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The available heavy metals in soil samples can cause the direct toxicity on ecosystems, plants, and human health.
Traditional chemical extraction and recombinant bacterial methods for the available heavy metals assay often
suffer from inaccuracy and poor specificity. In this work, we construct half adder and half subtractor molecular
logic gates with molecular-level biocomputation capabilities for the intelligent sensing of the available lead (Pb)
and cadmium (Cd). The available Pb and Cd can cleave DNAzyme sequences to release the trigger DNA, which
can activate the hairpin probe assembly in the logic system. This multifunctional logic system can not only
achieve the intelligent recognition of the available Pb and Cd according to the truth tables, but also can realize
the simultaneous quantification with high sensitivity, with the detection limits of 2.8 pM and 25.6 pM,
respectively. The logic biosensor is robust and has been applied to determination of the available Pb and Cd in
soil samples with good accuracy and reliability. The relative error (Re) between the logic biosensor and the
DTPA + ICP-MS method was from —8.1 % to 7.9 %. With the advantages of programmability, scalability, and
multicomputing capacity, the molecular logic system can provide a simple, rapid, and smart method for intel-

ligent monitoring of the available Pb and Cd in environmental samples.

1. Introduction

Environmental contamination by heavy metals is a world-wide
problem [1]. Lead (Pb) and cadmium (Cd) are the two highly toxic
and widely distributed heavy metals in soil and sediment samples [2].
The heavy metal-induced toxicity on ecosystems, plants, and human
health mainly depends on the available metal concentrations rather than
the total amounts in the environment [3]. The available metals are
usually defined as the soluble, ionic, and exchangeable forms that can
interact with surrounding microorganisms and plant cells [4,5]. Due to
many factors affecting the availability of heavy metals in soils [6], the
development of innovative detection method for available heavy metal
assay is challengeable and interesting.

Traditional techniques for the available Pb and Cd detection require
sequential extraction procedures [4], such as DTPA method [7], BCR
extraction [8], and Tessier protocol [9]. However, the strong acid
extractant (HCl, HON3, H,SO4 or HClO4) used in the sequential extrac-
tion steps may alter the composition and nature of soil, making it greatly
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different from the soil required for plant growth [10-14]. Using strong
acid chemicals for available heavy metal extraction was often con-
fronted with the problems of excessive or insufficient extraction. Hence
the amounts of heavy metals detected using those extraction techniques
cannot truly reflect the portion of available heavy metals to the plants
[15,16].

Another method for identifying available heavy metals is biological
methods, such as recombinant bacterial biosensors [6]. The bacterial
biosensors do not require extraction steps as the heavy metals are
quantified relative to the concentrations experienced by the microor-
ganisms, rather than relative to extraction techniques used for tradi-
tional chemical analysis [17,18]. However, the microbial whole-cell
sensors often suffer from poor specificity. They may generate variable
results depending on metal uptake and efflux activities which can sub-
stantially differ between each microorganism [4,19,20]. Another
concern is that the assay time is relatively long as the microbial culti-
vation may take several days [21,22], which cannot meet the needs of
rapid detection of available heavy metals. To address the limitations in
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the chemical extraction techniques and bacterial biosensors, it is highly
desirable to develop a rapid, convenient, selective, and reliable method
for the detection of the available Pb and Cd in soil samples.

Deoxyribonucleic acid (DNA)-based biosensors have emerged as the
promising tools in heavy metal detection [23]. The good stability, high
specificity and scalability, and prominent biocompatibility make the
DNA-based biosensors versatile in environmental monitoring [24]. For
available heavy metal detection, DNA probes can be utilized as molec-
ular recognition elements [25]. The available heavy metal-aptamer
sequence interactions can change the DNA conformation to realize the
signal conversion [26]. Another mechanism is that the available heavy
metal-mediated cleavage of deoxyribozyme (DNAzyme) can release the
trigger probe, which can be used to construct the sensing system [27,
28]. Those reports focused on single heavy metal detection. Thus, it is
interesting and challengeable to develop an intelligent sensing system of
the simultaneous detection of available Pb and Cd in environmental
samples.

