Quantitative determination of target gene with electrical sensor
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Supplementary Note 1

The geometry and placement of the sensing electrodes play a very important role in the signal coupling
and sensitivity of the C*D*. So here the properties of the custom built electrical sensor, in particular the
nature of C*D, were characterized, to demonstrate its ability to monitor the progression of the LAMP
biochemical reaction.

Because the conductivity response of a solution in the electrical sensor is strongly dependent on
excitation frequency and amplitude®*, the behaviour of the output potential versus the parameters of
excitation current was investigated. At room temperature the conductivity responses of 0.1, 0.2, 0.3, 0.4
and 0.5 M KCI solutions were collected in the electrical sensor, respectively. As shown in
Supplementary Fig. 1, the output potentials obtained from all solutions rise with the increase of
excitation frequency over the range of 0.5-2.0 MHz .From the slope of the lines it can also be seen that
the relationship between the excitation frequency and the output potential depends on the ionic strength
of the solution tested. Over the range of 0.1-0.4 M, the greater the concentration is, the faster is the
increase in the output potential. In previous reports®®, it was found that at a certain excitation frequency
and a concentration of salt solution, the output potential value would reach a maximum. However, here
over the ranges tested, namely, the excitation frequency range of 0.5-2.0 MHz and the concentration
range of KCI solution of 0.1-0.5 M, the output potential value does not reach a maximum. So in further
experiments, 2.0 MHz, which is the high limit of our C'D system, was selected as the excitation
frequency to obtain the highest sensitivity.

Generally, the higher the excitation amplitudes result in higher output signal strength, better S/N
ratio and improved stability®*"%. In our experiments, as expected, the output signal strength increases
in proportional with the excitation amplitude applied (Supplementary Fig. 2). However, the detection
sensitivity does not merely rely on the strength of the output signal. It also depends on the
concentration of solution tested. As shown in Supplementary Fig. 2, the output potentials obtained from
all solutions rise with the increase of excitation amplitude within 30 V. And the greater the
concentration is, the faster is the increase in the output potential, indicating that the relationship
between the excitation amplitude and the output potential depends on the ionic strength of the solution
tested. When the excitation amplitude is higher, all the output potentials will level off, indicating that
excessively high excitation amplitude does no favour for the improvement of analytical capacity. Thus

the excitation amplitude of 16 V was selected for the other measurements.
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Supplementary Figure 1 Relationships between conductivity responses of 0.1 M, 0.2 M, 0.3 M, 0.4 M
and 0.5 M KCI solutions and the excitation frequency. Excitation amplitude: 16 V. The signals were
collected at room temperature.
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Supplementary Figure 2 Relationships between conductivity response of 0.1 M, 0.2 M, 0.3 M, 0.4 M
and 0.5 M KClI solutions and the excitation voltages with excitation frequency of 2.0 MHz. The output
potential signals were collected at room temperature.



Conductivity measurements have a high intrinsic temperature coefficient. In practical terms the
behaviour of a C*D system relates closely to the working temperature*®®. Thus the property of the
electrical sensor was investigated as an in-process measurement by changing the working temperature.
We began to record the conductivity responses successively as soon as these NMR sample tubes, in
which 200 L of 0.1, 0.2, 0.3, 0.4 and 0.5 M KCI solutions were loaded, respectively, were inserted
into the electrical sensor. With an excitation frequency of 2.0 MHz and amplitude of 16 V, five curves
were obtained when the solution temperature rose from 22<C to 65 <C (as shown in Supplementary Fig.
3). The correlation between the resistance and the temperature®:

Rr=Ro(1+a(T-To)) @)
Where Ry and Ry represent the resistances of the sensor at temperatures T and T, (reference
temperature), respectively, and a is the temperature coefficient of resistance. KCI solutions were
prepared, and loaded into NMR sample tubes at room temperature. The output potential signals were
recorded once per second in real time as soon as the tubes were inserted into the electrical sensor, in
which the temperature was 65 <C. During the period (~60 s) just after the beginning of incubation, the
output potentials increase rapidly due to the rapid rise of temperature, which causes the ion mobility to
increase™®. When the temperature of the salt solutions reached 65 <C, the values of output potential all
reach plateaus (Supplementary Fig. 3A), suggesting the electrical sensor exhibits a satisfactory stability
over the working temperature over range of 22-65 <C. It is worth noting that the linearity obtained at
65 <C is better than that obtained at 22 <C, though the sensitivity is lower (Supplementary Fig. 3B).
Further the conductivity response of 0.1 M KCI solution was recorded successively in the electrical
sensor for 2 h at 65 <C with the same parameters. During the long period of exposure, no significant
deviation of output potential was observed (data not shown), indicating that the C*D system is stable at
high temperature and the deviation of temperature can be negligible, similar to the high temperature
C*D built purposely by Collins et al°. The tube loaded with 200 0.1 M KCI solution was inserted
into the electrical sensor for 5 times. When the temperature reached 65 <C, the conductivity response
was collected, respectively. Results show that the relative standard deviation (RSD) of the output

