtained after addition of
increasing amounts of glucose, cholesterol, and benzylamine.
For all three analytes, increasing brightness of the CCD images
were obtained, demonstrating the potential usefulness of this
assay in screening analysis.

Blood glucose and cholesterol values are included in routine
clinical settings. Particularly, hyperglycemia and hyperlipemia
are threatening the public health nowadays. Therefore,
quantitative measurement of glucose and cholesterol in blood
or other biological samples is important for diagnosis and
healthcare. The developed CRET with the bienzyme—CdTe
QDs was tested for analysis of glucose and cholesterol in blood.
Three human serum samples were collected from a local
hospital and analyzed by the proposed CRET assay (Figure
$10). Owing to the ultrahigh sensitivity and broad linear range
of our method, the serum sample could be diluted different-fold
depending on the amounts of serum obtained (Figure S11).
Therefore, only a tiny amount of serum sample is required
when assaying serum samples that are hard to obtain, for
example, in newborn babies. As shown in Table 2, the
measured blood glucose and free cholesterol values were in
good agreement with the commercial assays, with spike
recoveries ranging from 96 to 116%. These analytical results
demonstrated the accuracy and potential usefulness of this
assay in clinical screening. It should also be noted that large
dilution could lead to a source of error in measurements;
therefore great care should be taken for these operations.

To facilitate screening analysis of glucose and cholesterol in
human serum, simultaneous imaging of the two analytes is
desired. Since the CRET with bienzyme—CdTe QDs occurred
immediately after introduction of the substrates or serum, the
simultaneous imaging should be carried with the same QDs to
eliminate the filter change for acquiring of images. In this
manner, two aliquots of QD643 were bioconjugated with GOx/
HRP and COx/HRP, respectively. A single optical filter (long-
pass filter, 630 nm) was mounted in the front of the CCD
imaging system. As shown in Figure 7, without serum, no
CRET spectra or imaging brightness were obtained, while in
the presence of serum (diluted 100-fold), both CRET spectra
and imaging brightness were seen from the same serum sample,
indicating that such a serum sample contained both glucose and
cholesterol. Besides, the approximate glucose and cholesterol
concentrations could also be evaluated from the brightness of
the images. Therefore, fast screening of glucose and cholesterol
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Table 2. Analytical Results for Glucose and Free Cholesterol in Human Serum Samples

sample no. analyte certified” (mM measured” (mM added (mM found” (mM recovery (%
p yt Ty

1 glucose 3.19 3.17 + 0.34 3.00 2.99 + 0.60 99.0

2 15.02 1479 + 1.21 12.00 12.36 + 1.12 101

3 11.25 11.35 + 1.08 12.00 12.93 + 1.36 108

1 cholesterol 1.53 1.64 + 0.34 2.00 1.92 + 045 96.0

2 2.16 2.08 + 0.50 2.00 232 +£0.22 116

3 2.71 2.81 + 0.64 3.00 3.39 + 0.31 113

“Values determined by a local hospital. “Average + 3SD (n = 3).
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Figure 7. Screening analysis of glucose and cholesterol in serum: (A)
CRET spectra and (B) CCD images. Experimental conditions: luminol
concentration, 0.5 mM; luminol pH, 9.18.

in serum samples to diagnose hyperglycemia and hyperlipemia
can be easily achieved.

H CONCLUSION

In summary, we proposed here the use of bienzyme—QDs
bioconjugates as the energy acceptor for CRET sensing. The
nanosized QDs accommodated the two enzymes in a
nanometric range and the CL reaction was confined on the
surface of the QDs accordingly, therefore amplifying the CL
reaction rate and improving the CRET efficiency. Besides, the
oxidant H,O, was generated in situ and consumed immediately
for the CL reaction, thus alleviating fluorescence quenching of
QDs. The CRET efficiency of bienzyme—QDs was found to be
in the range 30—38%, which is the highest compared with
HRP—QDs and previously reported CRET systems with QDs
as an energy acceptor. One major limitation of this protocol is
the basic pH needed for luminol CL, which may lower the
activity of enzymes. The proposed CRET system could be
explored for sensitive analysis of a series of oxidase substrates,
for example, glucose, cholesterol, and benzylamine. We
demonstrated the robustness of this assay for analysis of
glucose and cholesterol in serum samples. This assay is
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promising for potential clinical diagnosis of hyperglycemia and

hyperlipemia.
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ABSTRACT: G-quadruplex DNAzymes that exhibited peroxidase-like
activity have been shown to be appealing reporters for amplified
readout of biosensing events simply by their formation or dissociation 7
in the presence of analytes. For low background signaling, the efficient
preblock of DNAzymes is critically important. Herein, we report a
both-end blocked DNAzyme beacon strategy for chemiluminescent
biosensing. The catalytic activity of peroxidase-mimicking DNAzyme
can be inactivated fully by fixing both ends of the DNAzyme sequence,
and easily recovered via a strand displace reaction between the miRNA hv
and the block DNA. The efficient block and recovery of DNAzymes
provide the both-end blocked beacon the highest signal-to-background
ratio (over 25) among the reported DNAzymes for amplification-free
detection of miRNA. As a result, the beacon allowed detection of
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subpicomolar miRNA without any labeling and amplification

procedures, which is about 40-fold more sensitive than the traditional hairpin fluorescence beacon. Also, it exhibited excellent
discrimination ability that can distinguish single-base mismatch miRNA. The simplicity, high sensitivity, and selectivity provided
by the beacon make it a promising alternative tool for nucleic acid detection.

KEYWORDS: DNAzyme, catalytic beacon, miRNA, chemiluminescence, biosensing

NAzymes, a kind of artificial enzyme, attract growing

interest as new biocatalysts."”” They have been extensively
explored for various chemical reactions including RNA
cleavage,3 DNA ligaltion,4 N-glycosylation,5 and other reactions.
G-quadruplex DNAzyme that exhibited peroxidase-like activity
is a complex formed between hemin and a single-stranded
guanine-rich aptamer.” Such G-quadruplex DNAzyme can
catalyze the oxidation of luminol’™” or chromogenic sub-
strates'’~"* by H,0, to give sensitive chemiluminescence (CL)
or visual signals, which is appealing as reporters for amplified
readout of biosensing events.> ™'

To explore the peroxidase activity of G-quadruplex
DNAzyme for biosensing, it is desired that the probe DNA
contains G-rich structure and the target analyte triggers the
formation or dissociation of the G-quadruplex complex.'®"”
However, free G-rich structure has the tendency to form G-
quadruplex complex in the absence of targets. Therefore,
preblocking the G-rich structure is important to lower the
background signal. For example, the frequently used turn-on
sensing mode is commonly achieved by analyte-activating the
preblocked DNAzyme.'” A simple blocking strategy is to cage
part of the DNAzyme sequence in a hairpin structure”'”'*~*!
or in the block DNA—DNAzyme complex (namely, single-end
block of DNAzyme).”” Target analyte can liberate the caged
sequence through binding to recognition region to activate the
G-quadruplex DNAzyme. Another popular DNAzyme inacti-

-4 ACS Publications  © 2017 American Chemical Society

810

87

vation approach is to split the DNAzyme sequence into two
parts.”~*> A block DNA is used to prevent the split sequences
from self-assembly into the G-quadruplex.”®*” In the presence
of target analyte, the split DNAzyme can be reassembled for
signaling.” >’

For signaling, blocking and target-induced activation
efficiencies of DNAzyme are equally important. However,
activation and block are usually contradictory, either in the
caged or in split DNAzyme mode. Hence, part of DNAzyme
sequence (free G-rich sequence) was always designed to be
exposed outside for better folding into G-quadruplex during the
recognition of analytes,'”'*~*"***” which probably leads to
formation of intermolecular DNAzyme and, accordingly,
background signals.”® To improve the sensitivity, extra signal
amplification procedures like target recycling amplification,*®
hybridization chain reaction,” and exonuclease-assisted signal
amplification'”*° were usually adopted. However, the problem
of high background signals still existed.

