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ARTICLE INFO ABSTRACT

Keywords: In this study, we develop a novel and reversible electrochemical impedance strategy for pH and terminal
Terminal deoxynucleotidyl transferase deoxynucleotide transferase (TdT) analysis based on the TdT-assisted generation of long enough cytosine (C)-rich
pH

DNAs. The formation of this special DNA is rationally designed on 5’-thiol DNA modified Au electrode surface,
and TdT can catalyze the extension of this 3'-OH end to form a long C-rich DNA in the presence of deoxycytidine
triphosphate (dCTP). Here, we discover a reversible process, in which the TdT-generated C-rich DNA maintains
an irregular single chain state under neutral conditions and some stable DNA i-motifs (cascade i-motifs) are
formed due to the partial protonation of C under acidic conditions. More importantly, the electrochemical
impedance spectroscopy (EIS) response varies with the configuration change of the TdT-mediated C-rich DNA
under different pH conditions. In view of this, a unique EIS switch (“on-off-on”) is constructed faithfully with the
configuration change, thus achieving pH analysis well. Additionally, the TdT activity can be also detected well by
recording the EIS response, because it can catalyze the DNA tailing process up to hundreds of cytosines; on the
contrary, if its inhibitor exists, TdT-based extension and formation of cascade i-motifs will not occur. Using this
strategy, the detection of limit for TdT is 0.79 x 10" U/mL (pH 7.0) and 0.25 x 10™ U/mL (pH 5.8) (S/N = 3),
respectively. All the above features make our biosensor a promising assay for in situ monitoring of pH and TdT in
complex clinical diagnosis.

Electrochemical impedance spectroscopy
Cascade i-motifs
Biosensing

1. Introduction the regions of oncogene promoters have been identified successfully

[6,7], which can serve as the targets of drugs for cancer’s treatment

Typically, four-stranded DNA secondary structures can be formed by
rich cytosine (C-rich) sequences under certain conditions, which is
called the intercalated motif (i-motif) structure [1,2]. In general, this i-
motif is composed of two parallel-stranded DNA duplexes, which are
assembled together in an antiparallel orientation by intercalated and
protonated cytosine pairs (C-C") [3]. Previously, the first NMR tetra-
molecular i-motif, which involves the highly symmetric stranded asso-
ciation under acidic conditions, is reported in 1993 [4]. Since then many
researchers extensively focus their attention on the study of these i-motif
structures [5]. So far, the i-motif structures in the end of telomeres and

owing to their important biological functions. Some studies indicate that
the i-motif conformations with C-C" pairs are closely related to pH
conditions, which are comparatively stable in weakly acidic conditions
[8,9]. Therefore, the unique i-motif topology and property are also wi-
dely used in the different fields, such as DNA machines [10,11], logic
operations [12,13], and pH monitoring [8,14]. However, as we have
seen, these i-motif-based cases have mostly focused on the un-
derstandings of single i-motif DNA and its structural details, more
importantly, cascade i-motifs have not been reported so far, also a
challenging task.
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To our knowledge, abnormal fluctuations in pH (a significant
parameter for human health) not only can serve as an indicator for
dehydration, metabolic activity, and so on, but also can lead to several
diseases involving stroke, cancer, and so forth [15,16]. Therefore,
monitoring the change in pH plays a vital role in understanding the
pathology and physiology of organisms. So far, several techniques for
detecting pH have been employed extensively including electrochem-
istry [17,18], fluorescence [19,20] and surface-enhanced Raman scat-
tering [21,22]. Among the mentioned cases above, electrochemical
sensor can be made by using cheap materials and be miniaturized easily
into portable devices, which is strong candidates for fulfilling the re-
quirements of ubiquitous sensing [23,24]. Integrating cascade DNA i-
motifs with electrochemical technique provides a good idea for pH
monitoring, which has not been reported yet.