potential values is 1.1%, suggesting a good reproducibility.
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Supplementary Figure 3 (A) Conductivity responses of 0.1, 0.2, 0.3, 0.4 and 0.5 M KCI solutions
collected with the electrical sensor. KCI solutions were prepared, and loaded into NMR sample tubes at
room temperature. The output potential signals were recorded once per second in real time as soon as
the tubes were inserted into the electrical sensor, in which the temperature was kept 65 <C. (B) The plot
of the concentration of KCI solutions versus output potentials obtained at 22 <C and 65 T, respectively.

Excitation frequency: 2.0 MHz; Excitation amplitude: 16 V.



Supplementary Note 2

With respect to detecting the result of the LAMP reaction, or monitor the progression of LAMP
reaction by measuring conductivity, the ionic strength of the initial reaction solution plays a key role’.
To maintain a balance between the amplification efficiency and the detection sensitivity by C*D
measurement, we identified an optimum recipe as following: 0.2 pM outer primers, 0.8 pM loop
primers, 1.6 uM inner primers, 1.2 mM of each dNTPs, 1.2x ThermoPol® reaction buffer, 0.32 U/uL
Bst DNA polymerase and 6 mM Mg?". According to the optimum recipe, a 150 L. LAMP reaction
solution was prepared, containing 1.25x10°copy/pL template DNA and 0.12 mM hydroxynaphthol blue.
The solution was loaded into 0.1 mL Rotor-Gene® style tubes by 25 |L per tube. The six tubes were
immersed into different glass beakers, in which loaded hot water at 61, 62, 63, 64, 65, or 66 <C,
respectively. It was found that 63 <Cwas the lowest temperature for the effective performance of DNA
amplification. Whilst, it was also found that the shortest time for the violet reaction solution to become
sky blue is obtained by incubation the reaction solution at 65 <C, suggesting that under this temperature
condition the amplification reacts fastest. Thus in the other experiments this incubation temperature
was selected as proposed previously*”>.

With 1.25x10°copy/uL initial template DNA or the same quantity of herring sperm DNA, a series of
LAMP reactions was performed using the parameters selected above. After the incubation of 12 min
the reactions were all terminated by heating the mixtures at 80 <C for 2 min?°. Then the results of the
reactions were characterized with both gel electrophoresis and visual assessments. As shown in
Supplementary Fig. 4A, in the four lanes with the template DNA, there are many bands of different
sizes in a reproducible ladder-like pattern due to a series of reaction products of different length®>.
Meanwhile in the lanes for the negative and control samples (using herring sperm DNA or water take
the place of positive template DNA), there are no visible ladder-like patterns. Note, it’s hard to
recognize the amount of initial template DNA based on the fluorescence intensity, which depends on
the amount of product DNA. Supplementary Fig. 4B shows the results of LAMP reactions after
keeping the tubes at room temperature for 2 h. With regard to the samples containing template DNA, at
the bottom of the tubes there is visible white precipitate, which is insoluble magnesium pyrophosphate
produced during the reaction®®. Besides, the white precipitate is stable for more than 3 weeks at room
temperature. Meanwhile in the control and negative samples there is no visible precipitate with the
same performance. Adding Mn®" and calcein, a fluorescent metal indicator, to the reaction solution
allows a visualization of substantial alteration of the fluorescence during the one-step amplification
reaction®’. As is evident, only the positive samples become bright green after the incubation
(Supplementary Fig. 4C). Similarly, the other kind of fluorescent dye, hydroxynaphthol blue, which is
sensitive to the concentration of Mg?*, was also employed to character the result of LAMP with one-
step and two-step methods. As expected, the colour of the reaction solution changes from violet to sky
blue only after a successful LAMP with positive template DNA®* (Supplementary Fig. 4D). In
conclusion, the results of the characterization demonstrate that the LAMP reaction is effective under

the selected conditions, as well as keeping the merit of specificity™.



