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� The yeast mesoporous TiO2 was
assembled by biomimetic synthesis.

� The yeast mesoporous TiO2 showed
excellent electrocatalytic
performance.

� The yeast mesoporous TiO2 could
detect pancreatic cancer miRNAs
with single-nucleotide
discrimination.
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a b s t r a c t

Electrochemical sensing is an effective, low-cost technology for cancer detection. In this study, meso-
porous TiO2 was prepared via biomimetic synthesis based on yeast cell templates, and used to prepare a
modified electrode for the sensitive detection of pancreatic cancer miR-1290. The structure and the
morphology of the TiO2 were characterized by X-ray diffraction (XRD), N2 adsorption-desorption
isotherm (NADI), Atomic force microscopy (AFM), and electron probe microanalysis (EPMA). As a
sensing active material, the yeast-templated mesoporous TiO2 could detect pancreatic cancer miRNAs
with single-nucleotide discrimination. The sample prepared by calcination at 400 �C showed the best
electrochemical sensing activity. Moreover, compared with the blank electrode, the yeast mesoporous
TiO2 sensing electrode could oxidize the pancreatic cancer microRNAs at a lower potential, which
minimized the interference from oxygen evolution reaction at high potentials.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Cancer has become a severe disease that plagues human health.
According to statistics from the World Health Organization, about
8.8 million people die of cancer every year in the world [1,2].
However, if a patient can receive an early diagnosis, the mortality
js.edu.cn (L. Gao).
rate will be significantly reduced [3]. Therefore, early diagnosis of
cancer, in particular, non-destructive and non-invasive detection, is
crucial in the diagnosis and treatment of cancer.

MicroRNAs (miRNAs) are a class of highly conserved non-coding
small RNAs of 18e25 nucleotides in length, which can be widely
found in plants and animals [4]. miRNA is involved inmany kinds of
biological processes in tumorigenesis and development by regu-
lating the cell cycle, apoptosis, cell migration, and angiogenesis;
and plays key roles in early detection of cancer. Changes in miRNA
expression levels can serve as fingerprints and provide information
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about cancer status and progression [5,6]. miR-1290 is a highly
sensitive and specific biomarker for the diagnosis and prediction of
patients with pancreatic cancer [7]. Li et al. [8] detected the
expression profile of miRNA in 735 pancreatic cancer patients and
normal control serum, and found that miR-1290 was up-regulated
in peripheral blood of patients with pancreatic cancer, which hel-
ped distinguish patients with early pancreatic cancer.

The traditional detection technique of Northern blotting and in
situ hybridization is laborious and lacks sensitivity. New technol-
ogies, such as chip technology and quantitative polymerase chain
reaction (qPCR), while powerful, are still limited to central labo-
ratories due to their complexity. Therefore, it is urgent to develop
facile technologies to detect miRNA levels.

Electrochemistry is widely used in the fields of life science,
biomedicine, and so on, because of its outstanding advantages,
such as good selectivity, high sensitivity, and rapid, economical,
and continuous real-time monitoring [9]. The performance of
electrochemical sensor depends on the activity of the sensing
electrode materials [10]. The research of electrocatalytic active
materials has been a crucial subject in the development of elec-
trochemical sensors. Moreover, the electrochemical sensing pro-
cess in aqueous solution often involves an oxygen reduction
reaction, so the electrode materials should ideally exhibit an
excellent electrocatalytic activity towards oxygen reduction [11].
Notably, the mass transfer capacity of oxygen is poor in the liquid
phase [12]. The solubility (about 10�4 mol/L) and diffusion coef-
ficient (10�9 m2/s) of oxygen in electrolyte solution are small
[13,14]. In order to improve the performance of the sensing elec-
trode, we should decrease the boundary layer thickness of the
liquid mass transfer as much as possible while increasing the
actual surface area of the electrode. Because of their unique
porosity, porous materials have many physical and chemical
properties, such as high specific surface area, high porosity, and
high permeability, which are conducive to the development of
high-efficiency sensing electrodes. Titanium dioxide (TiO2) is a
multifunctional material with excellent chemical, electronic,
photoelectric and photovoltaic properties [15,16]. More impor-
tantly, as an excellent sensing material, TiO2 film has been applied
to the sensing of water vapor and O2, CO, H2S, NO2, H2, ethanol,
and ammonia [17e22]. Therefore, the study of nano sensor de-
vices based on TiO2 with a stable environment and excellent
performance has become an important research direction [23].