Based on our knowledge, biological enzyme-induced catalytical
processes play important role in cell proliferation, senescence, and gene
transcription [25,26]. Herein, a calf thymus DNA polymerase, called
terminal deoxynucleotidyl transferase (TdT), stood out because of
template-free catalytic polymerization function [27]. In fact, TdT, which
mainly distributes in the thymus and bone marrow of human tissue, can
catalyze the polymerization of deoxynucleotides to the 3'-OH end of
DNA molecules [28]. A growing body of researches show that TdT can
act as a biomarker for some cancers, especially routine diagnosis of
acute leukemia, which has greatly crucial physiological and biological
significance [29,30]. The traditional analytical methods involve mainly
gel electrophoresis and immunoassay, which suffer from complicated
operation, radioactive contamination, and sophisticated procedures.
Recently, other methods including colorimetric, electrochemical, fluo-
rescent and chemiluminescent analysis have been developed succes-
sively [31-33]. However, it is worth mentioning that acid-base
dysregulation in human body is a universal phenomenon of cancer cells,
and of course TdT-related diseases are also included, which will have a
great impact on the uptake and efficacy of pH-sensitive chemothera-
peutic drugs. Fortunately, the pH-sensitive reversible biosensor can
accommodate timely this change and alarm proactively to enhance
reliability of the system in complex matrix. From this perspective, it is
highly desirable to exploit an efficient, sensitive and convenient strategy
to in situ probe TdT activity in complex and fluctuant pH matrix.

Inspired by that, an economic and facile electrochemical impedance
strategy is developed based on pH-sensitive reversible cascade i-motifs
to achieve the monitoring of pH in sweat samples and the detection of
TdT in cell lysate samples. In this work, deoxycytidine triphosphate
(dCTP) can be added continuously to the 3’-OH end of single-stranded
DNA to form a long C-rich DNA [34-36], moreover, the C-rich DNA
can be half-protonated to form i-motif structure via hydrogen bonding
[3-8]. In view of the fact, for the first time, our proposed work is
designed for an integral whole of the generation of long C-rich DNA, the
formation of cascade DNA i-motifs, and the variation of electrochemical
impedance spectroscopy (EIS). On the one hand, we construct a unique
EIS switch (“on-off-on”) via pH-derived configurational change of TdT-
extended long C-rich DNA, thus achieving favourably pH analysis; on
the other hand, the EIS signal is closely related to the activity of TdT, so a
reversible EIS strategy is developed firstly for probing TdT activity and
its inhibitors. In the process, the EIS response along with the formation
of TdT-extended C-rich DNA under the neutral condition becomes
larger; on the other hand, the EIS response after the construction of
cascade i-motifs becomes smaller. Hence, the novel EIS biosensor can be
further applied for TdT analysis in different pHs. All these, it lays a solid
foundation to strive for new victories on in situ monitoring TdT activity
sensitively in clinical bioanalysis in the future.

2. Experimental
2.1. Chemicals and materials

Terminal deoxynucleotidyl transferase (TdT), TdT buffer (1 M
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potassium cacodylate, 0.125 M Tris, 0.05% (v/v) Triton X-100, 5 mM
CoCl; (pH 7.2)), deoxycytidine triphosphate (dCTP) and original DNAs
(1, 5'- GTGAAT-3/, used in homogeneous system; 2, 5'-SH-GTGAAT-3',
employed in electrochemical system) were provided by Sangon Biotech.
Co. Ltd (Shanghai, China). Na4P207-10H;0 (PP) was purchased from
Sinopharm Chemical Reagent Co. Ltd (Shanghai, China). Histone ace-
tyltransferase (HAT), uracil-DNA glycosylase (UDG), protein kinase A
(PKA), alkaline phosphatase (ALP), glucose oxidase (GOx), and 6-mer-
captohexanol (MCH) were ordered from Sigma-Aldrich (Shanghai,
China). All other chemicals were of analytical grade without further
purification. Double-distilled water obtained from a Millipore Milli-Q
system was used throughout.

2.2. Apparatus

A CHI 760E electrochemical workstation (Shanghai Chenhua In-
struments Co., China) was used for accomplishing all electrochemical
measurements, and a typical three-electrode system was employed: a
gold working electrode (Au, 2 mm in diameter), a platinum wire counter
electrode and a saturated Ag/AgCl reference electrode. Polyacrylamide
gel electrophoresis (PAGE) was scanned by a ChemiDoc™ MP System
(Bio-Rad). Dynamic light scattering (DLS) was performed from a Mal-
vern Zana ZS 90 Mastersizer (UK). The extinction of AuNPs was tested
from 400 to 800 nm by a TECAN microplate reader. Circular dichroism
spectra (CD) were achieved by a JASCO J-815 spectropolarimeter
(Tokyo, Japan).

