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/Abstract: Photoelectrochemical (PEC) biosensing with
semiconductor quantum dots (QDs) has received great
attention because it integrates the advantages of both
photo-excitation and electrochemical detection. During the
photon-to-electricity conversion in PEC processes, electron—
hole (charge) separation competes with electron-hole re-
combination, and the net effect essentially determines the
performance of PEC biosensors. Herein, we propose a new
approach for slowing down electron-hole recombination to
increase charge separation efficiency for PEC biosensor de-
velopment. Through doping with Mn", a pair of d bands
(*T, and °A,) is inserted between the conduction and valence
bands of CdS QDs, which alters the electron-hole separation
and recombination dynamics, allowing the generation of

long-lived charge carriers with ms-scale lifetime that decay\
about 10*-10°-fold more slowly than in the case of undoped
QDs. Photocurrent tests indicated that Mn** doping resulted
in an approximately 80% increase in photocurrent genera-
tion compared with undoped CdS QDs. For application, the
Mn-doped CdS QDs were coated on the surface of a glassy
carbon electrode and functionalized with a cell surface
carbohydrate-specific ligand (3-aminophenylboronic acid). In
this way, a sensitive cytosensor for K562 leukemia cells was
constructed. Moreover, the sugar-specific binding property
of 3-aminophenylboronic acid allowed the electrode to
serve as a switch for the capture and release of cells. This
has been further explored with a view to developing a
reusable PEC cytosensing platform. D

Introduction

Photoelectrochemical (PEC) biosensors have received a great
deal of attention due to their desirable properties and attrac-
tive potential in bioassays," with a broad range of analytical
targets that includes metal ions? small molecules,”’ DNA,"®
proteins,” and cells.”” Besides, following the discovery of the
photoelectric effect by Edmond Becquerel,”’ the exploitation
of various functional semiconductive materials for improved
PEC performance has long been a focus of research, the most
notable materials including porphyrins,® Ti0,® CdS,"® and
ZnO." During the photon-to-electricity conversion in PEC
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processes, the electron-hole (charge) separation competes
with electron-hole recombination, and the net effect largely
determines the performance of PEC biosensors.

Semiconductor quantum dots (QDs) are promising agents
for biosensors and biomolecule-QD hybrid systems due to
their unique electronic and photonic properties."? Besides the
well-known optical transducers based on fluorescence, the
area of QD-based PEC sensors has recently evolved into
a rather new and important branch of biosensing."” However,
as for other PEC devices, the PEC performance (photocurrent)
of QDs is still largely limited by the charge separation
efficiency.

Currently, the strategies for increasing the photocurrent in
QDs in PEC biosensors are mostly referenced from those ex-
plored in photovoltaics and photocatalysis."® The first strategy
is to fabricate semiconductor QDs with metal nanoparticles to
form multicomponent or multiphase heterojunctions.*® Elec-
tron transfer from semiconductor QDs to metal nanoparticles
can easily occur through Schottky contact due to the lower
Fermi energy of the latter, which facilitates electron-hole
separation. The second commonly used strategy is to explore
type Il heterostructures (in some cases, typell core-shell
structures). In such heterostructures, the electron and hole are
spatially localized, thus resulting in increased separation
efficiency. A typical example of such a heterostructure is
TiO,-CdS.5“' The third popular approach is to extract the pho-
toexcited electrons from QDs with carbon materials, most no-
tably carbon nanotubes (CNTs) and graphene. Due to the high
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electron mobility in CNTs or graphene, photoexcited electrons
transferred from the semiconductor conduction band (CB) to
graphene are easily separated from the surface of the QDs, as
is seen in graphene-CdS® " and CNTs-CdS."® These strategies
are clearly focused on interfacing QDs with other materials for
improved charge carrier separation. The intrinsic exciton pro-
cess of QDs, namely electron and hole relaxation pathways, on
the other hand, is seldom taken into account.”

Transition metal ion doping has long been considered as an
effective means of modifying the electronic and photophysical
properties of QDs.'"® Upon doping, the dopant creates elec-
tronic states in the mid-gap region of the QD, which alter the
electron-hole separation and recombination dynamics. Mn?*
-doping is by far the most studied system, whereby the emis-
sion of QDs occurs at around 585 nm due to the Mn*" d-d
transition (“T,—°A,)."” Most importantly, this transition is both
spin and orbitally forbidden, resulting in an ms-scale lifetime
that is about 10*-10°-fold slower than in the case of undoped
QDs (ns-scale)."™ In other words, the slowed recombination
dynamics will result in more opportunities for electron-hole
separation. However, this intrinsic property of doping has
seldom been explored for PEC biosensor fabrication.