In this work, mesoporous TiO2 precursors were synthesized by
the biomimetic method under mild conditions using inexpensive
raw materials and yeast cells as templates. The precursors were
calcined at different temperatures (300e600 �C) for an hour and
used as electrocatalytic materials to assemble the electrochemical
sensing electrodes for the detection of pancreatic cancer miRNAs.

2. Experimental

2.1. Synthesis of yeast-templated TiO2

A calculated amount of yeast cells was added to 30 mL of
dextrose in water and incubated at ambient temperature. A uni-
form biological emulsion was formed after magnetic stirring for
30 min. The critical micelle concentration (CMC) of the bio-
emulsion was ca. 6.7 mg mL�1. A solution containing 10 mL of
TiCl4 (�99.0%) and 20 mL of HCl (36e38%) was added into the
above bio-emulsion in a dropwise fashion and under stirring for
24 h. An ammonia solution (25e28%) was then added dropwise to
adjust the pH to 9e10. The resultant white precipitatewas collected
by centrifugation, carefully washed with distilled water and abso-
lute ethanol, and dried at 80 �C in air. The obtained samples were
heat-treated at different temperatures (300e600 �C) for 1 h to
obtain the final products, which were denoted as YTx (x¼ 300, 400,
500, and 600). All reagents were of analytical reagent grade.

2.2. Structure characterization

X-ray diffraction (XRD) measurements were performed at a
PANalytical X’Pert PRO X-ray diffractometer with Cu Ka

(l ¼ 0.15418 nm) incident radiation. The diffraction patterns were
collected in the 2q range of 10e70� (Cu Ka) at room temperature.

Nitrogen adsorption-desorption isotherms were acquired at
77 K using a computer-controlled sorption analyzer (Micromeritics,
Gemini V2.0) operating in the continuous mode. The sample was
degassed at 200 �C for 10 h before measurements. The pore size
distribution was calculated from the desorption branch of the
isotherm by the Barret-Joyner-Halenda (BJH) model.

Atomic force microscopy (AFM) measurements were carried out
to examine the morphologies of the YTx samples. The samples for
AFM measurements were prepared by dispersing the samples in
ethanol and then dropcasting the suspension onto a freshly cleaved
mica piece. The samples were air-dried before data acquisition.

Elemental analysis was performed using a Hitachi S2450 scan-
ning electron microscope in combination with Shimadzu Corpo-
ration’s EPMA1600 X-ray energy spectrometer (EPMA).

2.3. Electrochemistry

The YTx obtained above, acetylene black, activated charcoal, and
polytetrafluoroethylene (PTFE) suspension (60 wt% in H2O) at the
mass ratio of 4:1:2:2 were uniformlymixed and dispersed in excess
of ethanol to produce a dough-like paste. The paste was rolled into
a sheet of 0.3 mm in thickness. Another sheet containing only
acetylene black and PTFE at the mass ratio of 1:1 was prepared in
the same manner. These two sheets were then rolled together and
pressed onto a piece of nickel foam, which was then heat-treated at
200 �C for 2 h, producing a 0.5 mm thick air electrode.

Electrochemical measurements were performed in a three-
electrode configuration. A large-area Pt disk and a Hg/HgO/OH�

(35 wt%) electrodes were used as the counter electrode and refer-
ence electrode, respectively. The air electrode produced above
(1 cm2) was used as the working electrode. An aqueous potassium
hydroxide solution (35 wt%) was used as the electrolyte in all ex-
periments. The polarization curves were acquired at the sweep rate
of 10 mV s�1 with a CHI 660C electrochemical workstation.

2.4. Electrochemical detection of cancer miRNA

2.4.1. Materials and preparation of hybridization solution
miRNA oligonucleotides (or cDNA) were synthesized and puri-

fied by TSINGKE (http://www.tsingke.net/shop/). Various target
miRNA (miR-1290) and match probe (e.g., Probe-miR-1290) or the
relatedmismatch probes weremixed in 0.2mL 10 mMhybridization
solution at 90 �C for 2min. The volume ratio of targetmiRNA: probe
was 1:1.