2.3. Fabrication of the electrodes

Firstly, all bare Au electrodes were pretreated by a conventional
process, which was presented in Supporting Information. Then, Au
electrodes after treatment were immersed into the immobilization buffer
containing the original DNA solution (0.5 pM) for overnight at 4 °C.
After washing, the electrodes were put into MCH solution (1 mM) for 30
min to remove redundant sites. Next, a mixture of 0.5 pL. dCTP (10 mM),
0.1 pL TdT (5 U/mL), TdT buffer (1 pL) and double-distilled water (0.9
pL) was coated onto the modified surface above for 180 min at 37 °C,
then rinsed thoroughly with the cleaning buffer.

2.4. pH and TdT biosensing

The electrodes after TdT extension were immersed into PB (100 mM)
with different pHs (4.0, 4.2, 4.5, 4.8, 5.0, 5.2, 5.4, 5.6, 5.8, 6.0, 6.2, 6.4,
6.6,6.8,7.0,7.2,7.5,7.8, and 8.0) for 25 min at room temperature, and
then transferred into the corresponding PB (100 mM) but containing 5
mM [Fe(CN)g] 3/4 for the following electrochemical EIS measurements.

For TdT activity analysis: on the one hand, TdT at various final
concentrations (0,1 x 10,2 x 10,5 x 10°,8 x 105,1 x 104, 2 x 10°
45%x10%1x10%2x10%5x10%1x102%2x102%5x102 1 x
101, 2 x 107}, and 5 x 10! U/mL) were employed for performing TdT-
mediated extension process in Section 2.3 (other steps kept the same);
on the other hand, PP (0.4 pL) at various final concentrations (0, 0.005,
0.01, 0.015, 0.02, 0.025, 0.03, 0.035, 0.04, 0.045, 0.05, and 0.06 mM)
were introduced into TdT reaction solution above
under other fixed conditions.

3. Results and discussion

Our investigation on cascade i-motifs-dependent reversible electro-
chemical impedance strategy-oriented pH and terminal deoxy-
nucleotidyl transferase biosensing involves four main areas: the design
and preparation of unique cascade i-motif probes, the study on i-motif
configuration change accompanied by different pHs, the sensitive
analysis for direct detection of human sweat collected from dehydrated
skin, and the label-free and special test for TdT activity and its
inhibitors.
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TdT: terminal deoxynucleotidyl transferase
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Scheme 1. Schematic illustration of cascade i-motifs-dependent electrochemical impedance strategy and its application on pH and terminal deoxynucleotidyl
transferase (TdT) biosensing.
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Fig. 1. Formation of TdT-yielded C-rich DNA: (A) PAGE image for characterizing TdT-yielded C-rich DNA; (B) Size distributions on original DNA and C-rich DNA
determined by dynamic light scattering; (C) Square wave voltammetry (SWV) measurements on original DNA and C-rich DNA after the treatment of 100 pM Ag(D);
(D) UV-vis spectra of 13 nm AuNPs (5 nM), original DNA and C-rich DNA adsorption on AuNPs in the presence of 50 mM NaCl, inset: the corresponding photographs.
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Fig. 2. Detection of pH: (A) CD spectra of original DNA, C-rich DNA in PB (100 mM, pH 4.0) and PB (100 mM, pH 8.0); (B) EIS reversibility of the proposed biosensor
in PB (100 mM, pH 4.0) and PB (100 mM, pH 8.0) alternately; (C) EIS responses of the prepared biosensor after incubating in PB with different pHs (4.0, 4.2, 4.5, 4.8,
5.0, 5.2, 5.4, 5.6, 5.8, 6.0, 6.2, 6.4, 6.6, 6.8, 7.0, 7.2, 7.5, 7.8, and 8.0); (D) The linear relationship of the proposed pH sensor between EIS response value (Ret) and

pH value.