Therefore, we propose herein the use of Mn-doped CdS QDs
for PEC biosensor fabrication (Scheme 1). Upon excitation of
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Scheme 1. Schematic illustration of the basic process of electron-hole gen-
eration, recombination, and separation in electrodes modified with CdS QDs
and Mn-doped CdS QDs upon excitation (not to scale). K; is the rate of the
recombination pathway between the conduction band (CB) and valence
band (VB), K. is the electron-transfer rate from the QDs to the electrode, Kg;
is the interdot electron-transfer rate from the CB to the Mn*>* *T; band, and
Ky is the rate of the recombination pathway between the Mn?* “T, band
and the °A, band.

undoped CdS QDs, the electrons in the CB can either be tun-
neled to the electrode (with rate constant K,) or recombine
with holes in the valence band (VB; with rate constant K,). For
Mn-doped CdS QDs, however, after excitation, electrons in the
CB and holes in the VB will be first transferred to the Mn** *T,
band and °A, band, respectively (with rate constant Kg). This
process is reported to proceed on a ps-timescale.”® Electrons
in the Mn?* *T, band can either be transferred to the electrode
(K.) or recombine with holes in the A, band (Ky,.). According-
ly, photocurrent generation is mainly governed by the compe-
tition between K, and K, (for CdS QDs) or Ky, (for Mn-doped
CdS QDs). The long-lived charge carriers in Mn-doped CdS QDs
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may provide enough time delay to match the related redox-re-
action event in solution, which is expected to boost the photo-
current generation. An electrode modified with Mn-doped CdS
QDs has been further functionalized for photoelectrochemical
cytosensing.

Results and Discussion
PEC performance of Mn-doped CdS QDs

The PEC performance of Mn-doped CdS QDs was first
characterized and compared with that of undoped CdS QDs to
confirm that the long-lived charge carriers in the Mn-doped
system were advantageous for increasing the photocurrent. To
facilitate film formation on the electrode and subsequent func-
tionalization, a co-precipitation approach was employed for
synthesis of the QDs (see the Supporting Information).?"
Experimentally, the QDs/glassy carbon electrode (GCE) was pre-
pared by drop-casting a solution of QDs onto the electrode
and then evaporating the solvent at room temperature to
allow the formation of a film of QDs (see the Supporting Infor-
mation for experimental details). The photocurrent generation
of the film was studied using the QDs/GCE as a photoanode
and ascorbic acid as a hole scavenger. Figure 1A depicts the
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Figure 1. PEC performance of Mn-doped CdS QDs: A) photocurrent response
(i-t curve) of Mn-doped CdS QDs/GCE, and B) the effect of Mn?* doping
amount (molar ratio of Mn?* to Cd**) on the obtained neat photocurrent.
The PEC tests were performed in 0.10 M PBS containing 0.10 M ascorbic acid
(AA) at a working potential of 0.0 V and 410 nm excitation wavelength,
under nitrogen.

photocurrent responses of CdS QDs and Mn-doped CdS QDs
under illumination with light of wavelength 410 nm. Clearly,
the photocurrent was improved upon doping with Mn?*, and
the maximum increase (about 80%) was observed at a doping
level of 2.5% (Figure 1B), which is very close to the typical
doping amount in a previous study of Mn-doped CdS QDs.”?
A further increase in the Mn** doping amount would presum-
ably result in surface-bound Mn?*, which would quench the
excitons in the CdS QDs (Table S1). Since Mn?>* can be doped
into a series of host QDs with larger band-gaps than that of
the Mn?" transition,”® Mn?*-induced photocurrent increases
were also observed in ZnSe QDs and CdSe QDs of appropriate
sizes (Figures S1 and S2).
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Probing the Mn?>" dopant in Mn-doped CdS QDs

Figure 1 demonstrates that the incorporation of Mn?* into CdS
QDs led to increased photon-to-electricity efficiency, but
whether this increased performance could be attributed to the
effect of long-lived charge carriers needed further verification.
At a doping level of 2.5%, the color of Mn-doped CdS QDs is
almost the same as that of the undoped material (inset in
Figure 2A). Absorbance measurements also indicated that the
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Figure 2. Characterization of the CdS QDs and Mn-doped CdS QDs (doping
amount: 2.5%): A) UV/Vis absorption spectra, B) fluorescence emission spec-
tra (Ax=380 nm), C) fluorescence decay curves (1.,,=380 nm, A.,,=540 nm),
and D) phosphorescence emission spectra (4., =340 nm). Photographs of
the two types of QDs in solution are shown in the inset in Figure 2A.