2.4.2. Preparation of TiO2 modified electrodes and cancer miRNA
electrochemical detection

A glassy carbon electrode (GCE, 3 mm in diameter) was polished
with 0.05 mm Al2O3 suspensions until a mirror surface was ob-
tained, and rinsed extensively with anhydrous ethanol and de-
ionized water. The electrode was then electrochemically cleaned
in 0.5 M H2SO4 by cycling potentials between þ0.3 and þ 1.8 V at
100 mV s�1 until a steady cyclic voltammogramwas obtained. 3 mL
of a Nafion adhesive (0.02 % wt) was dropcast onto the cleaned GCE
surface, onto which 3 mL of an ethanolic suspension of yeast TiO2
(0.5 mg mL�1) was added in a dropwise fashion. After drying, the
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resulting electrodes were denoted as YTx/GCE (x ¼ 300, 400, 500,
and 600).

Electrochemical measurements were performed in a three-
electrode configuration. The YT/GCE electrodes prepared above
were used as the working electrode. A Pt foil acted as the auxiliary
electrode. All potentials were referred to an Ag/AgCl/KCl saturated
reference electrode. The 10 mM hybridization solutions were
diluted to 0.9 mM as analyte solutions. Voltammetric data were
acquired with a CHI 660C electrochemical workstation.
Fig. 2. AFM images of the yeast-templated TiO2 synthesized by calcination at 400 �C at
different length scales: (a) 1000 nm � 1000 nm, (b) 520 nm � 520 nm, (c)
150 nm � 150 nm, and (d) 60 nm � 60 nm.

Table 1
EPMA analysis for yeast-templated mesoporous TiO2 prepared under different
calcining temperatures.

300 �C 400 �C 500 �C 600 �C

O: Ti 2.145 1.768 1.780 1.902
Phase amorphous b b a
3. Results and discussion

3.1. Characterization of mesoporous TiO2 structure and composition

Mesoporous TiO2 was prepared by using yeast cells as templates
at different calcination temperatures. The structures were first
characterized by XRD measurements. As illustrated in Fig. 1a, the
sample prepared at 300 �C showed only amorphous diffraction
patterns within the 2q range of 20e30�, whereas the samples
treated at higher temperatures (400e600 �C) showed a series of
diffraction peaks that were consistent with those of anatase TiO2
(JCPDS card number: 17e1167), 25.1� (101), 37.8� (004), 47.9� (200),
54.4� (105), 62.5� (204) [24]. Additionally, one can see that at
increasing thermal annealing temperature, the diffraction peaks
became sharper, suggesting enhanced crystallinity and crystallite
sizes of the samples.

Interestingly, the resulting samples exhibited mesoporosity, as
manifested in nitrogen adsorption-desorption isotherm measure-
ments. From Fig. 1b, one can see that the nitrogen adsorption in-
creases rapidly with the relative pressure P/P0 in the range of
0.4e0.6. The adsorption and desorption processes become irre-
versible, and capillary condensation occurs. A distinct hysteresis
loop appears in the isotherm, exhibiting typical mesoporous char-
acteristics. Additionally, with increasing calcination temperature,
the hysteresis loop evolved to a high relative pressure, indicating an
increase of the pore size, likely because of further removal of the
yeast templates. In fact, BJH analysis showed that the samples all
possessed a rather narrow pore-size distribution and themain pore
size increased from 3.8 to 4.7, 5.6, and 6.6 nm for the samples
prepared at 300, 400, 500, and 600 �C, respectively (Fig. S1).

Fig. 2 shows the AFM images of the yeast-templated TiO2 syn-
thesized by calcination at 400 �C, which exhibits a highly ordered
hierarchical wormhole-like texture and porous surface
morphology.

Additionally, the samples also exhibited abundant oxygen va-
cancies. From the EPMA results in Table 1, one can see that the O/Ti
ratio was over two at 300 �C, and no crystalline phase was formed
Fig. 1. (a) XRD patterns and (b) nitrogen adsorption-desorption isotherms for yeast-templat
(:), 600 �C (A).
at this calcination temperature, consistent with XRD results
(Fig. 1a) where only amorphous phase was identified. By contrast,
at higher calcination temperatures (400e600 �C), the O/Ti atomic
ratios were all below 2, indicating the formation of oxygen va-
cancies in the samples, which reached themaximum for the sample
prepared at 400 �C.
ed TiO2 prepared at different calcination temperatures: 300 �C (-), 400 �C (C), 500 �C



Table 2
Matching and mismatching sequences for pancreatic cancer miR-1290.