Supplementary Figure 4 Analysis of the results of LAMP reaction. (A) Gel electrophoresis: Lane 1,
with 1.25x10°% copy/uL target DNA; Lane 2, with 1.25x10"copy/uL target DNA; Lane 3, with 1.25x10°
copy/uL target DNA; Lane 4, with 1.25x10°copy/uL target DNA; Lane 5, with 1.25x10"copy/uL target
DNA; Lane 6, with 1.25x10°copy/pL herring sperm DNA; Lane 7, without template DNA. Amplicons
were analyzed by 2% (w/v) agarose gel electrophoresis at 80 V. (B) Visual assessment via white
precipitate: Sample 1, with 1.25x10°copy/uL target DNA; Sample 2, with 1.25x10°copy/uL target
DNA; Sample 3, with 1.25x10°copy/uL herring sperm DNA; Sample 4, without template DNA. (C)
Colorimetric  detection by employing calcein indicator under daylight: Sample 1, with
1.25%10°copy/uL target DNA; Sample 2, with 1.25x10°copy/uL herring sperm DNA; Sample 3,
without template DNA. 0.4 mM Mn?* ion and 20 M calcein were added into the LAMP reaction
mixture solution before the incubation. (D) Colorimetric detection by employing hydroxynaphthol blue
indicator under daylight: Sample 1, with 1.25x10° copy/uL target DNA and 0.12 mM hydroxynaphthol
blue added into the reaction solution before the incubation; Sample 2, with 1.25x10°copy/pL target
DNA and 0.12 mM hydroxynaphthol blue added into the reaction solution after the incubation; Sample
3, with 1.25x10°copy/uL herring sperm DNA and 0.12 mM hydroxynaphthol blue added into the
reaction solution before the incubation; Sample 4, without template DNA and 0.12 mM
hydroxynaphthol blue added into the reaction solution before the incubation. LAMP recipe: 0.2 uM
outer primers, 0.8 uM loop primers, 1.6 puM inner primers, 1.2 mM of each dNTPs, 1.2x
ThermoPol® reaction buffer, 0.32U/uL Bst DNA polymerase and 6 mM Mg?*. Incubation: 12 min at
65 C.



Supplementary Note 3

The conductivity properties of some species, which are involved in the LAMP reaction, were

investigated with the electrical sensor at both room temperature and 65<C. As shown in Supplementary
Fig. 5, for all the four kinds of species, i.e. MgSQ,4, dNTPs, ssDNA and dsDNA, the output potentials
increase with the concentration of their solution over the ranges measured. It is worthy of note that for
MgSO, and dNTPs the sensitivity of detection is higher at 65<C. Namely, the change of their

concentration leads to a more significant change in conductivity at the temperature for the practical
LAMP reaction. With regard to ssDNA and dsDNA, it can be seen from the slopes that the

conductivity response of the former is far more sensitive than that of the latter. These phenomena are of

great benefit for monitoring the result of LAMP reaction, at end-point or in real time.
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Supplementary Figure 5 Relationships between the concentrations of (A) MgSQ,, (B) dNTPs, (C)
ssDNA and (D) dsDNA solutions and the conductivity responses at 22 <C and 65 <C. Excitation

frequency: 2.0 MHz; Excitation amplitude: 16 V.



