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ABSTRACT: Energy transfer (ET) in photoelectrochemical (PEC) bioanalysis was
usually generated between noble metal nanoparticles (NPs) and traditional inorganic
quantum dots (QDs). Using the innovative polymer dots (Pdots)-involved ET, this
work reports the first signal-on and cathodic PEC bioanalysis toward telomerase (TE)
activity in cell extracts. Specifically, the sequential binding of capture DNA (cDNA),
telomerase primer sequence (TS) and Au NPs-labeled probe DNA (Au NPs-pDNA)
on the electrode would place the Au NPs in close proximity of Pdots, leading to
obvious quenching of the cathodic photocurrent. The subsequent extension of the TS
by TE in the presence of deoxyribonucleoside triphosphates (dNTPs) would then
release the Ag NPs-pDNA from the electrode, leading to the recovery of the
photocurrent. On the basis of the Au NPs-induced photocurrent quenching and
recovery of Pdots, a sensitive biosensor could thus be developed by tracking the
photocurrents to probe the TE activity. This strategy allows for signal-on and cathodic
PEC bioanalysis of TE, which can be easily extended for numerous other targets of
interest. We believe this work could offer a new perspective for the rational

implementation of Pdots-involved ET for advanced PEC bioanalysis.

KEYWORDS: Photoelectrochemical bioanalysis; Signal on; Energy transfer;

Polymer dots; Gold nanoparticles; Telomerase activity
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As a ribonucleoprotein enzyme transcriptase, human telomerase (TE) can induce the
addition of repeated sequences (TTAGGG), onto the 3’ end of telomeres, and
facilitate the infinite cellular proliferation.!-* It is widely confirmed that TE in 85% of
cancer cell is over-expressed, which makes TE to be regarded as a credible biomarker
for the early diagnosis and treatment of cancers.*® Therefore, the detection of TE
activity has attracted more attention in recent years.%’ Previous techniques established
for TE activity detection include the fluorescent, colorimetric and traditional
electrochemical techniques. While every strategy has distinct advantages, each also
has its own drawbacks such as poor sensitivity and laborious procedures. Therefore,
accurate and ultrasensitive TE activity detection is still highly appealing. As a rapidly
developing bioanalytical technique, photoelectrochemical (PEC) offers an exquisite
route to probe various specific biological events.®® However, due to the short
development time, the novel signaling mechanisms still need to be exploited.

Energy transfer (ET) phenomena in PEC systems have initially been observed
between noble metal NPs and traditional inorganic CdS quantum dots (QDs),!%!!
which rapidly catalyzed increasing ET-based PEC bioanalytical studies.!?-?°
Specifically, the exciton states of CdS QDs can be modulated owing to the ET from
the adjacent noble metal NPs, which ultimately resulted in the quenching of PEC
signal. Despite previous progress, these reports almost focused on various inorganic
QDs-based systems. Polymer dots (Pdots) represent a promising family of functional
nanomaterials with excellent chemical, electrical and optical properties.'> Compared
with traditional QDs, Pdots have many attractive features such as low cytotoxicity,
facile functionalization, and high biocompatibility.?!->3 Recently, we further verified
the existence of ET between Au NPs and semiconducting Pdots and then tested it for
signal-off PEC DNA bioanalysis.>* Despite this preliminary study, the exploitation in
this emerging direction is in its very infancy. On the other hand, compared with
common signal-off and anodic protocols?-28, signal-on® 230 and cathodic3!-3> ones
are more actively pursued in current PEC bioanalysis.

Herein we report the realization of signal-on and cathodic PEC bioanalysis of TE

activity in cell extracts, on the basis of the gold nanoparticles (Au NPs)-induced
3
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ET-based photocurrent quenching and recovery of Pdots. Specifically, as shown in
Scheme 1, the system operated upon the sequential binding of capture DNA (cDNA),
telomerase primer sequence (TS) and Au NPs-labeled probe DNA (Au NPs-pDNA)
on the poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-thiadazole)] (PFBT)
Pdots/indium tin oxide (ITO) electrode, which was followed by the subsequent
extension of the TS by the TE in the presence of deoxyribonucleoside triphosphates
(ANTPs) and thereby the release of Au NPs-pDNA from the electrode (See
Supporting Information for DNA sequences and Experimental Section). Upon the
presence and absence of Au NPs-pDNA, the cathodic photocurrent of PFBT
Pdots/ITO electrode would be efficiently quenched and recovered, respectively, and
thereby a sensitive photocathodic biosensor could be tailored by tracking the
photocurrent to probing the TE activity. Based on the Pdots/ITO electrode, this work
realized the first signal-on ET-based photocathodic bioanalysis which to our
knowledge has not been reported. We believe it will generate more interest in the
exploration of Pdots-involved ET phenomena for advanced signal-on cathodic PEC
bioanalysis.

