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Abstract

A novel electron donor controlled-release system is proposed based on liposome encapsulated L-cysteine for the sensitive
determination of cytokeratin 19 fragment 21-1 (CYFRA 21-1). On the one hand, a defective TiO, modified with methylene
blue was employed as a photoactive platform which exhibited a high photoelectrochemical (PEC) response owing to the
introduction of oxygen vacancies and the high photosensitivity of the dye. On the other hand, L-cysteine as the sacrificial
electron donor was encapsulated in the vesicles of liposomes, and this composite was used as the signal amplification factor,
which is labeled on the secondary antibody of CYFRA 21-1 to further improve the photocurrent sensitivity. The excellent
electron transfer path in photoactive materials coupled with the skilful electron donor controlled-release system, contributed to
the sensitive PEC analysis of CYFRA 21-1 underoptimum conditions. The PEC immunoassay showed a linear current response
in the range 0.0001-100 ng/mL with a detection limitof 37 fg/mL. Enhanced stability and satisfactory reproducibility were also
achieved. The proposed concept provides a novel signal-on strategy for the sensitive detection of other cancer markers in the
electrochemical sensing field.
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Introduction

Cancer has become the number one killer of humans, and the
morbidity and mortality of the lung cancer are the highest in
the world [1, 2]. The early detection and treatment of lung
cancer can effectively suppress the rise in mortality.
Cytokeratin 19 fragment antigen 21-1 (CYFRA 21-1), as a
soluble fragment, is a new lung cancer marker, which is cur-
rently being studied very actively, especially for non-small
cell lung cancer [3, 4]. Thus, lung cancer can be quickly
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analyzed to a certain degree by the sensitive and accurate
detection of CYFRA 21-1 in serum. Previously, researchers
made many attempts to detect CYFRA 21-1 via some
methods, including enzyme-linked immunosorbent assay
[5], electrochemiluminescence [6], electrochemical [7], and
chemiluminescence [8]. Among these methods, the
photoelectrochemical (PEC) assay, which exhibits ultra-
sensitive detection characteristics due to the special way of
signal conversion [9—-11], was employed in this work for
CYFRA 21-1 detection.

For PEC analyses, photosensitive materials are the founda-
tion for sensing platform construction. As one of the metal
oxide semiconductor materials, titanium dioxide is widely
used in photocatalysis and photoelectric analyses owing to
its excellent photosensitive property [12—14], but the wide
band gap (~ 3.2 eV) hinders the visible light usage efficiency.
Defect engineering is diffusely approved, and it is considered
to be an effective method to advance the PEC activity.
Including oxygen vacancies [15] is one of the
useful method of introducing defects to TiO, , providing sur-
face active sites to promote photocatalytic activation [16], and
narrowing its band gap [17]. Among them, oxygen vacancy as
the most prevalent defect was employed in this work to perfect
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the photoactivity of TiO, [18-20]. The formation of oxygen
vacancies in the crystal lattice usually adopts doped metals or
non-metal ions. For example, Wu and co-workers reported the
replacement of Cu®* for Ti** ions in the lattice which can
realize the generation of oxygen vacancies in the lattice of
TiO, [21]. In this work, the trivalent cation Fe** was used to
dope in the lattice of TiO, and occupy the Ti** sites. While
doping of Fe**, oxygen vacancies were introduced, which
greatly improved the utilization efficiency of the visible light,
and accelerated the generation of photo-generated electrons.
For another, a shallow defect energy level just below the con-
duction band of TiO, was introduced via the Fe’* doping,
which also contributed to the visible light response [15].
Furthermore, considering the outstanding photoelectric con-
version ability of dyes [22-25], methylene blue (MB), which
has prominent charge transfer properties was used to sensitize
defective TiO,_, to further improve the stability of PEC plat-
form, and it is also one of the most promising pathways for
improving the sensitivity of PEC biosensors.

In addition to modifying the photoactive material to perfect
the PEC response, adding electron donor into the detection
electrolyte solution can also increase the photocurrent and
improve the sensitivity of the sensor. Different from adding
excessive electron donor directly to the detection solution, the
electron donor controlled-release system can effectively im-
prove the sensitivity of the biosensor for target detection
[26-28]. Liposome is a microscopic spherical vesicle with
hollow cavities, and the specific molecules or nanomaterials
can be trapped in their cavities or anchored on their surfaces to
deliver various species [29, 30]. In this work, L-cysteine (elec-
tron donor), which is a common amino acid, was encapsulated
in the liposome thanks to the great biocompatibility, and the
complex act as a marker labeled on the secondary antibody
(Ab,). The liposome could be dissolved by tween and easily
released from the vesicae of the liposome. Thus, the L-
cysteine can be released to increase photocurrent. The amount
of electron donor released increases with the increased con-
centration of target antigen, therefore achieving the sensitive
CYFRA 21-1 detection. Compared with other electrochemical
methods, this novel controlled-release system greatly im-
proved the detection range and reduced the detection limits.