3.1. Principle of the assay

Previous studies have demonstrated that the intercalated motif (i-
motif) structure is a four-stranded DNA secondary structure, which is
formed by stacking intercalated cytosine-protonated cytosine (C:C1)
pairs [1-3]. Also, TdT can catalyze the addition of multiple deoxy-
nucleotide triphosphates (ANTPs) to the free 3'-OH terminus of single-
stranded DNA [26-28], and the density and distribution of dNTP
determine the sequence and length of TdT-yielded DNAs. Inspired by
these two cases, an enough long C-rich DNA, which is extended by TdT
polymeric interaction, can associate in the weak acid condition to form
abundant intramolecular C-style tetraplexes (namely i-motifs), and this
can be ascribed to that a fraction of the C bases can be protonated in a
slightly acidic environment [1-3]. Scheme 1 illustrates the fabrication
process and application of the cascade i-motifs-dependent reversible
electrochemical impedance biosensor. Firstly, the 5'-thiol-terminated
original DNA is assembled on Au electrode surface via Au-S bonds. In the
presence of TdT, the 3'-OH end of original DNA is initiated by the
continuous addition of dCTP to form a long C-rich DNA. What is note-
worthy is that the TdT-yielded C-rich DNAs can lead to an obvious EIS
response because of the strong repulsion to the [Fe(CN)6]3'/ 4- probe;
on the contrary, C bases can be partially protonated under acidic con-
ditions, and the protonated C* and the unprotonated C can form many i-
motifs in this system by means of hydrogen bonding pairs, resulting in a
significant decrease in the EIS response. Meanwhile, subtle changes in
pH also are an index of many diseases, since it reveals that there are
some major changes in metabolism, thus giving rise to certain diseases.
Based on it, our proposed cascade i-motifs-dependent biosensor can be
applied well for investigating two factors including pH and TdT in
complex microenvironment.

The formation of C-rich DNA is a key factor of the designed cascade i-

motifs system, so gel electrophoresis, dynamic light scattering, square
wave voltammetry (SWV), and UV-vis spectra were employed for
proving it. As expected, some clear and dispersive gel electrophoresis
bands (lane 2) appear relative to original DNA (lane 1) (Fig. 1A).
Meanwhile, a marked difference emerges for the size distribution
(Fig. 1B), presenting an obvious increase after the treatment of TdT.
These results give clearly a direct evidence for the extension of original
DNA. Next, in view of the interaction of C-Ag(I)-C, we design an elec-
trochemical method to verify the C-rich structure, and a SWV peak at +
0.15 V (anodic stripping peak) increases sharply (Fig. 1C), which is
corresponding to electrochemical characteristic peak of Ag(l) [37].
Additionally, a frequently used method for AuNPs-based sensing, which
takes advantage of the colloidal stability and color change, is employed
to identify the role of TdT. Normally, adsorption of unfolded short DNA
can increase the stability of the AuNPs against salt to retain the red color.
Once a DNA become more longer, it’s not easy to adsorb tightly the
AuNPs surface or it is possible to form a folded intramolecular and
intermolecular complex, then its adsorption by AuNPs is hindered, and
the AuNPs are easily aggregated by salt to give a blue color. As illus-
trated in Fig. 1D, the extinction of AuNPs at 520 nm gets smaller after
TdT extension, not only that we indeed observe the expected color
change of the AuNPs from red to purple. All the outcomes above confirm
the construction of TdT-yielded C-rich DNAs successfully.

3.2. The monitoring of pH

The i-motif has a characteristic CD spectrum with a dominant posi-
tive band at about 290 nm and a negative band at around 260 nm [3,38].
In our work, can TdT-yielded C-rich DNAs form this so-called i-motif
structure? We record their CD spectra under pH 4.0 or pH 8.0. As shown
in Fig. 2A, a characteristic positive and negative CD peak illustrated
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Fig. 3. Detection of pH in different sweat samples: (A) The comparison on pH between our method and commercial pH meter (1, 2, 3, 4, and 5, sort by pH value); (B)
Repeatability for our proposed biosensor by determining the samples five times; (C) Reproducibility by using five different batches of biosensors; (D) Storage stability
by testing the same biosensors every week, and put it in the refrigerator when not in use.