Molecular logic gates, which can mimic computer microprocessors to
execute binary Boolean operations and arithmetic processing, have
attracted great attentions in recent years due to the multiple bio-
computing capabilities [29]. The numbers 0 and 1 are used to encode the
input and output signals according to the truth table [30,31]. The out-
puts of “true” (1, high vale) or “false” (0, low value) are depended on the
input combinations [32]. Some interesting molecular logic gates with
molecular-level biocomputation capabilities have been reported to
fabricate smart sensing systems for intelligent diagnostics and molecular
recognition, including AND, OR, XOR, INHIBIT, Half adder, Half sub-
tractor, Keypad lock, and so on [33-40]. Most of these logic sensors
utilized nucleic acids as inputs and focused on bioanalysis and clinic
diagnosis [41-45]. There is little research on molecular logic gates used
in environmental monitoring, especially using heavy metals as inputs. In
this work, for the first time, we attempt to construct half adder and half
subtractor logic gates using the available Pb and Cd as inputs. Pb
DNAzyme and Cd DNAzyme were used to recognize the available Pb and
Cd, respectively. The logic gate biosensor also can realize the simulta-
neous quantification with high sensitivity. This logic system can provide
an intelligent sensing strategy for the available Pb and Cd monitoring in
soil samples.

2. Experimental section
2.1. Chemicals and materials

DNA probes were ordered from Shanghai Sangon Biotechnology Co.,
Ltd. (Shanghai, China) and the sequences were listed in Tables S1-S6
(Supporting Information). Streptavidin (SA)-coated magnetic beads
(MB, 1 pM in diameter) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd (Shanghai, China). Other chemicals
were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Ger-
many). Milli-Q water (18.2 MQ/cm) was used in the experiments.

2.2. Procedures for logic gate operation

All DNA probes were separately heated at 95 °C for 10 min and then
gradually cooled to room temperature at a constant rate of 1 ‘C/min 100
nM biotinylated S1 and S2 were separately added to the SA-coated MB
solution (200 pL, 1.2 mg/mL) and incubated at room temperature for 30
min with gentle shaking. After magnetic separation and washing three
times with the washing buffer (20 mM PBS, 0.01 % Tween-20, pH 7.4),
the resulting MB-S1 and MB-S2 conjugates were redispersed in the
working buffer (20 mM Tris-Ac, 150 mM NaAC, pH 6.8). 120 nM D1 and
120 nM D2 were added to MB-S1 and MB-S2, respectively. After incu-
bation at room temperature for 30 min, the mixture was separated by
magnet and the obtained MB-S1-D1 and MB-S2-D2 conjugates were
dispersed in the working buffer. 10 nM Pb and 10 nM Cd were used as
the two inputs in the logic experiments. After the addition of heavy
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metals to MB-S1-D1 and MB-S2-D2 conjugates and incubated at room
temperature for 40 min, the supernatant was transferred to 150 nM HO,
H1, H2, H3 or H4 solution and further incubated for 60 min at room
temperature. The fluorescence spectra of the solution were recorded by
the SpectraMax i3x (Molecular Devices, San Jose, USA).

2.3. Soil sample analysis

The soil samples were collected from an agricultural field near South
China Botanical Garden (Guangzhou, China). After air-drying, the soil
was sieved to pass through 0.15 mm mesh and homogenized thoroughly.
We used two methods to detect the available Pb and Cd in soil samples:
DTPA method and logic sensor. For the DTPA method, the DTPA
extracting solution was prepared to contain 10 mM CaCl;, 100 mM
triethanolamine, and 5 mM DTPA in deionized water matrix. The pH of
the extracting solution was adjusted to 7.3 by addition of HCI. 10 g soil
and 20 mL DTPA extracting solution were mixed and shaken on a hor-
izontal shaker at 160 cycles/min for 2h. After centrifugation at 5000
rpm for 10 min, the supernatant was filtered through Whatman No. 42
filter paper. The filtrates were used to analyze the available Pb and Cd
using inductively coupled plasma mass spectrometer (ICP-MS). For the
logic sensor, the homogenized soil samples were added to the working
buffer containing MB-S1-D1 or MB-S2-D2 conjugates and incubated at
room temperature for 40 min. After magnetic separation, the superna-
tant was transferred to the working buffer containing HO, H1, H2, H3,
and H4. Other procedures were the same as described in the section of
“Procedures for logic gate operation”.

