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Experimental Section
Reagents and materials

N-methyl mesoporphyrinIX (NMM), ammonium persulfate (APS), SYBR Green, Tris, and
N,N,N’,N’-tetramethylethylenediamine (TEMED) were purchased from Sigma-Aldrich (St. Louis,
Mo). A NMM stock solution (5 mM) was prepared in DMSO and stored in the dark at -20 °C.
Other chemicals were of analytical grade without further purification. Ultrapure water (18.2
MQ/cm) was used to prepare the buffer solution. The HPLC-purified oligonucleotides were
produced by Sangon Biotech. Co. Ltd. (Shanghai, China) and the oligonucleotide sequences were
listed as follows:

b
Cd“-aptamer: 5'-GGGTATGTTTGGGTAGGGCGGGGACTGTTGTGGTATTATTTTTGGTTGTGCAGTATG
a
AGGATGA-3'
b
mutated Cd*"-aptamer: 5'-GGGTATGTTTGGGTAGGGCGGGTACTGACGTGGTATTATGGTTGGTACTG
a

CAGTATGAGGATGA-3'

A a* b* B

H1: 5'-GGGTATGTTTTCATCCTCCGCCCTACCCAAACATACCCGGAGGATGAGGGTAGGGCGGA

c* b d
GGGTATGTTTGGGTAGGGCGG -3'
c B* b a
H2:5'- CCCTACCCTCATCCTCCGGGTATGTTTGGGTAGGGCGGAGGATGAGGGTAGG
B

GCGGAGGATGA-3'
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Apparatus
The fluorescence measurements were carried out on the SpectraMax i3x (Molecular Devices,
the U. S.) during the experiments. The polyacrylamide gel electrophoresis (PAGE) experiments

were run by the PowerPac electrophoresis apparatus (BIO-RAD, Singapore).

Analytical procedure

All of the oligonucleotides were dissolved into 50 mM Tris-HCI buffer (pH 7.6, containing 5
mM MgCl,, 150 mM NaCl, and 50 mM KCl). Subsequently, H1 and H2 were heated to 97°C for 5
min and then slowly cooled down to room temperature for the forming hairpin probes. 200 nM
aptamer, 500 nM H1, and 1000 nM H2 were mixed with different concentrations of Cd** and
incubated for 120 min at room temperature. Then, 1.5 uM NMM were added into the resulting
solution before measurements. The fluorescence spectra were recorded with the excitation
wavelength of 399 nm.

To investigate the specificity of the assay, other metal ions including As>*, Ag", Mg**, Fe”,

Mn?*, Ni*, Ca**, cu®, Zn®*, and Hg”" were tested in the same way.

Analysis of real samples

The river water was collected from Pearl River (Guangzhou, China). The tap water was
collected from our lab. The lake water was collected from South China Botanical Garden
(Guangzhou, China). The pond water was collected from our institute. Human serums were
provided by the 4th Affiliated Hospital of Guangzhou Medical University (Guangzhou, China). The
samples were filtered with 0.22 um microfiltration membrane to remove the solid impurities and
suspension. The concentration of Cd** in the real samples was detected using our proposed

biosensor. Also, AFS assay was employed to verify the biosensor results.

Polyacrylamide gel electrophoresis (PAGE) analysis

The 8 % PAGE gel was prepared for electrophoresis analysis. 6.13 mL of ultrapure water, 100
uL of APS (10%), 1 mL of 10 x TBE buffer, 2.67 mL of 30% Acr-bis (29:1), and 4 uL of TEMED were
mixed and polymerized at 25 °C for 1 h. Then, the loading sample was prepared by mixing 5 pL

the resulting solution and 1 pL 6 x loading buffer. Subsequently, the electrophoresis experiments
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were carried out at 45 V for 90 min in 1 x TBE buffer. Finally, the PAGE gel was stained in diluted

SYBR Green solution, and then photographed in a gel image system (Bio-Rad, Singapore).
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Fig. S1. The fluorescence signal of the sensing system using the Cd**-specific aptamer or the
mutated aptamer sequence as the binding element: (a) no Cd**+ 200 nM Cd**-specific aptamer +
500 nM H1 + 1000 nM H2, (b) 100 pM Cd** + 200 nM mutated aptamer sequence + 500 nM H1 +

1000 nM H2, and (c) 100 uM Cd** + 200 nM Cd**-specific aptamer + 500 nM H1 + 1000 nM H2.

To verify the specific binding between the aptamer and Cd**, another mutated aptamer
sequence was used to replace the correct aptamer in the sensing system. As shown in Fig. S1
(ESIt), the correct aptamer can bind with Cd** and generate a high fluorescence response signal
(curve c). while the mutated aptamer sequence failed to bind with Cd*, and only very weak

signal can be observed (curve b), which is almost as the same as the blank sample (curve a).

sS4



4x106 b

3x106

2x106 4

FL Intensity(RFU)

1X106-////’jL\\‘“‘-~§h___“______-__—_
520 540 560 580 600
Wavelength(nm)

Fig. S2. The fluorescence response of the aptamer solution (a) and the aptamer + Cd** solution (b)
using SYBR Green | as the fluorescence dye. The aptamer concentration, 200 nM. Cd**

concentration, 100 nM.