Scheme 1. Signal-On ET-Based Photocathodic Bioanalysis of TE Activity in Cell
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Characterization. In this work, Pdots were prepared through reprecipitation
method®® using conjugated PFBT polymer and functional polymer poly
styrene-co-maleic anhydride (PSMA). As shown in Figure la, the high-resolution
transmission electron microscope (HR-TEM) image implies that the as-obtained
PFBT Pdots possess quasi-spherical shape of an average particle diameter of ca. 5 nm.
The corresponding Fourier-transform infrared (FTIR) spectrum in Figure 1b
demonstrates the successful functionalization of carboxyl groups on the Pdots surface.
Specifically, the wide and strong absorption bands around 3000 cm™! were ascribed to
the coupling effects of stretching vibration of O-H in carboxyl groups and C-H bonds.
Meanwhile, the absorption peak at 1715 cm! attributed to the stretching vibration of
C=0 further demonstrated the successful functionalization of carboxyl groups on the
sample. Figure lc inset reveals the synthetic Au NPs also have a similar size
corresponding to ca. 5 nm with uniform distribution. And the optical characterization
of the prepared PFBT Pdots and Au NPs is illustrated in Figure lc. The black curve
indicated that the PFBT Pdots had a broad-band absorption in the visible range of
400-550 nm, which implied its potential as photoactive species for the construction of
PEC bioanalysis platform. The emission spectrum of the proposed PFBT Pdots (blue
curve in figure lc) presents its fluorescence ranged from 500 to 700 nm with the
emission peak at ca.544 nm. Meanwhile, as the red curve shown, the absorption
spectrum of Au NPs is clearly characterized by the maximum absorption at 515 nm.
Obviously, this characteristic plasmon absorption of Au NPs has a partial overlap
with the broad emission range of PFBT Pdots, which makes the energy transfer
process possible between the two nanoparticles. Followed by functionalization with
probe DNA (pDNA) via the Au-S bonding, the surface charges of Au NPs would be
changed which results in the maximum absorption of Au NPs in the UV-vis
absorption spectra slight red shifting to around 523 nm, as shown in Figure 1d.
Meanwhile, a new characteristic peak of nucleic acids at ca. 256 nm appeared, giving
evidence of the successful coupling of the pPDNA on Au NPs. In addition, as shown in
Figure 1d inset, the prepared Au NPs-pDNA had more negative zeta potential than Au

NPs, which further confirmed the pDNA functionalization Au NPs had been
5
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Figure 1. (a) TEM image of the fabricated PFBT Pdots. (b) FTIR spectra of the PFBT Pdots. (c)
UV-vis absorption spectra of PFBT Pdots and Au NPs and emission spectra of the PFBT Pdots
under the excitation wavelength at 450 nm. Inset: TEM image of the synthetic Au NPs. (d) UV-vis
absorption spectra of pDNA, Au NPs and Au NPs-pDNA. Inset: Zeta potentials of Au NPs and Au
NPs-pDNA in H,0.

Feasibility. To study the feasibility, polyacrylamide gel electrophoresis (PAGE)
is employed firstly. As shown in Figure 2a, lanes 1, 2, 3 and 4 are observed for 20 bp
marker, pDNA, TS and cDNA, respectively. When pDNA is incubated with TS and
cDNA at 37 °C for 2 h, a new band (lane 5) with larger molecular weight would
appear, indicating the formation of a DNA complex. Followed by the addition of TE
extraction and dNTPs and incubation at 37 °C for another 2 h, the land of pDNA (lane

2) appears in lane 6, demonstrating the anchored pDNA has been displaced
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successfully due to the elongation of TS.

The system is then directed for the PEC study on a PFBT Pdots/ITO electrode.
Figure S1 shows the optimization of Pdots layers on ITO, and Figure S2 then records
the corresponding photocurrent intensity upon different biases voltage. Obviously, the
observed cathodic photocurrent is sensitive to the electron acceptor of dissolved
oxygen (O,), which was confirmed by the deoxygenation tests in Figure S3. Besides,
Figure S4 and S5 illustrated the operational stability of the electrode. Following the
optimization of the incubation time of TS and Ag NPs-pDNA as shown in Figure S6,
the above-mentioned reaction processes are carried out on the Pdots/ITO electrode
and the corresponding photocurrent signals are recorded. As demonstrated in Figure
2b, under the intermittent light excitation at 450 nm, the Pdots/ITO electrode exhibits
a cathodic photocurrent about 95 nA (curve a). After the immobilization of cDNA and
the blocking by monoethanolamine (MEA), the photocurrent decreases about 22 %
(curve b), which might be ascribed to the anchoring layer inhibiting the electron
transfer. Hybridization with TS induces further reduction of signal intensity (curve c).
After conjugated with Au NPs-pDNA, the photocurrent intensity of Pdots presents
sharp decrease (curve d). This is because that the local electric fields originated from
plasmon resonance of the Au NPs could modulate the exciton states in photoactivated
Pdots via ET, leading to the quenching of the photocurrent signal of Pdots electrode.
10,11 However, the addition of TE extract and dNTPs results in an obvious increase in
photocurrent intensity (curve e). This is because that the extension of the TS would
release the Au NPs-pDNA from the electrode and thus remove the ET influence
against the Pdots electrode, leading to the recovery of the signal. The changes in the
photocurrent intensity during the detection of 600 Hela cells have also been presented
in Figure S7. In addition, the quenching and recovery steps are further proofed though
the fluorescence images of electrode during the reaction processes (Figure S8).
Furthermore, the corresponding cyclic voltammograms (CV) and the electrochemical
impedance spectroscopy (EIS) had also been performed as shown in Figure S9 and