2.4. Native polyacrylamide gel electrophoresis (PAGE)

12 % hydrogel was used to carry out the native PAGE experiments
and the details of the PAGE procedures were listed in the Supporting
Information.

3. Results and discussion
3.1. DNAzyme recognition of available heavy metals

The Pb DNAzyme (S1-D1) and Cd DNAzyme (S2-D2) were used to
recognize the available Pb and Cd, respectively. We used the fluores-
cence spectra to verify the DNAzyme responses to the available Pb and
Cd. As show in Fig. 1A, the probe S1 was modified with BHQ and the
probe D1 was modified with FAM. In the absence of Pb, the Pb DNAzyme
(S1-D1) displayed a weak fluorescence signal due to the fluorescence
quenching between BHQ and FAM (black curve). The results indicated
that the Pb DNAzyme was stable in the solution without the target Pb. In
the presence of Pb, D1 will be cleaved into two parts to generate a high
fluorescence signal (green curve), indicating that the strand (5-6*) was
released. This phenomenon proved that the available Pb can indeed
cleave the Pb DNAzyeme at the rA position. We also verified the feasi-
bility of cleavage reaction of the available Cd to the Cd DNAzyme. As
show in Fig. 1B, in the absence of Cd, the Cd DNAzyme (S2-D2) dis-
played a weak fluorescence signal due to the fluorescence quenching
between S2 and D2. In the presence of Cd, D2 will be cleaved into two
parts to generate a high fluorescence signal, indicating that the strand
(6-5) was released. The above results successfully verified that the
available Pb and Cd can cleave the DNAzyme probes, thereby releasing
the trigger DNA for subsequent assembly reactions.

3.2. Construction of half adder logic gate

This logic system contains Pb DNAzyme (S1-D1), Cd DNAzyme (S2-
D2), HO, H1 (modified with FAM and BHQ), H2, H3 (modified with Cy5
and BHQ), and H4. For the input definition, the presence and absence of
Pb and Cd were set as 1 and 0, respectively. For the output definition, the
high and low fluorescence signals were set as 1 and 0, respectively. Fig. 2
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Fig. 1. (A) Fluorescence responses of the Pb DNAzyme in the presence (green curve)
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Fig. 2. Schematic illustration of half adder logic gate operation. Pb and Cd are used as the two inputs. Pb DNAzyme (S1-D1), Cd DNAzyme (S2-D2), HO, H1 (modified
with FAM and BHQ), H2, H3 (modified with Cy5 and BHQ), and H4 are employed as the sensing elements. MB, magnetic bead modified with SA.

shows the construction of the half adder logic gate, which can be
implemented by integration of an XOR logic gate and an AND logic gate
in parallel. The fabrication of XOR logic gate was show in Figs. S1 and S2
(Supporting Information). The fabrication of AND logic gate was show in
Figs. S3 and S4 (Supporting Information).

In the absence of any input (0,0), the substrate chains (D1 and D2)
were blocked by the enzyme strands (S1 and S2). All the hairpin probes
kept the closed states and only weak fluorescence signals can be
observed due to the close proximity between FAM/Cy5 and BHQ.

In the presence of either Pb or Cd (1,0 or 0,1), the heavy metal-
DNAzyme interactions will cleave the enzyme strands (S1 or S2) at the
rA position. After magnetic separation, the released 5-6* fragment or

5-6 fragment can open HO through toehold-mediated strand displace-
ment reaction (5-6* hybridizes with 5*-6 of HO or 5-6 fragment hy-
bridizes with 5%-6* of HO). The opened HO contains the free 1*-2*-3*
fragment, which can be used as the trigger strand to activate the as-
sembly process between H1 and H2. Using the domain 1* as the binding
toehold, the trigger strand (1*-2*-3*) can open H1 and the domain 3* in
H1 thus will be exposed. Then, H2 will hybridize with H1 through
toehold-mediated strand reaction to form the H1-H2 product. At the
same time, the trigger strand will be released and recycled to trigger the
new assembly reaction between H1 and H2. Through continuous signal
amplification, the separation of FAM and BHQ will generate a high FAM
fluorescence signal, which encodes an XOR logic gate.
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In the presence of both Pb and Cd (1,1), the released 5-6* and 5-6
fragments will hybridize with each other to generate a favored duplex
DNA, which prohibits the opening of HO. Thus, the interactions between
H1 and H2 cannot happen and only weak FAM fluorescence signals can
be observed. At the same time, the released a*-b*-e fragment hybridizes
with the c*-e* fragment to form the a*-b*-e-e*-c* complex, in which the
a*-b* domain and the c* domain get close enough to form the free a*-b*-
c* trigger strand, which can then activate the assembly reaction between
H3 and H4. The formed H3-H4 products produce a high Cy5 fluores-
cence signal to indicate an AND gate operation.