Experimental section

Preparation of liposome@L-cysteine-Ab,
bioconjugate

The preparation of liposome@L-cysteine was produced via a
simple method. Briefly, 0.02 g of 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine, 0.015 g of cholesterol, and 0.005 g of 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine were co-
dispersed into 5 mL of chloroform, and the mixture was
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bubbled with nitrogen and ultrasonic for 10 min, after which
the solvent was removed via vacuum rotary evaporation.
Thereafter, the product was added to an L-cysteine solution
(5 mL, 25 mM) and allowed to incubated at 45 °C for 2 h.
Finally, the redundant L-cysteine was eliminated by dialyzing
against ultrapure water for 24 h under natural environment.
The obtained liposome@L-cysteine was stored at 4 °C for
future use.

The liposome@L-cysteine-Ab, bioconjugate was prepared
as follows: 20 puL of EDC (5 mg/mL) and 20 pL of NHS
(I mg/mL) were added in 1 mL of the as-prepared
liposome@L-cysteine solution. The mixture was shaken for
15 min under room atmosphere. After that, 1 mL of Ab,
(10 png/mL) was injected, and the bio-mixture was incubated
at 30 °C for 5 h. After the incubation. Then, the bioconjugate
was centrifuged at 4500 r and then dispersed in 2 mL of PBS
buffer solution (pH 7.4) and stored at 4 °C for later use.
Further details of the material preparation process details are
present in the Electronic Supplementary Material (ESM) file.

The assembly of PEC biosensor

The assembly procedure of the proposed PEC biosensor is
shown in Fig. 1. Indium tin oxide (ITO) conductive glass
electrodes as the basic support for biosensor fabrication were
ultrasonic prewashed with liquid detergent, acetone, ethanol,
and ultrapure water. First, 10 uL of defective TiO,_, (3 mg/
mL) was modified on the cleaning ITO electrode, and then
calcined at 450 °C for 1 h. After that, 6 uL. of MB-Ab, solu-
tion was modified on the photosensitive platform and allow
incubated for 40 min (MB was difficult to combined with
defective TiO,_ [31], incubating it with the Ab; via cross-
linking agent to form the complex, which could reduce the
fabrication steps). After washed the electrodes with PBS buft-
er solution, 4 uL of BSA (1w%) was decorated on the
photoanode and washed after 40 min. Subsequently, 6 uL of
various concentrations of Ag was modified and incubated for
40 min. Finally, the washed electrodes were modified with
6 pL of liposome@L-Cysteine-Ab, bioconjugate, due to the
specific reaction between antigen and antibody and the con-
centration of Ag determined the modification concentration of
liposome @L-cysteine; thus, the different PEC responses were
obtained for the target detection.

Real sample treatment and PEC measurement

In order to characterize the detection accuracy of the PEC
biosensor, a standard addition method was used to analyze
the real sample detection. Prior to measurement, the serum
samples were centrifuged at 2800 rpm under 4 °C for
10 min to receive the supernatants, which were used as the
detection samples. When the levels of serum CYFRA 21-1
were found to be outside the calibration range, the serum
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Fig. 1 The fabrication process of
the PEC biosensor
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sample was diluted with PBS (0.1 M, pH 7.4) and acquired
two practical samples which with the concentrations were
0.58 ng/mL and 4.73 ng/mL. The PEC measurement was done
in a photosensitive cell containing 10 mL PBS buffer (pH 7.4)
solution with or without tween (20 pL). The prepared elec-
trode as the work electrode with platinum electrode (counter
electrode) and saturated calomel electrode (SCE) (reference
electrode) constituted the three-electrode system of electro-
chemical workstation. The LED lamp (white light) was used
as the excitation source, and it is switched every 10 s under
0 V voltage (vs. SCE) to test the photocurrent.