Therefore, here we proposed a both-end blocked beacon
strategy for the development of low-background G-quadruplex
DNAzyme-based CL sensing of miRNA, a type of newly
emerging biomarkers.”"*” Since the G-rich DNAzyme sequence
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Figure 1. (A) Hlustration of the fabrication of both-end blocked DNAzyme and its use for miRNA detection and (B) luminol CL spectra of different
conditions. Experiment conditions: hemin, 12.5 nM; probe DNA, 25 nM; block DNA, S0 nM; target miRNA, 25 nM; luminol, 0.5 mM; H,0,, 5

mM.

is fixed at both ends, the potentiality for folding into G-
quadruplex in the absence of target is largely restricted, leading
to an extremely low background signal. More imporantly, the
blocked DNAzyme in the beacon can be easily activated via a
strand displacement reaction between miRNA and the block
DNA, obtaining a strong CL signal. The high signal-to-
background ratio as well the simplicity of the both-end blocked
beacon will make it an appealing tool for sensing low-
aboundance miRNA.

B EXPERIMENTAL SECTION

Materials. Ultrapure water (18 MQ cm™) was used in all
experiments. Chloroform, ethanol anhydrous, EDTA, HCI, Tris, NaCl,
KClI, and NH,Cl were all analytical grade and purchased from Kelong
Reagent Co. (Chengdu, China). Thioflavin T (ThT), diethypyrocar-
bonate (DEPC), dimethyl sulfoxide (DMSO), Triton X-100, N-[2-
hydroxyethyl] piperazine-N’-2-ethanesulfonic acid sodium salt
(HEPES, sodium salt), microRNA (miRNA) Miniprep Kit, and
solid-phase RNase-Be-Gone were bought from Sangon Biotechnology
Co (Shanghai, China). All nucleic acids were synthesized and purified
by Sangon Biotechnology Co (Shanghai, China). The detailed
sequences were listed in Table SI.

Fluorescent Validation of Blocking and Activating Pro-
cesses. The experiment to demonstrate the progress of activating the
both-end blocked G-quadruplex DNAzyme by miRNA was performed
at 37 °C. FAM-labeled probe DNA (25 nM) and HBQ!-labeled block
DNA (50 nM) were first incubated for 1 h in buffer (25 mM HEPES,
200 mM NaCl, 25 mM KCJ, 150 mM NH,C], 1% DMSO, pH 7.4) at
37 °C and another 2 h after adding different concentrations of target
miRNA. Then the fluorescence signals were detected by fluorescence
spectrophotometer (F-280, Tianjin Gangdong Sci. & Tech. Develop-
ment Co., Ltd.) with excitation wavelength at 460 nm and emission
wavelength from 480 to 600 nm.

The formation of G-quadruplexes was confirmed by fluorescence
assay. Probe DNA (1 uM), block DNA (2 uM), and miRNA (1 uM)
were first incubated as the above procedures. Thioflavin T (S M) was
added in different conditions (only buffer, probe DNA, probe DNA
+block DNA, probe DNA+block DNA+miRNA), and then incubated
for another half an hour. Their fluorescence signals were detected by
fluorescence spectrophotometer with excitation at 420 nm and
emission wavelength from 450 to 550 nm.

Fabrication of Both-End Blocked DNAzyme Beacon. Probe
DNA (500 pM) and block DNA (1000 pM) were incubated for 1 h in
buffer (25 mM HEPES, 200 mM NaCl, 25 mM KCl, 150 mM NH,C],
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1% DMSO, 0.05% Triton X-100, pH 7.4) at room temperature to
obtained the both-end blocked beacon.

Chemiluminescent Detection of miRNA Using Both-End
Blocked DNAzyme Beacon. The standard miRNA solution or
samples were incubated at 30 °C with the both-end blocked beacon
solution (containing hemin) for 2 h before detection (Figure S1 shows
that 2 h is enough for the displacement reaction between miRNA and
block DNA). Subsequently, 100 uL of the resulted mixing solution was
used to trigger the CL reaction between luminol (0.5 mM) and H,0,
(5 mM) at room temperature. The CL signals were recorded by a CL
analyzer (300—650 nm, RLF-1A, Xi'an Remex Analysis Instruments
Co., Xi'an, China). The blocking and activation efficiency values are
calculated via eqs 1 and 2, respectively.

I(Probe) - I(beacon)

E = X 100%
(block)
I(Probe) (1)
I mi =1 eacon
E(activation) = M X 100%
I(Probe) - I(beacan) (2)

where Eyoq is the blocking efficiency of DNAzyme; Ip,ope) is CL
signal of free probe DNA; (pe,con) is the CL signal of both-end blocked
beacon; The E(,ciyation) is the activation efficeincy of both-end blocked
beacon; I(,zna) is the CL signal of both-end blocked beacon after
adding target miRNA.

Extract Total RNAs from miRNA-Spiked Serum and miRNA-
Spiked HEPES Buffer. Total RNAs was extracted from S0 uL
miRNA-spiked serum and miRNA-spiked HEPES buffer for detection.
First, the samples were lysed by extraction solution and homogenized
by pipet. After adding chloroform, the solution was separated by
centrifugation. The supernatant was collected and then was filtered by
Spin column TR after adding anhydrous ethanol (1.5 times more than
the supernatant in volume). The RNAs on Spin column TR were
purified by RPE solution twice and finally resolved in 50 uL RNase-
free HEPES buffer. The resulting solution was subjected to analysis by
the both-end blocked DNAzyme beacon as described above.