Fig. 3A shows the FAM fluorescence spectra of the half adder logic
operation. Fig. 3B shows the Cy5 fluorescence spectra of the half adder
logic operation. The corresponding fluorescence intensities of FAM and
Cy5 are recorded at 525 nm and 670 nm, respectively (Fig. 3C). The
truth table of the half adder logic gate is given in Fig. 3D. The logic
circuitry is given in Fig. 3E. Triggered by the same inputs (Pb and Cd),
FAM-related XOR gate and Cy5-related AND gate were produced in
parallel, coding for a SUM (S) digit and a CARRY (C) digit, respectively.

3.3. Construction of half subtractor logic gate

The operation principle of the half subtractor is illustrated in Fig. 4. A
half subtractor is composed of parallel XOR and INHIBIT logic gates to
generate a DIFFERENCE (D) output and a BORROW (B) output,
respectively. The fabrication of XOR logic gate was show in Figs. S1 and
S2 (Supporting Information). The fabrication of INHIBIT logic gate was
show in Figs. S5 and S6 (Supporting Information). The fabrication of OR
logic gate was show in Figs. S7 and S8 (Supporting Information).

In the absence of any input (0,0), no cleavage reaction was happened
and the hairpin probes H1 (modified with FAM and BHQ) and H3
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(modified with Cy5 and BHQ) remain closed. The low FAM and Cy5
fluorescence signals give an output of 0.

In the presence of either Pb or Cd (1,0 or 0,1), D1 and D2 will be
cleaved and the released 5-6* or 5-6 fragments can open HO to free 1*-
2*-3* domain, which can activate the assembly reaction between H1 and
H2. The high FAM fluorescence signals coding the XOR logic gate give
an output of 1. At the same time, the (0,1) state will produce a free a*-b*-
c* fragment, which can trigger the H3-H4 binding and produce a high
Cy5 fluorescence signal. The Cy5 signal was used to indicate the INHIBIT
logic gate.

In the presence of both Pb and Cd (1,1), two kinds of duplex (5-6/5-
6* and a-b-c/a*-b-*c*) will be formed. H1 and H3 kept the closed states
and only low FAM and Cy5 signals can be generated.

Fig. 5A shows the FAM fluorescence spectra of the half subtractor
logic operation. Fig. 5B shows the Cy5 fluorescence spectra of the half
subtractor logic operation. The corresponding fluorescence intensities of
FAM and Cy5 are recorded at 525 nm and 670 nm, respectively (Fig. 5C).
The truth table of the half subtractor logic gate is given in Fig. 5D. The
logic circuitry is given in Fig. 5E. Triggered by the same inputs (Pb and
Cd), FAM-related XOR gate and Cy5-related INHIBIT gate were pro-
duced in parallel, coding for a DIFFERENCE (D) digit and a BORROW (B)
digit, respectively.

3.4. Fluorescence and electrophoresis characterization of the logic gate

The fluorescence responses and native PAGE experiments were used
to verify the feasibility of the logic system. We first verified the hairpin
assembly between H1 and H2 using the strand (1*-2*-3*) as a trigger
DNA. As shown in Fig. 6A, H1 and H2 displayed a weak fluorescence
signal. When incubation of 1*-2*-3* strand (T) and H1, the fluorescence
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Fig. 3. (A) Fluorescence spectra (FAM) of half adder logic gate toward different input combinations. (B) Fluorescence spectra (Cy5) of half adder logic gate toward
different input combinations. (C) Histogram of the corresponding fluorescence intensities at 525 nm and 670 nm. The threshold fluorescence intensity is set at 2 x
10°. (D) Truth table of half adder logic gate (E) Diagram of electronic half adder logic circuit.
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signal was recovered due to the formation of the T-H1 complex. In the between H3 and H4 was also confirmed in Fig. 6B. The trigger DNA (a*-