Results and discussion
Characterization of materials

As the basis of sensor construction, photosensitive materials
are characterized before the PEC analysis platform fabrication
Firstly, the material was characterized by X-ray powder dif-
fraction (XRD) to determine if it was successfully synthe-
sized. As shown in Fig. 2a, the peaks of the prepared pure
TiO, fitted perfectly with the standard card (JCPDS No. 21—
1272). The sharp peaks of Fe-TiO,_, also match well with the
standard card, and the peak of (101) crystal planes was stron-
ger than that of the pure TiO,. Figure 2b shows the sheet-like
morphology of TiO,_,, which could be offer convenient for
visible-light absorption and fix other photosensitive materials
because of the large surface area. Also, the excellent structure
may offer a suitable electron transfer path to enhance the PEC
response. Figure 2¢ shows the ultraviolet-visible absorption
spectrum of the solid-state TiO, and Fe-TiO, . Fe-TiO,
had a wider absorption range than TiO, and a strong absorp-
tion peak at about 580 nm, which is consistent with the lumi-
nous intensity of the employed light source (Fig. S1), proving
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that the prepared defective TiO,_, has stronger light absorp-
tion performance. The X-ray photoelectron spectroscopy
(XPS) image (Fig. 2d) shows that the Fe element was success-
fully doped into TiO,.. The Ti 2p spectrum has two fitting
peaks, the peak at 458.1 eV corresponding to Ti 2ps/, and the
peak at 463.8 eV corresponding to Ti 2p;/,. These two peaks
represent the Ti*state of TiO,., (Fig. 2e). The O 1 s spectra
(Fig. 2f) have fitted peaks at 529.6 eV and 530.6 eV, which
were attributed to the lattice oxygen and oxygen defects of
TiO,._, respectively. The peak at 529.4 eV is attributed to
the blue-shift of the oxygen absorption, and it implies that
the surface oxygen-related defects were enhanced [21].
Figure S2 shows the energy dispersive X-ray spectroscopy
(EDS) image of the Fe-TiO,._,, which further conforms the
successful doping of Fe, and the content ratio of each element
is shown in Table S1 (ESM file).

Mechanism study of the PEC platform

The possible principle of electron transfer in the proposed
PEC platform was explored and is shown in Fig. 3. Through
the doping of F e, the defective TiO,_ contains more oxygen
vacancies, which could accelerate the transmission of elec-
trons. Besides, via Fe doping, the band gap of TiO, would
be narrowed, and the allowable light excitation path increases
with the generation of impurity energy levels, which would
cause a significant red shift in its UV absorption spectrum and
increase the utilization of the visible light. After decorating
with MB, the photo-induced electrons on the excited dye
transferred into the defective TiO,_, and the PEC response
was further increased; hence, the stability of the photoactive
platform was improved. At the same time, L-cysteine as an
electron donor was encapsulated in the liposome vesicles, and
as the signal enhancer labeled on Ab,, when the fabricated
PEC biosensor was dipped in PBS solution containing tween,
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Fig. 2 a The XRD image of TiO, and Fe-TiO,_,, b the TEM image of Fe-TiO,_,, ¢ the UV—vis diffuse reflectance spectra of TiO, and Fe-TiO,_,, d the
XPS image of Fe-TiO,_,, and the XPS image of the element of e Ti 2pand fO 1 s

the liposome dissolved and the L-cysteine released to react
with the photo-generated holes, following the PEC response
increased. Thus, various target concentrations were detected at
different signal amplification, a super sensitivity PEC biosen-
sor was realized by this skillful strategy.

Sensor performance characterization

Herein, the skillful PEC biosensor was constructed via a layer-
by-layer process for target detection, and it is necessary to
determine if the layer-by-layer modification processes were
successful. Testing the PEC signal after modifying each layer
on the ITO electrode is a common and effective way to

. MB
TiO, | ¢
V

)
s Tween
ITO

Fig. 3 The possible electron transfer mechanism of the developed
biosensor
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determine the success of the biosensor construction process.
Figure 4a shows the curve of the photocurrent during the
modification process, bare ITO electrode displayed a nearly
zero PEC response (curve a), and after defective TiO,_
dropped onto the ITO electrode, an obvious photocurrent
was observed (curve b). Then, MB-Ab; bioconjugate was
decorated on the electrode, due to the excellent photo-
sensitivity of dye; an enhanced photocurrent was achieved
(curve c); and the increased PEC response demonstrated that
these two photoactive materials were successfully modified
on the electrode. Next, BSA (curve d) was modified on the
photosensitive surface to block the non-specific active sites,
following Ag (curve e), liposome@L-Cysteine-Ab, (curve f)
were then dropped on the electrode, and the photocurrent
displayed a reduced trend due to the non-conductivity of these
biomolecules (the above PEC measurements were performed
in a pristine PBS buffer solution). When a suitable amount of
tween was added in the PBS solution, the liposome was re-
solved, and the L-Cysteine (electron donor) released and
reacted with photo-generated holes, thus increasing the pho-
tocurrent (curve g). The obtained results indicate that the PEC
immunosensor was successfully developed.