above for TdT-yielded C-rich DNA at pH 8.0 is observed in compar-
ison to that of original DNA. Additionally, the positive peak at about
290 nm and the negative peak at approximately 260 nm become
stronger at pH 4. The results suggest the TdT-yielded C-rich DNA can
form the preferable i-motif structures at pH 4.0. Later, we attach original
DNA and TdT-yielded C-rich DNA onto Au electrode surface to test their
EIS responses. On the one hand, there is a sharp increase for EIS response
due to the longer TdT-yielded C-rich DNA relative to original DNA
(Fig. S1A), thus enhancing the repelling force to the [Fe(CN)gl 3-/4-
probe; on the other hand, the EIS response deceases significantly as the
pH goes down to 4 (Fig. S1B), and the greater electron transfer rate can
be attributed to the positively charged i-motifs formed at slight acidic
condition to draw electrostatically [Fe(CN)6]3'/ 4 close to the Au elec-
trode surface. Thus, whether this EIS change is dominated by the
configuration change of i-motifs or the effect of pHs? So, we make a
comparison of bare Au electrode and DNA-modified Au electrode at
different PB containing 5 mM [Fe(CN)g] 3/%  As expected, there is
slightly potential difference and negligible current change for the cyclic
voltammetry with a change in pH (Fig. S1C, 1D), and the EIS value stays
about the same on even ground for bare Au electrode and original DNA
modified electrode as the pH changes (Fig. S1E, 1F), illustrating that the
system (EIS signal) is dominated by the configuration change of i-motifs,
rather than the pH of the electrolyte solution.

Furthermore, we explore the reversible behavior of cascade i-motifs-
dependent electrochemical impedance biosensor under pH 8.0 and 4.0
conditions alternately (Fig. 2B). More exciting is that EIS responses vary
regularly, and some bigger EIS responses at pH 8.0 and some smaller EIS
responses at pH 4.0 are found clearly, which is like an reversible EIS
signal switch, indicating that the system can adapt to the changes in pH
and presents a huge potential in pH monitoring.

After it, we incubate the prepared biosensor in a series of PB solu-
tions with different pHs, and the EIS curves are shown in Fig. 2C. The EIS

responses increase gradually with the increasing pHs (from 4.0 to 8.0),
indicating that the i-motif structure of TdT-yielded C-rich DNA could
form in acidic solution because of semi-protonation and keep a single-
stranded DNA state in weakly basic or basic solution. As depicted in
Fig. 2D, the curve of EIS response versus pH shows a wide dynamic
response range from pH 4.0 to 8.0. In the beginning, there is a slower
increase in the range of 4 to 4.5. Next, the EIS response increases radi-
cally with the pH in the range of 4.5 to 7.2 owing to the rapid structural
transition between single-stranded DNA and i-motif structures, and a
good linear relationship is observed in this range with a sensitivity of
1751 O/pH (Ret = 1751pH — 2365) and the correlation coefficient is
0.990. When the pH exceeds 7.2, the changes are smaller again because
there are no i-motifs basically under slightly alkaline conditions. After it,
we compare our cascade i-motifs-dependent electrochemical impedance
strategy with other methods (Table S1), and a wider dynamic response
range (pH 4 to 8) and a better linear response (pH 4.5 to 7.2) are
exhibited fully, which are suitable perfectly for investigating the rela-
tionship between pH and clinical pathological in human skin or cell.
Moreover, we employ the C30 modified electrode as control to verify
this phenomenon (Fig. S2). As expected, there is basically no change at
the bare electrode and original DNA modified electrode before and after
pH change; whereas the other two electrodes show a similar alteration in
EIS signal along with the change of pH, but the more significant change
occurs at TdT-mediated electrode due to the formation of long C-rich
DNAs, illustrating further the feasibility and advantages of our method.

As is well-known, the pH of a healthy and hydrated skin is in the
range of 4.2 to 5.6 [39,40], so the pH of the sweat discharged from the
body is also slightly acidic, approximately from 4.5 to 5.5, nevertheless
it can also be influenced by other extra factors. We make use of our
proposed method to test the pH of sweat samples taken from different
human bodies, and the results are compared to that tested by commer-
cial miniature pH meter (Fig. 3A). Obviously, there is no significant
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Fig. 4. Detection of TdT activity: (A) EIS responses in the absence or presence of TdT and (B) investigating the role of component solution for TdT analysis, inset: the
detailed composition of solution; (C) Specificity and interference of the prepared biosensor under different pHs states.