B RESULTS AND DISCUSSION

Design and the Block/Activation Efficiency of Both-
End Blocked DNAzyme. Figure 1A shows our design for
both-end blocked G-quadruplex DNAzyme. A probe DNA was
designed with target-recognition and DNAzyme sequence (G-
rich hemin aptamer). A block DNA with two blocking sites was
designed, in which the block I site was used to hybridize with
the target-recognition region for blocking the 5'-end of the G-
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end; (B) block of the recognition domain at the $'-end; (C) thermal stability of the beacon (probe/block DNA complex). Experiment condition:
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Figure 3. Fluorescent validation of the three activation processes: (A) strand displacement reaction between miRNA and block I; (B) automatic
dissociation of block II after being displaced by miRNA; (C) formation of G-quadruplex through ThT fluorescence. Experimental conditions (A)
and (B): probe DNA, 25 nM; block DNA, 50 nM; and (C) probe DNA, 1 uM; block DNA, 2 uM; and ThT, § uM.

rich hemin aptamer, while the block II site was explored for
blocking of the 3’-end of the G-rich hemin aptamer. Therefore,
a loop (beacon) containing the hemin aptamer with both ends
blocked was formed. Such design is similar to the catalytic
beacon by Li et al.”* However, since the G-rich hemin aptamer
was not fullly blocked, appreciable backgrounds of either
colorimetric or chemiluminescent signals were obtained. While
in the proposed mode, the potentiality for folding into G-
quadruplex in the absence of target is largely restricted, namely,
lower background signal. Since the number of bps of the target
sequence (22 bps) is larger than that of the block I site (14
bps), the blocked DNAzyme sequence (loop structure) can be
easily activated in the presence of the target miRNA, which
catalyzes the oxidation of luminol by H,O, to generate a strong
CL signals.

Next, the performance of this assay in lowering the
backgrond signal was preliminarily demonstrated. As shown
in Figure 1B, without blocking, the probe DNA can fold into G-
quadruplex DNAzyme to give the best catalytic activity. The
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formation of the blocked beacon structure in the presence of
block DNA shows extremely low CL background signal, and
the estimated blocking efficiency for DNAzyme is higher than
97% (eq 1). Upon target miRNA displacement of the block
DNA, the DNAyme is activated with peroxidase-like activity of
about 92.8% (eq 2). Such a DNA structure change could also
be verified from the Soret band of hemin in the presence of
probe DNA, probe DNA + block DNA, and probe DNA +
block DNA + target miRNA (Figure S2). The ease of blocking
and recovery of the DNAzyme in this design provides simplicity
and high signal-to-background ratio for CL sensing.
Validation of the Both-End Blocks of the DNAzyme.
To confirm the both-end block of the probe DNA by the block
DNA, several controls were carried out. First, the 3’-end of
probe DNA (hemin aptamer in the 3’-end) and 5’-end of block
DNA were initially labeled with FAM and BHQI (a dark
quencher), respectively. After incubation of the probe DNA
with the block DNA, the fluorescence of FAM in the probe
DNA was remarkably quenched by BHQ1 in block DNA
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(Figure 2A), indicating that the 3’-end of the hemin aptamer
was fixed successfully. Second, the labeling place for FAM in
the probe DNA was changed from the 3’-end to the 5’-end, and
BHQI in block DNA from the 5’-end to the 3’-end. The
fluorescence was also sharply quenched by BHQI in block
DNA (Figure 2 B), confirming that the recognition region of
the probe DNA was also successfully hybridized with the block
DNA. The 5'-end of the hemin aptamer was conjugated to the
recognition region and thus was also blocked successfully.
Although the complex of the probe/block DNA has a loop in
the middle of the double strand, the complex is quite thermally
stable with a melting temperature as high as 62.5 °C (Figure 2C
and Figure S3). Therefore, the both ends of the DNAzyme
were blocked efficiently.

Activation Processes of DNAzyme in the Presence of
MiRNA. The activation of DNAzyme can be divided into three
processes: first, the target miRNA displaces the block I of block
DNA in 5'-end, leading to partial dissociation of the beacon. To
verify this process, blocks I of the block DNA and recognition
region were tagged with BHQI (S’-end) and FAM (3’-end),
respectively. After incubation of the two oligonucleotides, a low
fluorescence background was obtained. The presence of
miRNA caused a sharp recovered fluorescent signal (Figure
3A), indicating that the displacement reaction between the
block I of block DNA and miRNA could indeed occur.

Second, in the beacon structure (probe/block DNA
complex), displacement of the block DNA by target should
be verified. As shown in Figure 3B, this process was confirmed
by the noticeably increased fluorescence signal of the probe
DNA (tagged with FAM at 3’-end) in the presence of target,
which replaced the whole block DNA (tagged with BHQI at
the $’-end) from the previous probe/block DNA complex
(Figure S4). Therefore, the G-rich sequence in the probe DNA
was liberated.

The third process is the formation of G-quadruplexes after
dissociation of the block DNA from the beacon structure by the
target miRNA. Here, we used thioflavin T (ThT) as a probe,
since ThT has been confirmed as highly fluorecent responsive
for G-quadruplexes as compared with duplex DNA.** Figure S5
further demostrates ThT is a good indicator for the formation
of G-quadruplexes. As shown in Figure 3C, strong fluorescence
was observed after adding of miRNA to the beacon,
demonstrating the successful formation of G-quadruplexes.

Comparison with Other Catalytic Sensing Systems. To
verify the both-end blocked DNAzyme for improving the
signal-to-background ratio, several other control DNA
structures, including fully blocked, single-end blocked, caged,
and split DNAzymes, were also designed for CL sensing.
Detailed information about the control DNA information was
given in Supporting Information. As shown in Figure 4, the
both-end blocked DNAzyme for miRNA-21 detection has
much lower background signal than others except fully blocked
DNAzyme. The caged DNAzymes in hairpin structure and
single-end blocked DNAzyme were designed according to
Willner et al.'"®** Although here the stucture of single-end
blocked DNAzyme is very much similar to the both-end
blocked one, higher background signal was obtained. Probably,
intermolecular DNAzyme was formed in such structure,”®
leading to high background. For example, we found that free G-
rich fragments (with 6 and 9 G bases) led to at least 10-fold
increase of the background as compared to that of free hemin
(Figure S6). Such background should originate from
intermolecular DNAzyme since these G-rich fragments could
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Figure 4. Signal-to-noise ratios of different DNAzyme for miRNA
detection. Experimental conditions: hemin concentration, 12.5 nM;
probe DNA concentration, 25 nM; block DNA concentration, 50 nM;
miRNA concentration, 25 nM; hairpin beacon concentration, 25 nM;
G-rich spit concentration, 25 nM; luminol concentration, 0.5 mM; and
H,0, concentration, S mM; amplification factor of CL analyzer, 2.

not form intramolecular G-quadruplexes. The fully blocked
DNAzyme, although with extremely low background during
sensing application, did not yield any CL signal for the target
miRNA.

After investigation of the block length for block II, 8 bps was
chosen as optimal since either 7 bps or 9 bps exhibited lower
signal-to-background ratio (Figure S7). Therefore, the both-
end blocked strategy gave the highest signal-to-background
ratio (26.3) over other DNA structures. For the caged
DNAzyme in the hairpin structure, it was found that the target
miRNA yielded a low CL response probably because the small
size of miRNA cannot effectively open the hairpin structure.**
The split of hemin aptamer also caused a decline of the catalytic
activity of the DNAzyme probably, because the short sequence
of miRNA could not stabilize the assembled DNAzyme. In the
both-end blocked DNAzyme, the ease of the strand displace-
ment reaction makes the DNAzyme fully activated. Therefore,
it displays the highest signal-to-background ratio for miRNA
detection, over 5-fold higher than others.