absorption profiles of CdS QDs and Mn-doped CdS QDs are
essentially the same within experimental uncertainty, with a
characteristic absorption located at around 460 nm (Figure 2 A).
TEM images showed that the sizes of the Mn-doped and un-
doped CdS QDs were both about 5-6 nm (Figure S3), consis-
tent with their absorptions. Both types of QDs exhibited broad,
tailed, and weak fluorescence centered at 540 nm (Figure 2B),
with fluorescence decays of about 2 ps (Figure 2C). Due to the
absence of capping ligands, a large number of surface defects
are generated during the co-precipitation synthesis. The fluo-
rescence emission and decay behaviors are characteristic of
trap-state emission from CdS QDs.

The above physical characterizations all indicated minimal
differences between Mn-doped and undoped CdS QDs, in
other words, no sign of Mn** doping. The most representative
characteristic of Mn?* doping, that is, the long-lived emission
from the Mn*" d-d transition (*T,—°A,), could not be isolated
from the broad and tailed fluorescence emission. Nor could it
be observed in phosphorescence measurement mode (Fig-
ure 2D), as seen for ZnSe QDs (Figure S1), probably due to the
quenching effect of surface traps."*! For Mn-doped CdS QDs,
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this weak emission was slightly shifted, probably because of
a change in the surface defects upon Mn doping.

To better probe the Mn?" doping, a shell of ZnS was applied
to passivate the surface defects of the Mn-doped ZnS QDs
(based on the formation of a type | structure for saturation of
free valences at the surface of the QDs; for experimental de-
tails, see the Supporting Information).”” The absorption spec-
tra of the CdS QDs and Mn-doped CdS QDs were still similar to
one another after applying a ZnS shell (a typical large band-
gap material for type | heterostructures; Figure 3A), but the
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Figure 3. Characterization of the CdS QDs and Mn-doped CdS QDs (doping
amount: 2.5%) after ZnS shelling: A) UV/Vis absorption spectra, B) phosphor-
escence emission spectra (4.,=380 nm), C) phosphorescence decay curve
(Aex=340 nm, 1., =580 nm), and D) dependence of phosphorescence
intensity of Mn-doped CdS QDs on Mn** doping amount.

characteristic phosphorescence emission from the Mn?" d-d
triplet transition (“T,—°A,) was clearly observed in phosphor-
escence measurement mode (Figure 3B), with a decay on an
ms timescale (Figure 3C). This provided direct spectroscopic
evidence of Mn?* doping."® The phosphorescence intensity
was maximized at a doping level of 2.5%, which is similar to
that used in previous reports.”” Most importantly, the depend-
ence of the phosphorescence intensity of the Mn-doped CdS
QDs on the Mn** doping amount (Figure 3D) was in excellent
agreement with the corresponding dependence of the photo-
current generation (Figure 1B), confirming that the increased
photocurrent was truly associated with the Mn** doping. How-
ever, it should be noted that the ZnS-shelled Mn-doped CdS
QDs had a typical type | structure, which confined the excitons
and deactivated the photocurrent generation (Figure S4).

Since Cd** and Mn?" are both divalent metal cations, the in-
corporation of Mn?" into the lattice of CdS QDs is expected to
have minimal effect on the charge carrier concentration. The
electron tunneling rate (K,) is mainly controlled by the energy
barrier between the QDs and the electrode and the difference
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Table 1. Summary of the timescales of various exciton processes.

CdS QDs

ure 4B, 20 cycles), demonstrat-
ing excellent stability for PEC
biosensor development.

Mn-doped CdS QDs  Ref.

K. (electron transfer rate from QDs to electrode)

K. (electron-hole recombination rate of VB and CB)

Ker (electron transfer from CB of CdS QDs to Mn** “T, band)

Ky (electron—hole recombination rate of Mn** “T, band and °A, band)

ns

Figure 4C  indicates  the
dependence of photocurrent
generation on the pre-biased
potential of the electrode. On

no distinction
ns
ps
ms

[26]
(201
[26b]

between the Fermi level of the electrode and the energetic
bands of the QDs. Because the physical properties of CdS QDs
and Mn-doped CdS QDs are essentially indistinguishable
(Figure 2) and the electrode preparations are also the same,
the charge carrier migration behavior at the interface between
QDs and the electrode can be regarded as being the same.
The timescale of other exciton processes can be assessed
either experimentally (Ky,,) or from literature reports (K, and
Kg), as indicated in Table 1. As expected, the long-lived charge
carriers elicited by Mn?" doping clearly increase electron
tunneling from the QDs to the electrode and also increase the
probability of holes being reduced by the hole capture
agent (here ascorbic acid), thus boosting the photocurrent
generation.