Name Sequence

miR-1290 50-TGGATTTTTGGATCAGGGA-30

Match Probe 50-TCCCTGATCCAAAAATCCA-30

Mismatch Probes 50-TCCCTGATCAAAAAATCCA-30

50-TCCCTGATCGAAAAATCCA-30

50-TCCCTGATCTAAAAATCCA-30

50-TCGCTGATCCAAAAATCCA-30

50-TCCCGGATCCAAAAATCCA-30

50-TCCCTGATCCAAACATCCA-30

50-TCCCTGATCCAAAAATACA-30

Note: mismatching sequences underlined.
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The electrocatalytic activity of the yeast-templated mesoporous
TiO2 towardsoxygen reductionwas then studied and compared. Fig. 3
shows the polarization curves of oxygen reduction at the various TiO2
electrodes. One can see thatwithin the potential range of 0 to�0.6 V,
the sample prepared at 400 �C exhibited the highest voltammetric
currents, indicating the best electrocatalytic activity towards oxygen
reduction reaction among the series. For instance, the electrode po-
tential needed to reach the current density of�40mAcm�2 increases
in the order of 400 �C < 600 �Cz 500 �C < 300 �C.

Notably, the electrochemical sensing progress in aqueous solu-
tion often involves oxygen reduction reaction shown in Eq. (1)e (3)
[25], which can form HO2

�, H2O2, and O2
�. These peroxides (super-

oxides) formed in the aqueous solution facilitate the electro-
oxidation of organic molecules including nucleic acid molecules
[11], which can be exploited for electrochemical sensing. This is
confirmed by subsequent electrochemical detection studies of
pancreatic cancer miRNA.

O2 þ H2O þ 2e�/ HO2
�∙ þ OH� (1)

O2 þ 2H2O þ 2e�/ H2O2 þ 2OH� (2)

O2 þ e� / O2
�∙ (3)

3.2. Electrochemical detection of pancreatic cancer miRNA

Pancreatic cancer is a relatively common malignant tumor with
a very high degree of malignancy. miR-1290 is a specific marker of
pancreatic cancer. Herein, we use the mesoporous TiO2 sensing
electrode to detect the perfect match and mismatch solutions for
pancreatic cancer. Table 2 lists the target probe fragment sequences
and their perfect match and mismatch fragment sequences. Under
experimental conditions, the sensitivity of the YTs/GCE electrode to
miR-1290 detection was 63.8 nA per mmolL-1 concentration
(Fig. S2, see ESIy for details). Fig. 4 (left) shows the results of
detection of pancreatic cancer miRNAs perfect match and
mismatch solutions using a YT400/GCE electrode. One can see that
there is an oxidation peak at þ0.2 V in curve a corresponding to the
electro-oxidation of perfect match miR-1290, which is absent in all
mismatch solutions, indicating that the YT400/GCE electrode can
selectively detect pancreatic cancer miRNA.

The right panel of Fig. 4 shows the SWV curves acquired with
the perfect match solution of pancreatic cancer miR-1290 with
unmodified GCE and YTx/GCE electrodes. One can see that the
anodic peak at 0.224 V appears only with the YTx/GCE electrodes,
but absent with the unmodified GCE, and the voltammetric peak
Fig. 3. Polarization curves for O2 reduction with gas diffusion electrode loaded with
bio-templated mesoporous TiO2 obtained under different calcination temperature: (a)
400 �C; (b) 600 �C; (c) 500 �C; (d) 300 �C (sweep rate 10 mV s�1).
current was the highest with YT400/GCE. This suggests that the
YT400/GCE electrode exhibited the greatest sensitivity to miR-1290,
among the series, coincident with its high electrocatalytic activity
towards oxygen reduction reaction (Fig. 3).