Analytical Performance of the Sensor. Therefore, the
both-end blocked DNAzyme was used for low background CL
sensing of miRNA-21. The influences of NH," concentration,
K* concentration, the concentration of hemin, the concen-
tration of probe DNA, and the ratio of probe DNA to block
DNA on the CL signals were investigated (Figures S8—S12).
Under the optimum conditions, the CL intensity were linearly
dependent on the amount of miRNA-21 in the range of 25 pM
to 1 nM (Figure SA). The correlation equation obtained is Y =
0.765X — 2.94 with a correlation coefficient of 0.9920. The
reproducibility for five replicated measurements of 0.5 nM
miRNA-21 was 2.6% (relative standard deviation, RSD), and
the limit of detection based on 3¢ is approximately 8 pM. This
sensing system is about 40-fold more sensitive than the
traditional hairpin fluorescence beacon, and is by far one of the
most sensitive methods among the DNAzyme-based sensing
systems that are free of amplification procedures (Table 1).
Such high sensitivity should be ascribed to the high signal to
backgound ratio of the present both-end blocked DNAzyme
beacon. The sensitivity was even comparable to those assisted
by an extra amplification procedure. By designing the
recognition according to the target miRNAs/DNA sequences,
the strategy can be readily used for detection of other miRNAs
like miRNA let-7a (Figure S13) or DNA (Figure S14).
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Table 1. Comparison of Different Sensing Strategies for miRNA Detection

strategy” target detection method label amplification strategy LOQ/LOD (pM)b ref
Both-end blocked DNAzyme miRNA CL - - 25/8.6 this work
Caged DNAzyme DNA colorimetry - - 200000/NM 10
Split DNAzyme DNA colorimetry - - 10000/NM 2
Split DNAzyme DNA colorimetry - - 1000/NM 2
MGO/dsDNA/FAM miRNA CL FAM - 100/79 3
GQDs/dsDNA/Cy; miRNA fluorescence Cy; B 100/NM 36
AuNR/dsDNA/PDAMT miRNA fluorescence AuNR - 50/10 37
Traditional hairpin beacon miRNA fluorescence FAM, BHQI - 1000/NM 38
GO/dsDNA/FAM miRNA fluorescence FAM - 1000/230 ¥
G4MB miRNA fluorescence FAM, BHQI DSN 1/NM 0
YJS-SDA miRNA fluorescence - Nt.BbvCl, Phi29 10/3.2 A
GNP/dsDNA/MB miRNA colorimetry GNP DNA circuit 50/100 ?
WS,/dsDNA/FAM miRNA fluorescence FAM DSN 1/0.3 *
PDANP/dsDNA miRNA CL - DSN 100/80 “

“Abbreviations: MGO = magnetic graphene oxide; FAM = carboxyfluorescein; GQDs = grapheme quantum dots; GO = graphene oxide; G4MB =
G-quadruplex molecular beacons; DSN = Duplex-specific nuclease; YJS-SDA = DNA Y-shaped junction structure-strand displacement amplification;
Phi29 = Phi29 DNA polymerase; GNP = gold nanoparticle; MB = magnetic bead; WS, = WS, Nanosheet; AuNR = gold nanorods; PDAMT =
Polydiacetylene microtubes; PDANP = Polydopamine nanospheres. “LOQ = limit of quantitation; LOD = limit of detection; NM = not mentioned.

The selective sensing of target is highly desirable during
practical applications. As shown in Figure 5B, no obvious CL
response could be detected upon addition of 50 nM of other
miRNAs, ie., single-base mismatched miRNA-21, three-base
mismatched miRNA-21, miRNA-let 7a, miRNA-let 7c and
miRNA-let 7i. However, the addition of only 0.5 nM miRNA-
21 (100-fold lower than other miRNAs) produced a strong CL
signal, confirming that the both-end blocked DNAzyme sensing
system is a highly selective probe for miRNA-21.

To investigate the applicability of this sensing system, further
experiments were carried out in human serum samples. Various
concentrations of miRNA-21 ranging from 100 pM to 1000 pM
were added in the human serums, and the same concentration
of miRNA spiked in HEPES buffer was used as the control
group. The miRNAs in the solutions were extracted by miRNA
miniprep Kit and then subjected to analysis with the both-end
blocked DNAzyme sensing system. The results shown in Figure
SC illustrate that the serum matrix did not yield a significant
influence for miRNA detection in comparison with those
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signals in buffer. Hence, the sensing system is applicable in
complicated sample analysis.

H CONCLUSION

In summary, we have demonstrated a both-end blocked
DNAzyme for low background CL sensing of miRNA. During
sensing, the catalytic activity of DNAzyme can be fully blocked
with a both-end blocked mode, and easily recovered via a
strand displacement reaction between the target miRNA and
the block DNA. The sensing system can be used for detection
of subpicomolar miRNA without any labeling and amplification
procedures. Also, it exhibited excellent discrimination ability
that can distinguish single-base mismatch miRNA. Hence, the
sensing system benefits the advantages of simplicity, low
background, high sensitivity, and discrimination ability. By
altering the recognition region, the system can be applied for
detection of other miRNA as well as DNA (Figure S13 and
S14); also, it is potentially useful in protein sensing by replacing
the recognition probe with protein aptamer. In addition, by

incorporating a target-initiated DNA nanomachine,* it might

DOI: 10.1021/acssensors.7b00178
ACS Sens. 2017, 2, 810—816

91


http://pubs.acs.org/doi/suppl/10.1021/acssensors.7b00178/suppl_file/se7b00178_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.7b00178/suppl_file/se7b00178_si_001.pdf
http://dx.doi.org/10.1021/acssensors.7b00178
http://pubs.acs.org/action/showImage?doi=10.1021/acssensors.7b00178&iName=master.img-005.jpg&w=449&h=172

ACS Sensors

be a good alternative CL tool for sensing of trace biomolecules
in the cell because the release of nucleotide from the DNA
nanomachine can readily activate the both-end blocked
DNAzyme. Therefore, we envision widespread biosensing
applications of the both-end blocked DNAzyme.
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EXCHANGE PURIFICATION-ION CHROMATOGRAPHY
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ABSTRACT

An alkali fusion-amino derivatization-ion exchange
purification-ion chromatography (AAII) method had been
established to detect different species of iodine in sea-
weed. The iodide (1)) was determined directly after the
sample was digested with a mixed solution of K,CO3-KClI
and KCIOs-ZnSO,. The iodate (1057 was determined after
the digestion solution was purified by using a cation ex-
change column. The methyl iodide (CH3l) was deter-
mined after the sample was extracted by ethanol and deri-
vatized with tetraethylenepentamine (TEPA). The optimal
derivatization conditions of CHsl were that the molar ratio
of methyl iodide to TEPA was 1:5, and the derivatization
time and temperature were 120 min and 60 <C, respec-
tively. The linear range of I" and 105" was 0-50 mg/L, with
the detection limit of 0.448 and 0.521 mg/L, respectively.
The linear range of CH3l was 0-112 mg/L, with the detec-
tion limit of 3.87 mg/L. The I', 105" and CHjsl in kelp and
porphyra were determined with recovery rates in the
range of 77.19-94.61%.The AAIl method had the ad-
vantages of simple instrument, conducive to populariza-
tion and simultaneous determination of I, 105 and CH;l.