difference in these comparisons, indicating our method used in the pH
test is feasible and the analytical result is effective. Five parallel ex-
periments directed at the five samples are employed for discussing the
repeatability of our method (Fig. 3B), and the effective signal basically
has no variation after 5 times testing, showing a very high repeatability
to pH test. Next, the fabrication reproducibility is investigated by
measuring the pH at five different samples. As expected, these electrodes
prepared by the same process exhibit similar signal response and the
relative standard deviations (RSDs) for pH test are from 1.60% to 2.26%
(Fig. 3C). Furtherly, we evaluate the stability of the designed sensors
stored in the refrigerator at 4 °C before use. As presented in Fig. 3D, the
electrochemical EIS signal shows a slow downward trend, and keeps
about 92.6% or 86.0% of its initial electrochemical signal after 3 weeks
or 5 weeks, respectively. The good stability might be related to simple
electrochemical modification layers (only DNA monolayer, no complex
cyclic program). All the results above indicate that our prepared
biosensor can effectively sense the changes in pH with good repeat-
ability, excellent reproducibility, and acceptable stability.

3.3. The sensing of TdT activity and its inhibitors

Recent studies show the abnormal activity of TdT is associated with
an unfavorable prognosis of some cancer patients [33], and it is no doubt
that TdT can act as a biomarker for cancer; more importantly, the
development of cancer is often accompanied by a certain degree
of changes in pH in the human body. Hence, this biosensor above is of
great scientific significance in abnormal TdT-induced cancer diseases.
To acquire the best sensing performance, we first optimize various

experimental conditions of the prepared biosensor before testing, such
as the TdT-mediated extension time and temperature, the concentration
of dCTP, and the incubation time in PB (100 mM, pH 5.8) and PB (100
mM, pH 7.0). As depicted in Fig. S3, an extension time of 180 min, a
polymerization temperature of 37 °C, a concentration of 10 mM dCTP,
and an incubation time in PB of 25 min are confirmed by a series of
optimization experiments.

Under the optimized conditions, we further investigate the capacity
of the biosensor to probe TdT activity in different pH conditions.
Generally, intracellular pH is between 6.8 and 7.4 in the cytosol or be-
tween 5.0 and 6.0 in the cell’s acidic organelles such as lysosome, so we
choose the two pH values (5.8 or 7.0) as the discussion points. As shown
in Fig. 4A, the R value increases significantly due to the formation of
the long C-rich DNA under TdT catalytic polymerization, however, a
higher Re; value appears at pH 7.0, and the trend is in keeping with the
results of Fig. 2 above. This might be originated from the positively
charged i-motifs formed at slight acidic condition to electrostatically
attract redox pair [Fe(CN)G]s'/ 4 close to the electrode surface. To
illustrate the unique phenomenon, we also discuss the role of the key -
factor in TdT catalytic reaction, and there is an effective EIS signal only
when all the factors exist at the same time the system (Fig. 4B). Addi-
tionally, selectivity is also one of the decisive factors on whether the
biosensor can be used for TdT analysis in the complex system. We
challenge the system with TdT and other related catalytic enzymes (such
as HAT, UDG, PKA, ALP, and GOx) (Fig. 4C). There is an obvious EIS
response for TdT, but the signal of other related catalytic enzymes is
similar with the blank signal (original DNA modified electrode).
Meanwhile, if other enzymes are added to TdT-derived reaction system,
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Fig. 5. TdT and its inhibitor analysis: EIS responses of the developed biosensors in PB (100 mM, pH 7.0 (A) or pH 5.8 (B)) toward TdT with different concentrations
0,1 x10°,2x10%5x10%8x10%1x10%2x10%5x10%1x10%2x10%5x%x10%1x102% 2x102%5x102%1x10",2x 10", and5 x 10" U/mL);
(C) The corresponding calibration curves plots by Ret vs the logarithm of TdT concentrations; The inhibition assay for TdT (0.1 U/mL) as a function of PP con-
centrations (0, 0.005, 0.01, 0.015, 0.02, 0.025, 0.03, 0.035, 0.04, 0.045, 0.05, and 0.06 mM) in PB (100 mM, pH 7.0) (D) or PB (100 mM, pH 5.8) (E) and (F) the

corresponding calibration plots by Ret vs PP concentrations.

the EIS signal can also appear normally (no interference). These results
suggest the biosensor possesses a good selectivity and anti-interference
toward TdT detection.