S10, respectively.
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Figure 2. (a) Electrophoresis image of DNA ladder (lane 1), pDNA (lane 2), TS (lane 3), cDNA
(lane 4), the mixture of pDNA, TS and cDNA (lane 5), the mixture of pDNA, TS and cDNA after
the addition of dNTPs and cell extraction (lane 6). (b) The photocurrent responses of the proposed
PFBT Pdots/ITO electrode before (curve a) and after modification with cDNA and MEA (curve
b), TS (curve c), Au NPs-pDNA (curve d) and the mixture of 2.5 mM dNTPs and cell extration of
8000 HeLa cells (curve e).

Performance. By incubation with different concentration of TE in the presence of
dNTPs at 37°C for 2 h, the performance of the proposed signal-on photocathodic
enzymatic bioanalysis was studied. As shown in Figure 3a, with the number of HeLa
cells raised from 30 to 20000 in the 20 pL reaction mixture, more Au NPs-DNA
would be displaced from the electrode due to the TE-triggered elongation of TS and
the corresponding photocurrent intensity would be enhanced to different extent. The
detection limit was found experimentally to be of 30 Hela cells, which is comparable
to some recent TE biosensors, as listed in Table S2. Figure 3a inset presents that the
increase of the cathodic photocurrent is proportional to the number of cells with the

linear range from 100 to 800 and 2000 to 16000, respectively. And Figure S11
8
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demonstrated the photocurrent responses of the modified Pdots electrodes to TE
activity in different numbers of HeLa cells extracts. The relative standard deviation
(RSD) is calculated to be 6.3% though testing 600 HeLa cells with five TE-triggered
probes prepared at the same conditions, indicating the proposed signal-on PEC
enzymatic bioanalysis has satisfactory reproducibility. The specificity of the protocol
is demonstrated by detecting the cell extraction of HeLa cells, heated-HeLa cells, and
coexisting interfering substances in the cell extract such as dopamine (DA),
glutathione (GSH), ascorbic acid (AA) and lysozyme (LZM). The results in Figure 3b
shows that these interfering species almost have no obvious influence compared to
that of TE, which reveals the reliable selectivity of the protocol. Furthermore, as
shown in Figure S12, the responses of the system against other cancer cells and

normal cells have also been detected.
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Figure 3. (a) Photocurrent intensity of the electrode corresponding to different number of HelLa
cells. Inset: the calibration curves in the ranges from 100 to 800 cells and 2000 to 16000 cells. (b)
The specificity of the proposed sensor against HelLa cells and heated-HeLa cells (600 cells),

dopamine (DA) (0.2 mM), glutathione (GSH) (0.2 mM), ascorbic acid (AA) (0.2 mM), lysozyme
9
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(LZM) (5 u/g). I and I; are the photocurrents of the Au NPs-pDNA/TS/cDNA/PFBT Pdots/ITO
electrodes prior and after incubated with the mixture of dNTPs and TE or other coexisting

interfering substances in the cell extract.

CONCLUSION

Using ET between Au NPs and Pdots, signal-on and cathodic PEC bioanalysis has
been successfully realized for probing TE activity in cell extracts. In such a system,
the confinement and subsequent release of Au NPs-pDNA from the Pdots electrode
would cause obvious photocurrent quenching and recovery, the process of which
could be utilized to monitor the biocatalytic event. Experimentally, Pdots and Au NPs
are fabricated and characterized. PAGE analysis, PEC measurements and
fluorescence imaging are then used to validate the proposed reaction mechanism and
the signal variation. In short, such a signal-on and cathodic PEC bioanalysis has not
been reported, and the resulting TE activity analysis also exhibited a good
performance. This work reveals the potential of Pdots-involved ET for novel PEC
bioanalysis, which will make it a useful addition to the armory of advanced ET-based

signal-on cathodic PEC bioanalysis in the future.
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