KEYWORDS: lon chromatography, iodide, iodate, methyl iodide,
amino derivation, seaweed

1. INTRODUCTION

lodine is a kind of multivalent and non-metal element.

The valence of iodine ranges is -1 to +7 [1].The most
frequent species of iodine in nature are I, I,, 105, 10, and
organic iodide. The iodine is prone to be volatilized, oxi-
dized, adsorbed and contaminated, and it is very easy to
be damaged during the sample pre-treatment. So, iodine is
one of the elements which are difficult to be determined

2.

lodine is very important to human health owing to its
biological activity. One adult needs 100 pg iodine per day.
It will be toxic with an excessive intake of iodine, and the
thyroid gland hypertrophy can be caused by lack of it [3].

lodine is widely distributed in the air, soil, rock and
water. The iodine concentration in sea-water is relatively
stable at about 50-60 pg/L [4]. In general, the iodine con-
centration in organisms is higher than in an inorganic
sample, and the iodine concentration in marine organisms
is also higher than in terrestrial organisms. The seaweed
contains more iodine than other marine organisms, and it
is one of the best sources for humans to obtain iodine [5].
So, it is meaningful to study the analysis method of iodine
in kelp and porphyra.

In recent years, there are many papers focusing on the
determination of iodine. The methods can be classified
into chemical and instrumental analysis methods. Chemi-
cal analysis method is usually applied to analyse constant
iodine. Instrumental analysis methods include spectro-
photography, electrochemical method, atomic absorption
spectrometry, chromatography and mass spectrometry [2].
The vast majority of researches has just determined total
iodine [6-10]. But, different species of iodine may exhibit
dramatically different mobility, bio-availability and chem-
ical behaviours in the ecological circle. The dominant
iodine species in environmental and biological samples
are iodide, iodate and organo-iodine. Furthermore, the
“three” dominant iodine species may undergo transfor-
mation to one another in the ecological circle.

Some theoretical studies of the ultraviolet absorption
spectra of I, I, 105" and I35 in liquid media have been
conducted for the simultaneous detection of different
species of iodine, but there was not any determination of
samples [11, 12]. The I' and 105" in brine and seafood
have been determined simultaneously by ultraviolet ab-
sorption spectrometry [13]. The simultaneous Kkinetic
spectrophotometric determinations of iodate and periodate
in table salt, sea-tangle and water samples have been
achieved by chemometric methods [14]. Chromatography
can better determine different species of iodine simulta-
neously through linking different detectors, such as the
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ion chromatographic linking conductance detector [15],
ultraviolet detector [16], or ICP-MS detector [17-19]. The
iodine species have been determined using high perfor-
mance liquid chromatography (HPLC) and UV detection
through conversion of 10;” and organo iodine into 1" [20].
An effective method for determining I', 10;” and organo-
iodine in waters has been developed by derivatizing I and
105 to organo-iodine and measuring organo iodine with
HPLC-MS [21]. The capillary electrophoresis is also used
for analysis of iodine species, especially when studying
organo iodine analysis [22].

The determination of different species of iodine is not
easy to conduct, especially that of organo-iodine, and
correlative reports are few. This study has determined I,
105" and CHjsl in seaweed by ion chromatography connect-
ed with conductivity detector through adding the pre-
treatment process of alkali fusion, amino derivatization and
ion exchange purification. Although the detection limit of
I, 105" and CHgl is expected to be further reduced, the
simultaneous determination of I', 105" and CHjsl is very
meaningful, and the pre-treatment procession of amino
derivatization has provided a valuable reference for detec-
tion of CHsl.

2. MATERIALS AND METHODS

2.1 Instruments and Reagents

All the experiments were performed with D1010 ani-
on-exchange chromatography, equipped with a conductiv-
ity detector (Shanghai Hengke Instrument Co., Ltd.
Shanghai, China). A Shodex IC SI 90 4E column was
used to separate different species of iodine. A SHZ-82
Swing-type water-circulator bath oscillator (Jiangsu Jin-
cheng Instrument Co., Ltd. Jiangsu, China) was used for
derivatization experiments of CHsl.

Kl and KIO; stock solutions (2.000 g/L) were used
for experiments: 0.2616 g Kl and 0.2447 g KlIO; were
weighed, dissolved and set to the volume to 100 ml with
water in a volumetric flask, respectively. CHsl stock solution

(V)
.
m

(22.40_g/L) was prepared as follows: 1 ml methyl iodide
was dissolved with 10 ml of 10 % ethanol, and then, the
volume was set to 100 ml in a volumetric flask with water.
All the stock solutions were stored in the dark and diluted
before use.

The CHsl was purchased from Chengdu Aikeda
Chemical Reagent Co., Ltd. Chengdu, China. The
other experimental reagents included Kl, KIO3;, NaOH,
Na,C0s;, NaHCO3;, KCIO;, ZnS0O,4, KCI, K,COs3, and
H,N (CH,CH,NH);CH,CH,NH, (TEPA); they were
purchased from Chengdu Kelong Reagent Co. Chengdu,
China. All the chemicals were of analytical grade and used
without further purification.

Kelp and porphyra were purchased in the market.
The water was of high purity, and its resistance value was
greater than 18.2 MQ . cm

2.2 Experimental method

At first, the seaweed was washed with distilled water,
dried at 80 <C, crushed and sieved through a 40-mesh
screen. Then, 2 g seaweed, 1.5 ml A solution (5% K,COs
and 5% KCI) and 1.5 ml B solution (5% KCIO3; and 5%
ZnS0O,4) were mixed adequately, carbonized at 200-300 <C,
incinerated at 400-500 <C, and extracted by hot water.

The I" in the extract was determined directly by ion
chromatography. The 105" in the extract was determined by
ion chromatography after ion exchange with a 732-type
cat-ion exchange resin with a flow velocity of 10 ml/30
min.

The CHjsl in the seaweed was extracted by a 95% etha-
nol solution for 2 h in a bath oscillator. Then, the extract
was derivatized with 0.1 ml/L TEPA at 60 T for 2 hiin a
bath oscillator, prior to the determination with ion chro-
matography.

The eluent for ion chromatography consisted of
1.8 mmol/L NaHCO; and 2.4 mmol/L Na,COs;, the flow
velocity was 1 ml/min, the conductivity range was 0-30
s and suppression current was 50 mA (Fig. 1).
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FIGURE 1 - Analytical process of iodine species in seaweed.

3. RESULTS AND DISCUSSION

3.1 Selection of sample digestion solution

lodine is easy to be lost. It will volatilize in the form
of HI in acidic medium; so, the sample shall be digested
in alkaline or neutral medium. The NaOH, Na,CO3, and
mixed solutions composed of A solution (5% K,CO; and
5% KCI) and B solution (5% KCIO3; and 5% ZnSQ,) were
selected to digest the seaweed [16]. The content of I’
determined by ion chromatography is listed in Table 1.
The content of I after digestion by the Na,COsis the least,
and the CO, produced by Na,CO; will affect the process
of ion exchange. The content of I after digestion by
NaOH is higher than by Na,COs, but a large amount of
OH" will interfere the determination of 10;. The mixed
solution composed of A solution (5% K,CO; and 5% KCI)
and B solution (5% KCIO3; and 5% ZnSQ,) is considered
to be the optimum digestion solution.