Supplementary Note 4

The ThermoPol® reaction buffer plays an important role on the conductivity response. Aiming to obtain
a recipe of LAMP reaction solution with low initial ionic strength, 0.8<ThermoPol® reaction buffer
was used for the LAMP reaction referred to Veigaset al'*. However, as shown in Supplementary Fig.6,
following the drop in potential after the initial stage of heating and the onset of the amplification
reaction the output potential shows significant fluctuations. To ascertain the reason for these
fluctuations more LAMP reactions experiments were conducted with 1.4x1.2x1.0% 0.8% and
0.6ThermoPol® reaction buffer, respectively. After the incubation for 12 min the positive results were
validated by employing hydroxynaphthol blue. It was found that the pH of all the post-reaction
solutions decrease invisibly after the amplification reaction. This is attributed to the hydrogen ions
released into the solution during the amplification reaction’®*®. With regard to those samples with
higher ratios of ThermoPol® reaction buffer (1.4x and1.2x), the post-reaction solutions are pH
8.01+0.07 (n=5, measured with Mettler Toledo™ Seven Compact pH/lon Bench top Meter). By
contrast, the post-reaction solutions are pH 7.52490.13 (n=5) with a lower ratio of ThermoPol® reaction
buffer (0.8%). Thus the hypothesis proposed here is in the early stage the Bst DNA polymerase
incorporates  deoxyribonucleoside monophosphates  from  corresponding dNTPs, releasing
pyrophosphate ions and protons. Those pyrophosphate ions combine with magnesium ions immediately
because the latter is abundant. The protons combine with unprotonated Tris molecules. Plus during the
initial consumption of dNTPs in the reaction, the overall ionic strength of the mixture solution
decreases rapidly, leading to a sharp decline of conductivity. Of course, to some extent the increase in
dsDNA produced can offset this decline in conductivity. However it can be seen from Supplementary
Fig 5C and D that the extent of offset is far weaker than that contribution by the consumption of
primers. Thus, the plot of output potential values and the reaction time is a stable inverse ratio curve.
With the proceeding of the reaction, at a point the buffer capacity becomes overloaded. At this stage,
the generation of ions provide a contribution to increase the overall conductivity of the mixture. While
the combination of pyrophosphate ion and magnesium ion and the consumption of dNTPs still lead to
the decrease. They are not in balance at different time points, causing the fluctuations of the output
potential. In conclusion, 1.2xThermoPol® reaction buffer can maintain a consistent pH in order to
maximize polymerase activity??, as well as not contribute significantly to the ionic strength to the initial
reaction solution (compared to higher dosage, e.g., 1.4>). Hence it was selected for all the other LAMP

experiments.
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Supplementary Figure 6 Real time monitoring the conductivity response of the LAMP reaction with
the electrical sensor. The LAMP reaction contained 0.8x ThermoPol® reaction buffer. The output

potential value was collected at 1s interval. Excitation amplitude: 16 V; Excitation frequency: 2.0 MHz.

Supplementary Note 5

Sequences of O-antigen gene clusters of Escherichia coli serogroups 026 was retrieved from GenBank
using accession numbers AF529080 (http://www.ncbi.nlm.nih.gov/nuccore/AF529080). Within the
cluster, serogroup-specific O26-wzy gene was selected as target to design LAMP primers. The template
DNA related to O26-wzygene (190 bp in length) had the sequence as following (5°-3”) GAA TCA
AGA CTATGA AGC GTA TGT TGA TAT ATT TAATGT CAA TGA ACT TTA TGC CGA GAT
TGG TTA TCG CTG GTT AAT TTATGG TGT TAA GTA TTT AGG CGG TAC CCA TGA AGT
CAT AAT TGG CTT GCT GGG TTT ATT CCT TGG GAC CAC ATT CCT ACG ATT AAT ACA
ATA CAG TAA GTA TAC AGC ATT T. Primers were synthesized in Genework Pty Ltd. (Sydney,
Australia) with the sequences according to Wang et al*® (Table 1). The other ssDNA (80 bp in length)
with a sequence of 5’-GAA TCA AGA CTA TGA AGC GTA TGT TGA TAT ATT TAATGT CAA
TGA ACT TTA TGC CGA GAT TGG TTA TCG CTG GTT AAT TT-3’ and its exactly
complementary target single chain in the same length were also synthesized by Genework Pty Ltd. And
they were mixed in water and incubated for 2 h at 42 <* with gentle stirring to obtain a definite
dsDNA.

Table 1 Primers used for the LAMP targeting the O26-wzy gene.

Primer description  Primer name Length (bp) Sequence (5°-3”)

Forward outer F3 21 GACTATGAAGCGTATGTTGAT

Backward outer B3 22 TCCTGATTTGAACAATGTCAAT

Forward inner FIP 48 ACCGCCTAAATACTTAACACCAT
AATTAATGTCAATGAACTTTATGCC

Backward inner BIP 39 TTCCTTGGGACCACATTCCT
ACATGTAAAGCAGCAAACC

Loop forward Loop F 19 ACCAGCGATAACCAATCTC

Loop backward Loop B 25 TACAATACAGTAAGTATACAGCATT
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