SYBR Green |, a double-stranded DNA (dsDNA) specific dye, was applied for the readout
fluorescence signal to confirm the conformation change of the aptamer after binding with Cd*".
As show in Fig. S2 (ESIt), the aptamer without Cd** only displayed a weak fluorescence
background signal (curve a). This indicated that in the absence of Cd**, the aptamer was kept
almost as a single-stranded DNA (ssDNA) state. As SYBR Green | stains ssDNA with much lower
intensity than dsDNA, only weak fluorescence background signal can be detected. When Cd** was
added into the aptamer solution, a hairpin structure containing part ssDNA would be generated,

thereby greatly enhancing the fluorescence intensity of DNA intercalator SYBR Green | (curve b).
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To obtain the optimal assay conditions for Cd** detection, some experimental
parameters including the concentration of H2, the reaction temperature, the incubation
time, and the concentration of NMM were optimized. As shown in Fig. S3 (ESIt), the
optimal concentration of H2 was 1000 nM. As shown in Fig. S4 (ESIt), 25°C was chosen as
the optimal reaction temperature. As shown in Fig. S5 (ESIT), 120 min was employed as
the optimal incubation time on the signal amplification process. As shown in Fig. S6 (ESIT),

the optimal concentration of NMM was 1.5 uM.
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Fig. S3. Effect of the concentration of H2 on the performance of the sensing system. The
histograms represent the fluorescence intensities of the solution with 100 uM Cd** (blue) and
without Cd** (green), respectively. The experiments were performed at room temperature (25°C).

Error bars represent the standard deviation of three independent measurements.

The effect of the concentration of H2 was evaluated by detecting 100 pM Cd**. As
shown in Fig. S3 (ESIT), the fluorescence intensity remained almost unchanged when the
concentration of H2 is higher than 1000 nM. However, the background was continuously
elevated with increasing H2 concentration. Therefore, 1000 nM of H2 was set as the

optimal concentration in our study.
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Fig. S4. Effect of the temperature on the performance of the sensing system. The histograms
represent the fluorescence intensities of the solution with 100 uM Cd** (blue) and without Cd**
(green), respectively. The red line represents the S/N ratio. The solution contains 200 nM aptamer,
500 nM H1, and 1000 nM H2. Error bars represent the standard deviation of three independent

measurements.

The effect of the reaction temperature on the response of the biosensor was also
investigated by detecting 100 pM Cd** at different temperatures (4°C, 25°C, 37°C, and
45°C). As shown in Fig. S4 (ESIt), the maximum signal-to-noise (S/N) ratio was obtained at
25°C. The formed H1-H2 product will become unstable when the temperature was higher
than 25°C. On the other hand, the background signal increased at 4°C because the H1-H2
may be formed through the hybridization between H1 and H2 even in the absence of Cd**.

Thus, 25°C was chosen as the optimal reaction temperature.
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Fig. S5. Effect of the incubation time on the performance of the sensing system. The solution
contains 100 pM cd**, 200 nM aptamer, 500 nM H1, and 1000 nM H2. The experiments were
performed at room temperature (25°C). Error bars represent the standard deviation of three

independent measurements.

Furthermore, the effect of incubation time on the signal amplification process was also
explored. According to the results in Fig. S5 (ESIt), the fluorescence intensity initially increased
with increasing the incubation time and then achieved a plateau after 120 min, indicating that
our assay can be finished within 120 min. To ensure the signal amplification reactions can be

carried out completely, 120 min was employed as the optimal incubation time.
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Fig. S6. The effect of the concentration of NMM on the biosensor response. The solution contains
200 nM aptamer, 500 nM H1, 1000 nM H2, and 100 uM Cd** or without Cd**. Error bars

represent the standard deviation of three independent measurements.

The effect of the NMM concentration on the biosensor response was optimized. As
shown in Fig. S6 (ESIT), the S/N ratio increased with increasing the concentration of NMM
from 0.5 to 1.5 uM. Further increasing the NMM concentration will result in the decrease

of the S/N ratio. Thus, the optimal concentration of NMM was 1.5 puM.
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Table S1. Comparison of some currently available methods for the detection of Cd*".

Method Strategy LOD Ref.
Fluorescent Tetraphenylethene-Triazole-cyclodextrin 10 nM [1]
Fluorescent Phosphorothioate modified DNAzyme 4.8 nM [2]
Luminescent S* capped CdSe/CdSeS/CdS NCs 110 pM [3]
Electrochemical Aptamer labeled AuNPs 0.62 pM (4]
Electrochemical Paper-based ion-selective electrodes 1.2 nM [5]
Photoelectrochemical Zn doped CdS 0.35nM [6]
Colorimetric EDTA-BSA functionalized AuNPs 0.89 nM [7]
Colorimetric Au@g-CNQDs 10 nM (8]
SERS Trithiocyanuric modified AuNPs 2.9nM [9]
Fluorescent Aptamer and DNAzyme 50 pM [This work]
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Table S2. Application of the proposed biosensor for Cd** determination in human urine and river

water.
Sample  Added (nM) Found® (nM) Recovery® (%) Found® (nM) Recovery”(%)
1 20.0 20.9 104.5 19.6 95.3
2 40.0 42.4 106.0 41.3 103.3
3 60.0 64.1 106.8 63.1 105.2
4 80.0 77.8 97.25 85.6 107.0
5 100.0 96.9 96.9 99.7 99.7

®Each sample was analyzed in human urine, and all values were obtained as an average of three

repetitive determinations. ®Each sample was analyzed in river water, and all values were

obtained as an average of three repetitive determinations.
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Table S3. Determination of Cd®* in water samples using the proposed biosensor and AFS

method.
Sample Proposed method® (nM) AFS® (nM) Relative error (Re)® (%)
Tap water 0.73 0.69 -5.8
Lake water 3.62 3.77 4.0
Pond water 9.84 10.39 53

®Each sample was analyzed using our proposed fluorescence biosensor, and all values were

obtained as an average of three repetitive determinations. ®Each sample was analyzed using the

AFS (atomic fluorescence spectrometer), and all values were obtained as an average of three

repetitive determinations. “Our proposed method vs. AFS.
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