3.2 Sample purification

The retention time of I" is at 20 min, which is differ-
ent from other impurity ions, and 1" is easily adsorbed by
the ion exchange column; therefore, I" is determined di-
rectly by ion chromatography after digestion. The reten-
tion time of other impurity ions, such as CI, is similar to
that of 103 which is introduced by digestion solution.
Therefore, the determination of 103 shall be carried out
after eliminating the interference from other impurity ions.
The methods, such as adsorption, extraction, dialysis,
combustion, alkali fusion, precipitation and ion exchange
are often used to isolate and purify samples in ion chro-
matography [17]. The cat-ion exchange resin (styrene-
type) was selected to remove most of impurity ions in this
study. Ten g of cation exchange resin were activated by 5%

HCI and packed into a column. Then, 10 ml digestion

solution flew through the ion exchange column with a
velocity of 10 mI/30 min. Then, the 105" in the filtrate was
determined by ion chromatography.

3.3 Derivatization of methyl iodide
3.3.1 Selection of derivatization reagent

The species of iodine in seaweed have organic and
inorganic iodine. The main species of inorganic iodine is
I', which occupies about 60-90% while the organic iodine
only occupies 10-40% [18]. The C-1 bond of CHsl is
easily broken. The CHjsl is also very easy to be oxidized.
The oxidation experiments of CHjl by H,O, had been
carried out. The results show that the H,O, cannot quanti-
tatively oxidize CHgl, and residual H,O, will affect the
subsequent determination. The TEPA can break C-I
bonds, and thus, the CHjl can be determined through
measurement of I” derivatized from CH;l. The chromato-
gram of CHjsl before and after derivatization is shown in
Fig. 2. There is no signal of I"before CH3l derivatization,
but the I" peak at 21 min arises after CH;l derivatization.
So, the conditions of CHjl derivatization have been fur-
ther discussed.

3.3.2 Effect of derivatization conditions

The experimental results of molar ratio of CH;zl to
TEPA, derivative time, derivative temperature are shown
in Figs. 3-5. The signal of I increases when the molar
ratio of CH;l to TEPA varies from 1:1 to 1:6.5, but then,
it decreases slightly. The derivatization is not entirely
with scant amount of TEPA, and when TEPA is in overa-
bundance, the peak area decreases. The peak area of I’
increases, then turns to stable with temperature increase,
and

TABLE 1 - Determination results of different digestion solutions.

Result NaOH

Na,CO3 Mixed digestion solution
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FIGURE 3 - Effect of molar ratio of CH;l to TEPA. FIGURE 4 - Effect of derivatization temperature.
42, with derivatization time prolonging to 180 min, and the
— . best derivatization time is 120-150 min. From derivatiza-
39} tion effect and economic considerations, the optimal deri-
vatization conditions of CHjsl are molar ratio of CHs;l to
36t - TEPA being 1:5, derivatization time and temperature of
o o 120 min and 60 T, respectively.
—
§ 33r 3.4 Selection of ion chromatographic conditions
e
< 3ot The ion chromatographic conditions are as follows:
conductivity range of 0-30 s, suppression current of 50
27+ /' mA and eluent flow-rate of 1ml/min. The influence of
" . . . . . eluent concentration on the retention time and peak shape
30 60 90 120 150 180 of I"and 105" was discussed when the concentration of
t/min NaHCO; was 1.7 mmol/L, and the concentration of

FIGURE 5 - Effect of derivatization time.

the best derivative temperature is at 60-100 <C. The peak
area of I" increases within 120 min, and then decreases

Na,CO; varied from 1.8 to 3.0 mmol/L. The peak of I
becomes wide and trail, and retention time is prolonged
with a low concentration of Na,CO3. When the concentra-
tion of Na,CQs is too high, the water peak and 105" peak
cannot be distinguished. The eluent consisting of 1.7
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mmol/L NaHCO; and 2.4 mmol/L Na,CO; are demon-
strated to be the best conditions. The chromatograms of I’
and 105" are shown in Fig. 6 under optimal conditions.
The negative peak at 2.9 min is the water peak, and those
at 4 and 21 min represent 1053 and I', respectively.

25¢
10,
20t
15}

E
10}

‘VJL ~

10 15 20 25
t/min

o

FIGURE 6 - Chromatogram of I"and 105’

2501
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FIGURE 7 - Standard working curves of I"and 105"

(V)
.
m

3.5 Standard working curve, linear range and detection limit

The mixed standard solutions with different concen-
trations of I', 103" and CHsl were prepared. The concen-
trations of I and 103" were obtained directly, and that of
CH;l was got through the difference of the peak area of I
before and after derivatization of CH3l under optimized
conditions. The standard working curve, linear equation,
linear range and detection limit of I', 105" and CHsl are
shown in Figs. 7-8 and Table 2. The results show a fa-
vourable linear relationship (peak area vs. analyte concen-
tration) in the range of 0-50 mg/L for I', 105" and 0-112
mg/L for CHsl. The detection limits of I', 103" and CHj,l
are 0.448, 0.521, and 3.87 mg/L, respectively. The linear
range of this work is comparable to those of UV, IC-UV,
IC-MS, CE-UV, HPLC-UV or HPLC-MS based methods
(Table 3), and the sensitivity is not as good as those.
However, in this work, the instrument is simple, benefi-
cial to popularization, and the pre-treatment process of
amino derivatization have provided a meaningful refer-
ence for the detection of CHsl.

N w w B S
(8] o a1 o ol
T T T T T

A Areax10®

N
o
T

=
o

10 20 30 40 50 60
C/mg/L

FIGURE 8 - Standard working curves of CHsl.

TABLE 2 - Linear equation, linear range and detection limits of I", 103" and CHjsl.

Linear range

Detection limit

L - . . )

Speciation of iodine Linear equation R (mg/L) (mg/L)

I A =4242.7¢-12704 0.9980 0-50 0.4482

105 A =4868.5¢c-16372 0.9975 0-50 0.5214

CH;sl AA = 605.12c+14471 0.9837 0-112 3.870

TABLE 3 - Comparison of determination methods of I, 105 and CHl.
Method Species Linear range LOD Samples Ref.
(mg/L) (mg/L)
uv I /105 118
uv I /105 /157 /1, - - - 128
uv I /105 0-1.2/0-1.5 14.8/1.54(o/L) Seaweed, brine 13
uv I /105 0.1-1.2 0.027/0.015 table salt, seatangle water 14
IC-Con-UV  I'/105 0.08-16.4 3.2/2.8 (mg/kg) seaweed 15
181
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|
/0.094-13.1
IC-UV I /105 0.3-50/0.2-50 0.1044 Ironical liquids, underground water 16
/0.0697
IC-ICP-MS 1" /105 0.25-1000 0.1(po/L) seaweed 17°
/organic iodine (Lo/L)
IC-ICP-MS  I"/IO5 0.1-10/0.2-20 0.1/0.2(o/L) mineral 18
IC-ICP-MS 1" /105 5-500(g/L) 2.0/1.5(g/L) Seawater 19
HPLC-UV 17105 1-150(nM) 1(nM) Fresh water seawater 20¢
/organic iodine
HPLC-MS Organo iodine 0-100 3.7(g/L) tap water, seawater, urine, wastewater  21¢
/1105 (o/L)
CE-UV I-/103/mono-iodo-thyrosine/di-iodo-  0.2-100 0.052/0.040 seaweed 22
thyrosine /0.032/0.025
IC-Con I" /105 /CH3l 0-50/0-50 0.448/0.521 seaweed AAll
/0-112 /3.87