The oxidation potential of miR-1290 perfect match solution is
about þ1.53 V at the unmodified GCE in curve e of Fig. 4 (right).
Compared with the unmodified GCE, the oxidation potential of
miR-1290 perfect match solution shifted negatively by þ1.53 V
to þ0.224V at the YT/GCE, indicating that the mesoporous TiO2 has
the catalytic activity toward the electro-oxidation of pancreatic
cancer miRNA at amarkedly lower potential. This allows for an easy
detection andminimize the interference of the sensing electrode by
the oxygen evolution reaction at high potentials. And compared
with other materials (e.g. commercial P-25, TiO2 nanobelts), yeast
TiO2 has better electrochemical detective performance (Fig. S3, see
ESIy for details).
4. Discussion

The difference of the electrocatalytic activity of the YTx samples
for detection of miR-1290 can be explained from the crystal form,
pore structure, and oxygen vacancy. Among the three crystalline
forms of TiO2 (i.e., brookite, anatase, and rutile), anatase TiO2 ex-
hibits a more massive distortion, more open crystal structure and
higher symmetry [26,27], thus has a stronger ability to adsorb
organic matter and oxygen; and the anatase phase can be changed
to rutile at temperatures higher than about 600 �C. The XRD results
in Fig. 1 shows that the YT300 sample is mostly amorphous. After
400 �C, the samples change to anatase phase. With the increase of
temperature, the purity of anatase phase TiO2 increases gradually.
Thus, the electrocatalytic activity of the YT400 sample for detection
of miR-1290 is the best.

In electrochemical reaction, both mass transfer and electron-
transfer are important factors dictating the reaction rate. Because
the oxygen solubility (about 10�4 mol/L) and diffusion coefficient
(10�9 m2/s) in the electrolyte solution is very small, improving the
mass transfer of oxygen is important for improving the electro-
chemical performance of the air electrode. Fig. S1 shows the pore
size distribution curves of the YTx samples. It can be seen that the
YT300 sample has the smallest pore size of only 3.8 nm, likely
because the yeast templates were hardly removed at this temper-
ature. For YT400, two major pore diameters were identified at
4.7 nm and 11.0 nm. At higher temperatures, the pore size increased
accordingly, 5.6 nm for YT500 and 6.6 nm for YT600. Since the
average pore diameter is proportional to the pore volume and
inversely proportional to the specific surface area, YT400 has both a
large pore size and a small pore size. Therefore, the YT400 modified
electrode has the best result of miR-1290 detection.

This can be further enhanced by the oxygen vacancies. Oxygen
vacancies refer to defects due to oxygen escaping from their crystal
lattice. Oxygen vacancies facilitate the rapid transport of oxygen in



Fig. 4. (left) SWV curves for miRNAs match (a) and mismatch (beh) at YT400/GCE electrode. (right) SWV curves for the YT/GCE electrodes based on TiO2 synthesized at different
temperatures: (a) 300 �C, (b) 400 �C, (c) 500 �C, and (d) 600 �C. The control experiment with an unmodified GCE is shown in curve (e) (blank).
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TiO2 crystal lattice, which furtherly improve transport of peroxide
(superoxide) intermediates and the electrochemical sensing per-
formance. The EPMA results (Table 1) showed that the O/Ti ratio in
the YTx samples decreased first and then increased with the in-
crease of calcination temperature, with YT400 showing the highest
concentration of oxygen vacancies [28]. Therefore, YT400 has the
best ability to electrocatalyze the oxidation of miR-1290.

5. Conclusions

In this work, using yeast cells as templates, mesoporous TiO2
have been successfully prepared by calcination at 300e600 �C. The
results of XRD, NADI, and EPMA show that the synthesized samples
have different crystalline structures, pore size distribution, and
oxygen vacancy, and hence different electrocatalytic activity to-
wards oxygen reduction reaction. The results of electrochemistry
indicate the obtained mesoporous TiO2 can electrocatalyze the
oxidation of the pancreatic cancer microRNAs and selectively
detect a perfect match and mismatch pancreatic cancer miRNAs
with single-nucleotide discrimination. Within the present experi-
mental context, the sample prepared by calcination at 400 �C shows
the best electrocatalytic activity and may serve as a promising
active material for biosensor application of early cancer diagnosis
and molecular biology research.
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