Then, to meet the great needs of life sciences for TdT activity
detection in complex environments, the EIS response upon different
amounts of TdT is explored cautiously in different pH conditions.
Because the growth of long C-rich DNA depends on TdT polymerization,
the electrochemical signals gradually increase with increasing amounts
of TdT at pH 7.0 (Fig. 5A). Interestingly, the same phenomenon can be
observed at pH 5.8 (Fig. 5B), but it should be noted that the smaller EIS
response under the same concentration appears at pH 5.8 relative to that
at pH 7.0. In principle the transition from random coil to i-motif takes
place in the pH range of 5.0-7.0, which can be tuned by the number of C
bases [33,41]. In view of the above-mentioned facts, we suspect two
reasons for the phenomenon: not all of C bases are protonated at pH 5.8;
enough long C-rich DNA and limited electrode surface can lead to large
steric hindrance. Fig. 5C presents two great linear correlations between
EIS response and TdT amount in the range from 1 x 10° to 1 x 107! U/
mL, hence, the most exciting thing is our sensor can be adapted to TdT
analysis under different pH conditions. The linear relationships are
given by Ret = 16121gTdT + 11626, R? = 0.9987 (pH 7.0) and Ret =
11841gTdT + 8922, R? = 0.9984 (pH 5.8), and the detection of limit is
0.79 x 10 U/mL (pH 7.0) and 0.25 x 10" U/mL (pH 5.8) (S/N = 3),
respectively. As listed in Table S2, we compare the analytical perfor-
mance of our method to some previous methods, and the minimum
detection concentration is no worse than other methods. Therefore, this
sensing method for tracing TdT analysis has great application potential
in complex cell environment. Meanwhile, the screening of small mole-
cule inhibitors for TdT activity is extremely important for drug discovery
due to the maladjustment of TdT in some cancers. As shown in Fig. 5D
and 5E, the introduction of Na4P5,0O7 (PP) can result in an inhibition
process in which EIS signal becomes progressively smaller, which is the
opposite of the TdT test above, proving the feasibility of the prepared
sensor in inhibitor screening. Then the ICso value (half-maximum in-
hibitor concentration of the inhibitor) is 30.3 &+ 2.5 uM (pH 5.8) or 30.4
+ 1.9 uM (pH 7.0) (Fig. 5F), respectively, which are similar to the

literature value [34,35,42].

Next, when the biosensor is stored in the fridge (4 °C) for the fifth
week, the EIS responses can retain 85.7% (pH 5.8) or 90.8% (pH 7.0) of
its initial value, respectively (Fig. S4A). Moreover, the repeatability is
also discussed by using the same biosensor for 5 parallel tests and the
RSD of the EIS response is found to be 3.15% (pH 5.8) or 2.73% (pH 7.0),
respectively, indicating an outstanding repeatability for our method
(Fig. S4B). To assess the applicability and reliability of the designed
sensor for clinical samples, we choose the lysates of common MCF-7 cell
and Hela cell as study model. PB solution was used for regulating the pH
of the cell lysates at 7.0 and 5.8, and the recovery experiments are
carried out by using cell samples with different pHs. As can be seen from
Table S3, the spike recoveries range from 90.0% to 105.0%, which is
acceptable for quantitative assays performed in real samples. Thus, the
detection strategy has good potential application for probing TdT in real
samples.

4. Conclusions

An electrochemical EIS switch is developed on basis of the confor-
mational changes of C-rich DNA probe produced by TdT’s catalytic
extension in different pHs. This novel switch is firstly constructed due to
the following highlights: pH-dependent cascade i-motifs are created by
TdT-mediated long C-rich DNAs; electrochemical EIS technology is
employed for accomplishing pH and TdT analysis; the proposed
biosensor with simple DNA interface is well-suited for monitoring the
change of pH and the detection of TdT activity in real microenviron-
ment. On the one hand, the change of pH can cause the comformatio-
nal change of DNA from free state to i-motif; on the other hand, the
amount of TdT can influence the EIS response tremendously, and this
gives it the ability to probe TdT activity in complex matrix. The results
indicate that the developed cascade i-motifs probe has outstanding
analytical performance for pH and TdT detection such as simple modi-
fied layer, excellent sensitivity and selectivity, and remarkable practi-
cability and reliability. This sheds new light on the importance of the
deprotonated structures because the i-motif conformations can be
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discussed as a new class of possible biological signals for cancers and
other diseases, and the designed strategy has important scientific im-
plications for pH- or TdT-related in situ clinical examination/diagnosis
and drug discovery in the future.
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