% Theoretical research; ° I and 105 were determined directly by IC/MS, determination of the organic iodine was a differential method by determina-
tion of total iodine after high temperature cracking of the samples. © I was determined directly by HPLC-UV, the 105 was reduced to I"by NaHSOs,
organic iodine was transformed to I" after decomposition by dehydrohalogenation and reduction by NaHSOs. ¢ The organo-iodine was measured
directly by HPLC-MS, the I was derivatized to organic iodine, 105 was reduced to I', and then, derivatized to organic iodine.

4. SAMPLE ANALYSIS

According to the experiment method introduced in
section 2.2, the I', 103" and CHjsl in kelp and porphyra had
been determined. The recovery experiments had been
done at the same time. The results are listed in Table 3.
The

I” content is 300-500 pg/g, and the 105 content is 100-
200 pg/g in kelp and porphyra. The content of CHsl in
kelp and porphyra was below the detection limit. The
recovery rates of I, 103” and CHzsl in kelp and porphyra
are in the

TABLE 3 - Determination results of 1", 105" and CHgl in seaweed samples.

Sample lodine Concentration Adding RSD (n=6) Recovery Content
P species (mg/L) (mg) (%) (%) (ng/g)
I 17.65 0.200 7.29 77.19 441.1
Kelp 105 5.073 0.100 6.93 94.61 122.8
CHsl - 0.224 - 86.56 -
I 13.98 0.200 4.34 82.74 349.4
Porphyra 104 6.858 0.100 8.14 91.19 1715
CH;sl - 0.224 - 91.00 -
range of 77.19-94.61%. The I was the main species in ACKNOWLEDGMENTS

kelp and porphyra, accounting for more than 80% of total
iodine.

5. CONCLUSION

We have constructed an alkali fusion-amino derivati-
zation-ion exchange purification-ion chromatography for
the detection of different species of iodine in seaweed
samples. Compared to the reported methods, this work
provides the advantages of a simple instrument, is condu-
cive to popularization, and allows the simultaneous de-
termination of I', 105" and CHsl. Therefore, the proposed
method will be a promising method for detection of I,
103 and CHg;l in complicated environmental and food
samples.
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Study on discrimination of four Chinese
brand spirits based on ICP-AES coupled
the principal component and decision tree

analysis

Zheng Jie' Wu-Wenlin®* Wan Yu-Ping’ Liang Heng-Xing” Xiao Quan-Wei’
Zhu Xia-Ping'
(1 College of Materials and Chemistry & Chemical Engineering, Chengdu University
of Technology, Chengdu, Sichuan, 610059, China.

2 Chengdu Institute for Food and Drug Control, Chengdu, Sichuan, 610100, China)
Abstract: The potential of ICP-AES for metal element profiling of Chinese spirit samples was examined. Sixteen
elements in fifty six spirits samples representing four varieties of brands (Wuliangye, Lang Liquor, Quanxing,
Waujinchun) were determined. The set of data was employed to construct a sample class prediction model based on
z-score standardization followed by principal component analysis (PCA) and Decision Tree analysis (DT), which
was employed to explore the structure of the data and construct classification and prediction model. The First
principal component explained 40.3% of variance while the top ten components explained 96.3% of variance
which was employed to construct the DT model. The validated DT model based on 5-fold cross-validation enabled
correct classification of 97.6% of samples, and other 15 spirit samples could be predict correctly. The Wuliangye,
Lang Liquor, Quanxing, Wujinchun can be classified intensively.

Key words: Spirit; Element; ICP-AES; PCA; Decision Tree
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AR e EEA R T B AR R SV E LR, 0 AT ML A R A R A T BRI B

B AR B RER DTS, R I e R BOR B2 BT A —J7 1, Al
RO I I E B o I SRR, 53— J7 1, o e LA S R . T
AN SRR T, T AR RO RIS AR LA AN ], R E T B S R A
JMH I . AT R ICP-OES®!, 1CP-MS™& il sz i n &5 &, JFH] PCA®,
PLS-DA", SVM!" V5% S0 i it o3 M 5 i RAE BB HEA T 0, S5 Bs e e R, g
AN, AS LR I 2 K PSR . Vivien FUU] ICP-MS 2307 T & KA T3
W Je inhz /K (Niagara) Fl1EE AR (Okanagan) [V IR & 4 )@ e S0& 0 o 18 1L [7]
DE Y 34 By & (Li, Be, Mg, Al, P, Cl, Ca, Ti, V, Mn, Fe, Co, Ni,
Cu, Zn, As, Se, Br, Rb, Sr, Mo, Ag, Cd, Sb, I, Cs, Ba, La, Ce, Tl, Pb, Bi, Th,
FUD W, JFHIgevh2 TR AR 25 53], PR R RS X 7y, HAEFIE ik 100%.
Eugenio CIf] ICP-MS 5T T ¥4rik, 1 &, £ 7720k 11 345 W RE 5 7 (0% 1702 (Rare Earth
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2012 ~2014 4F, FLEHEEE 2013 ~2014 4E. Al. As. Ca. Cd. Cr. Cu. Fe. K. Mg. Mn.
Na. Ni. Pb. Se. Sr #l Zn brifefiti &30t B KA (8 8 A BB R Al oo 44t i
(PLghat) hvbpett TR A R A w34t MR (Rgal) b REEEA THRSHEA A
Pefits SEE A — K.