presence of T, H1, and H2, a high fluorescence signal can be observed, b*-c*) can open H3 to give a fluorescence signal and the formed H3-H4
indicating that the cyclic assembly between H1 and H2 was indeed product yield a high fluorescence response.
happened and the product of H1-H2 was formed. The hairpin assembly The PAGE experiments were also carried out to verify the assembly
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between H1 and H2 and the results were shown in Fig. 6C. The lane 1
corresponded to H1. The band in lane 2 represented the T-H1 complex.
After mixing T, H1, and H2 together, a band with reduced mobility could
be observed in lane 3, indicating that the H1-H2 product was formed.
Similar situation can also be observed in the assembly between H3 and
H4 (Fig. 6D).

3.5. Quantitative analysis of Pb and Cd

We used the half subtractor logic gate as an example to test the
analytical performance of the logic system for Pb and Cd detection. In
the presence of Pb, D1 probe will be cleaved into two parts, which can be
used to trigger the assembly between H1 and H2. The generated FAM
fluorescence signals can be used to quantitate the Pb concentration. As
show in Fig. 7A and B, with the increase of Pb concentration from O to
10 pM, the FAM fluorescence signals increased accordingly. The fluo-
rescence intensity at 525 nm is proportional to the logarithm of Pb
concentration in the range from 10 pM to 1 pM. The detection limit
(LOD) was calculated to be 2.8 pM based on 3S/N. In the presence of Cd,
D2 probe will be cleaved into two parts and the released a*-b*-c* can
activate the H3-H4 assembly to yield Cy5 signals, which can be used to
quantitate the Cd concentration. As show in Fig. 7C and D, with the
increase of Cd concentration from 0 to 100 puM, the Cy5 fluorescence

signals increased accordingly. The fluorescence intensity at 670 nm is
proportional to the logarithm of Cd concentration in the range from 100
pM to 10 pM. The detection limit (LOD) was calculated to be 25.6 pM
based on 3S/N. Thus, our constructed logic sensing system can be used
to quantitate the Pb and Cd concentrations with high sensitivity.
Compared with some previously reported Pb and Cd sensors (Table S7,
Supporting Information), our constructed logic gate biosensor displayed
a superior detection sensitivity. Such high sensitivity can be attributed
to the excellent sensing performance of the logic biocomputation
capability.

3.6. Selectivity test and real sample analysis

The selectivity of the logic system is based on the specific cleavage
reaction between heavy metal and DNAzyme. The Pb DNAzyme exhibits
excellent specificity for Pb (Fig. S9, Supporting Information) and the
control heavy metals (Zn, Ni, Co, Hg, Cu, Cr, Fe, Mn, Sn, Al, and Ag) did
not affect the logic sensor for Pb assay. The specificity of the Cd DNA-
zyme for Cd is also excellent (Fig. S10, Supporting Information) and the
control heavy metals (Zn, Ni, Co, Hg, Cu, Cr, Fe, Mn, Sn, Al, and Ag) did
not interfere with Cd detection.

The practicability of the logic system was validated by measuring the
available Pb and Cd in soil samples. The soil samples were first extracted
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Fig. 7. (A) Fluorescence spectra of the half subtractor logic gate upon the addition of different concentrations of Pb. (B) Plots of the fluorescence intensity at 525 nm
as a function of the Pb concentration. Inset: Linear relationship between the fluorescence intensity and the logarithm of Pb concentration in the range from 10 pM to
1 pM. (C) Fluorescence spectra of the half subtractor logic gate upon the addition of different concentrations of Cd. (D) Plots of the fluorescence intensity at 670 nm as
a function of the Cd concentration. Inset: Linear relationship between the fluorescence intensity and the logarithm of Cd concentration in the range from 100 pM to

10 pM.

by the conventional DTPA method and then quantified by the ICP-MS
method. At the same time, the logic sensor was also used to detect the
available Pb and Cd in soil samples. As shown in Table 1, the relative
standard deviation (RSD) of the logic sensor detection was below 6 %.
The relative error (Re) between the logic sensor and the DTPA + ICP-MS
method was from —8.1 % to 6.1 % for the available Pb and from —3.8 %
to 7.9 % for the available Cd. These results indicated that our proposed

Table 1
Detection of the available Pb and Cd in soil samples using the logic sensor and
the conventional DTPA + ICP-MS method.