Electrochemical impedance spectroscopy (EIS) is another
characterization means to photocurrent for efficient evaluating
whether the PEC biosensor construction triumphantly. As
shown in Fig. 4b, bare ITO displayed a small impedance value
(curve a); after TiO,_ (semi-conductor) dropped, an enhanced
resistance value (curve b) was obtained. After that, the MB-
Ab; was modified, and a bigger resistance value (curve c) was
achieved. Then, the non-conductive biomolecules of BSA
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Fig. 4 The (A) photocurrent

curve and (B) EIS curve during < 404 A
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(curve d), Ag (curve e), and Ab,-liposome@L-Cysteine
(curve f) were decorated on the electrode via the layer-by-
layer process, and the resistance was gradually increased,
which further prove the resounding fabrication of the PEC
biosensor.

Analytical performance of CYFRA 21-1

Under the preferred measurement conditions (the test results
are shown in Fig. S3), a signal-on biosensor with the PEC
detection was performed for CYFRA 21-1 supported by the
controlled electron donor release strategy. When the low con-
centration of Ag was modified, the fixed liposome@L-
Cysteine-Ab, was less; hence, the less L-Cysteine was re-
leased, and a smaller change in photocurrent was obtained.
As the concentration of Ag gradually increased, the change

Fig. 5 The property analysis of
the CYFRA 21-1. (A) PEC cali-
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in photocurrent was gradually increased (Fig. 5a). As can be
seen from Fig. 5b, the developed PEC biosensor has a linear
photocurrent signal in the range of 0.0001-100 ng/mL, the
calibration equation is given by /=23.32 +2.396logc(ng/
mL) (R>=0.9986), and the detection limit was as low as
0.037 pg/mL (S/N = 3). The developed PEC biosensor is com-
pared with other relevant methods for the CYFRA 21-1 de-
tection which are displayed in Table S2 in ESM file.

To analyze the target more accurately, the stability and
reproducibility of the constructed PEC biosensor were consid-
ered. In this item, the stability of the biosensor was determined
via continuous photocurrent detection of the electrodes for
15 cycles, and acceptable stability was obtained (Fig. 5c).
The storage lifetime was also analyzed to characterize the
storage stability of the sensor, and the results are shown in
Fig. S5. As can be seen, in the first week of the sensor storage,
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the signal was reduced to 97% of the original response, and
after another week, the signal was reduced to 92% of the
original response, which means the sensor can still reach con-
siderable detection standards after 2 weeks of storage. To an-
alyze reproducibility, six electrodes prepared under the same
conditions were tested, and the results are shown in Fig. 5d;
the relative standard deviation (RSD) value (3.13%) illustrates
the excellent reproducibility of the PEC biosensor. As another
important consideration for PEC sensor, the selectivity was
analyzed, and the result is depicted in Fig. S5 in ESM file.
The RSD were 2.73 and 3.57% which confirm that the bio-
sensor also exhibited a great selectivity.

Real sample analysis

The significance of the successful construction of biosensor
lies in the accuracy detection of real sample. The results of five
parallel experiments are shown in Table S3. The recovery rate
was between 97.4 and 101.4% and 98.3 and 104.4%. The
RSD are both below 5%, which demonstrates the potential
application value in the clinical detection of CYFRA 21-1.
However, it implies that the sensor has certain limitations in
analyzing complex samples, and requires complex pretreat-
ment prior to analysis.

Conclusion

A novel signal-on PEC biosensor was successfully developed
via a skillful electron donor controlled-release system. The
organic dye methylene blue-sensitized defective TiO,_, pro-
vided a large and stable basic photoelectrochemical signal for
biosensor construction. And L-cysteine as electron donor was
encapsulated in liposomes to enhance the stability and sensi-
tivity of the sensor. Such developed PEC biosensor provides a
reference method for detecting other cancer markers or other
small biomolecules, and the signal amplification strategy also
provides an application basis for other electrochemical
methods. Although this skillful signal amplification strategy
provides a great PEC performance for target detection, the
accurate detection of real samples is still a challenge for future
studies.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-021-04721-4.
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