R 525 8 PR R R 64, 36 Varian 27 VISTA-PRO %Y; Milli-Q 4k &
4t, JZH Millipore A ; AT SR A 10% R 24 h DL E.
1.2 FEmATab R
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1.4.1 JRUGEHR AL

X R AR AR AT z-score brvfEfte B JRUECHR IR 22 1% S I E AR B DO AR B (1 b
HEZE . LAV BR R A H5cdhs 1) 1A AN, A 45t s L nT Lk
1.4.2 B Hr

KH Matlab (R2015a) of AN [7l i R0 {17 0 2% 9K B2 JEAT 365 jl 43 43 AT 91 I 8 32 )i o o W B
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KPR B OR B T FEAS I [ () JSL 645 T AR 3007 ¥ o 38 TE AR AR 4k — 21 v] Re A7 A0 AH G MR
A A g — M MEAA IR IS &, A5 2% SRR E R A2 B LA FT AR i, 45 (X 4 AR 5
M R o 3K A 2 A8 k1) I ) Sy A R i T

AWFFTLL 56 MBFEF 16 PoCEIR LM S6x16 WHIFE, 2 z-score tnififb )5, FIH
Matlab ZAFEAT F W 04, ILRF50 H AR AR /N 2 s #a B4 sl IAE
SR SR 2. S R T ZE TR ER N 40.3%, 1 = S R SRR O %
(1) 66.1%, FERE T EFE B IR 73 22 5%, i T VR AR (FL Dk 3 b/ o i+ 32 il 77
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Table 1 Concentration regions of elements measured in different brands of wine

AT mg/L
JLHR TR R N Bk

Al 0.1144 ~ 0.5720 1.4096 ~ 4.1749 0.0289 ~1.1114 2.0053 ~11.6159
Ca 1.2691 ~ 3.6442 2.6933 ~ 8.4790 1.1835 ~5.7987 4.5977 ~24.2707
K 0.1944 ~ 0.6968 1.3317 ~ 2.8997 0.0518 ~1.1247 1.9942 ~ 6.3134
Mg 0.0000 ~ 0.9201 0.0537 ~ 0.9848 0.1826 ~ 1.2331 0.6745 ~ 6.8170
Na 1.7465 ~ 4.8823 1.9376 ~ 7.3351 46.8463 ~ 66.8684 4.6699 ~ 7.8194
Fe 0.0000 ~ 0.1723 0.1764 ~ 09105 0.0565 ~ 0.4924 0.5061 ~3.9270
As 0.0000 ~ 0.0131 0.0000 ~ 0.0088 0.0000 ~ 0.0306 0.0000 ~ 0.0280
Cd 0.0001 ~0.0012 0.0000 ~ 0.0025 0.0000 ~ 0.0021 0.0000 ~ 0.0039
Cr 0.0000 ~ 0.0363 0.0000 ~ 0.0405 0.0000 ~ 0.1097 0.0036 ~ 0.0563
Cu 0.0000 ~ 0.0032 0.0018 ~0.0344 0.0005 ~ 0.0365 0.0041 ~0.0128
Mn 0.0000 ~ 0.0279 0.0242 ~ 0.0518 0.0000 ~ 0.0537 0.0000 ~ 0.0933
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Sr
Zn

0.0000 ~ 0.0023
0.0000 ~ 0.0226
0.0000 ~ 0.0086
0.0000 ~ 0.0056

0.0000 ~ 0.0136
0.0000 ~0.0154
0.0000 ~0.0114
0.0183 ~0.1900
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0.0066 ~0.1152

0.0000 ~ 0.0487
0.0000 ~ 0.0256
0.0328 ~0.0910
0.0192 ~0.0848
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Fig. 1. Concentration box plot of elements in the 56 analyzed spirit samples
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Table 2 Overview of classification results obtained by DT model
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Preparation and adsorptive behavior to iodine of Cu-Mg-Al

layer supramolecular materials
ZHENG Jie', ZHU Xiaping', LI Ping', BAI Dekui*, LI Ming®
(1. Institute of Material and Chemistry &. Chemical Engineering, Mineral Resources Chemistry Key Laboratory
of Sichuan Higher Education Institutions, Chengdu University of Technology, Chengdu 610059, China;
2. Mianyang Product Quality and Inspection Institute, Mianyang 621000, China;

3. Sichuan Insitute of Product Quality Supervision and Inspection, Chengdu 610100, China)
Abstract: The Cu-Mg-Al layer supramolecular materials(Cu-Mg-Al LDHs) was successfully prepared by copre-
cipitation method, characterized by XRD and DTA-TG-DTG, and used as the adsorption materials to iodine.
The Cu-Mg-Al LDHs was layered hydroxides with memory effect. The iodine could intercalate the interlayer of
Cu-Mg-Al LDHs and the Cu on the laminate could adsorb iodine specifically. The saturated adsorption capacity
of Cu-Mg-Al LDHs to iodine was 279.15 mg/g, it was much higher than that of ordinary Mg/Al layered double
hydroxide (66.61 mg/g). The materials might be used as the adsorption materials to radioactive iodine.

Key words: layerd metal hydroxides; supramolecular; copper; iodine; removal

( 09230 )
Synthesis and performance of waterborne polyurethane-polyacrylate

containing sulfonated soft segment
XING Bo', WANG Tingping', LAI Xiaojuan®
(1. Department of Biological Engineering, Chaoyang Teachers College, Chaoyang 122000, China;
2.College of Chemistry &. Chemical Engineering,Shananxi University of
Science & Tecnology. Xi’an 710021, China)

Abstract: Waterborne polyurethane containing sulfonated soft segment (SWPU) was prepared with isophorone
diisocyanate (IPDI) and sulfonated polyester-diol (SPOL) as main raw materials, then the sulfonated water-
borne polyurethane-polyacrylate (SWPUA) composite emulsion was obtained by copolymerization with mixture
monomers methylmethacrylate (MMA) and butylacrylate (BA). The synthesis process of SWPUA was simple
and easy to control without any organic solvent and amine-free. The micellar conformation and diameter of the
composite emulsion were characterized by transmission electron microscopic (TEM) and diameter analyzer. The
crystallinity, thermal stability, mechanical properties and water resistance of films were investigated by X-ray
diffraction analysis (XRD), thermogravimetric analysis (TGA) and tension test. The results showed that core-
shell structure had formed between polyurethane and polyacrylate, degree of crystallinity of the films was 3.
76 %. After modified by polyacrylate, the thermal stability of SWPUA increased by 22 °C. When the SPOL con-
tent was 40% , NCO/OH molar ratio (R) was 1.7, SWPUA with 50% solid content was obtained, the emul-
sion of SWPUA showed good appearance, and the average particle size and storage stability were 44 nm and 12
months.
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Uptake and accumulation of sodium selenite and selenate in
Danshen (Salvia miltiorrhiza ) plants
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nium reagent for Se supplement still depends on the results of speciation analysis of selenium.
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Abstract; To understand the uptake and accumulation for different valence inorganic selenium in Danshen plants, Danshen was
treated by spraying the leaves with sodium selenite and sodium selenate aqueous solution containing 0. 060, 0. 120, 0. 240 g/L. Se
respectively. There were three Danshen plants treated at every concentration. When the plants were in full-bloom stage. spraying
were performed twice with a 10-day interval. The Se contents in the three different tissues (stem, leaf and root) and the soil were
determined by hydride generation atomic fluorescence spectrometry (HG-AFS). The results show that Se content in Danshen
plants increases with the increase of selenium fertilizer concentration but there is no significant linearity. The Se content in stem
of Danshen plant is the highest, followed by leavf and root. Partial selenium is moved and exchanged to soil by plant and the Se
content of soil increases with the increase of dosage of Se fertilize. The content of Se in root of Danshen sprayed with selenate and
its corresponding soil are higher compared with Danshen sprayed with selenite. In contrast to the root, Se content in stem and leaf
of plants spraying with selenite is higher. It seems that selenate has a better mobility in Danshen than selenite. The Se content of

Danshen plants can be effectively increased with spraying both kind of inorganic selenium aqueous solution. The selection of sele-
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