Samples ICP-MS* Logic sensor” RSDC (%) Re (%)
Soil 1# Pb 12.67 nM 11.64 nM 4.1 -8.1
Cd 8.62 nM 8.98 nM 3.6 4.2
Soil 2# Pb 29.45 nM 31.26 nM 4.5 6.1
Cd 42.86 nM 44.75 nM 4.2 4.4
Soil 3# Pb 84.55 nM 81.32 nM 5.3 -3.8
Ccd 28.03 nM 30.27 nM 5.6 7.9
Soil 4# Pb 187.61 nM 190. 56 nM 4.8 1.6
Ccd 183. 89 nM 178. 63 nM 5.4 -29
Soil 5# Pb 286.56 nM 298. 58 nM 4.6 4.2
Ccd 159.24 nM 169. 27 nM 5.2 6.3

# The available Pb and Cd was extracted by DTPA method and detected by
inductively coupled plasma mass spectrometer (ICP-MS).

b Logic sensor method (n = 3).

¢ Relative standard deviation (n = 3).

4 Relative error: Proposed logic sensor vs. ICP-MS.

logic system is robust and can be used to detect the available Pb and Cd
in soil samples with good accuracy and reliability.

To further verify the logic operations of the logic gates in real sample,
we used the half adder gate as an example to examine the logic signals in
soil samples. The ICP-MS confirmed Pb (22.8 nM) and Cd (54.6 nM)
samples were used to perform the half adder gate. As shown in Fig. S11
(Supporting Information), in the (0,0) state, only weak FAM and Cy5
signals can be observed. The SUM and CARRY outputs read 0. In the
(1,0) and (0,1) states, a high FAM and a low Cy5 signals can be observed.
The SUM outputs read 1 and the CARRY outputs read 0. In the (1,1)
state, a low FAM and a high Cy5 signals can be observed. The SUM
output reads 0 and the CARRY output reads 1. These results indicated
that the half adder gate can work even in complex samples with satis-
factory logic functions. At the same time, we also tested the AND logic
gate operations in real soil samples. Fig. S12A (Supporting Information)
shows the fluorescence spectra of the AND logic operation in real soil
samples. Fig. S12B shows the corresponding fluorescence intensity at
525 nm. The truth table of the AND logic gate in given in Fig. S12C. The
logic circuitry is given in Fig. S12D. In AND logic gate, the output is 1
only if both inputs are 1. These results indicated that the AND logic gate
can also work in complex samples with satisfactory logic functions.

4. Conclusions

In conclusion, we have successfully constructed half adder and half
subtractor logic gates using the available Pb and Cd as inputs based on
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DNAzyme recognition and hairpin probes assembly. The half adder logic
gate can be implemented by integration of an XOR logic gate and an
AND logic gate in parallel. The half subtractor logic gate is composed of
parallel XOR and INHIBIT logic gates. Through the rational design of the
probe hybridization reactions, multiple logic functions can be realized
according to the truth tables. The logic system can also realize the
quantitative detection of the available Pb and Cd with high sensitivity,
with the LOD of 2.8 pM and 25.6 pM, respectively. The logic system is
robust and has been applied to the sensing of the available Pb and Cd in
soil samples. The relative error (Re) between the logic biosensor and the
DTPA + ICP-MS method was from —8.1 % to 7.9 %. In the logic
biosensor, using DNA probes as molecular recognition elements can
more accurately reflect the real concentrations of the available heavy
metals in the detection system. Our developed logic biocomputing sys-
tem can provide a reliable, simple, rapid, and smart method for intelli-
gent monitoring of the available Pb and Cd in soil samples. Compared
with traditional chemical extraction methods, the special advantage is
that the logic operation is simple and the detection can be finished by
mixing the DNA probes without complex extraction steps. This study not
only expands the applications of logic gates in environmental moni-
toring using the available heavy metals as inputs, but also will inspire
researchers to create more intricate and intelligent biocomputing
devices.
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