Optoelectronic properties of Mn-doped CdS QDs

To better understand the Mn?" dopant-induced optoelectronic
modification of CdS QDs, the stability of the photocurrent, the
dependence of photocurrent generation on the irradiation
wavelength, and the effect of a biased potential were studied
in detail for both CdS QDs and Mn-doped CdS QDs as photo-
anodes. The origin of photocurrent generation was probed by
recording the photocurrent at different excitation wavelengths
(from an Xe lamp). As shown in Figure 4A, the profile of the
photocurrent action spectrum for Mn-doped CdS QDs is similar
to that for undoped CdS QDs as well as those for other CdS-
based nanocomposites.®'® Moreover, the data revealed that
Mn?* doping caused minimal change in the absorption and
excitation of the CdS QDs (Scheme 1). Identical reproducible
photocurrent responses to ON-OFF light cycles (every 10 s)
were observed for both CdS QDs and Mn-doped CdS QDs (Fig-

increasing the pre-biased po-

tential, the electron energy of
the electrode decreases, which facilitates electron transfer from
the QDs to the electrode and thus increases the photocurrent.
However, further increasing the biased potential resulted in de-
creased photocurrent, possibly because of prevailing electron—
hole recombination. Significantly, the onset potential for pho-
tocurrent generation in Mn-doped CdS QDs is somewhat more
positive than that in the case of undoped CdS QDs, because
the energy level of the Mn** *T, band is lower than the CB of
CdS QDs. This phenomenon further validates the electron-
transfer pathway in the Mn-doped CdS QDs (from the Mn?* *T,
band to the electrode).

Application of Mn-doped CdS QDs for the development of
a PEC-based biosensor for cancer cell detection

Early detection of carcinoma cells is critically important for
clinical diagnostics, toxicity monitoring, and public health
protection.?” As a newly developed analytical technique,
PEC-based cytosensors have received great attention in the
past few years.” On the basis of the efficient PEC performance
of Mn-doped CdS QDs, a sensitive cytosensor has been devel-
oped for targeted cancer cell capture and detection. For the
capture of cancer cells, 3-aminophenylboronic acid (APBA) was
employed as the cell-recognizing moiety, on the basis of the
specific complexation between boronic acid groups and carbo-
hydrates on cancer cell membranes.”® The configuration of
the designed system and the corresponding PEC process are
shown in Scheme 2 (for experimental details, see the Support-
ing Information). To append APBA, a Mn-doped CdS QDs/GCE
was first assembled with 3-mercaptopropionic acid (MPA).
After activating the terminal carboxyl groups with N-(3-dime-
thylaminopropyl)-N'-ethylcarbodiimide  hydrochloride  (EDC)

and N-hydroxysuccinimide

(NHS), APBA was attached to
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the QDs for cancer cell capture.
The series of functionalization
steps was further confirmed by
FTIR analysis (Figure S5). Be-
cause cells are insulating enti-
ties, cell adhesion on the elec-
trode will increase its impe-
dance, thereby hindering access
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Figure 4. Optoelectronic characterization of the Mn-doped CdS QDs/GCE photoanode: A) Photocurrent action
spectra; B) photocurrent stability test when light irradiation was turned on every 10 s; C) influence of the biased
potential. All of the PEC tests were performed in 0.10 m PBS containing 0.10 m ascorbic acid (AA) at a working

potential of 0.0 V (except D) and 410 nm excitation wavelength, under nitrogen.
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ing the photocurrent.

The capture of K562 cells by
the APBA/Mn-doped CdS QDs/
GCE was assessed by microsco-
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Scheme 2. Functionalization of Mn-doped CdS QDs/GCE for PEC cancer cell detection.

py and electrochemical impedance spectroscopy (EIS). As
shown in Figure 5A, without APBA functionalization, no cells
were captured. After incubation of the APBA/Mn-doped CdS
QDs/GCE with K562 cells for 120 min, numerous cells adhered
to the electrode (Figure 5B). Compared to the cells before cap-

GCE-MnCdS 2 o

# GCE-MnCdS

GCE o°
P A +cell

0 400 800 1200 1600 2000
Z'// Ohm

Figure 5. Characterization of cell capture by the APBA/Mn-doped CdS QDs/
GCE: A) photo image of the APBA/Mn-doped CdS QDs/GCE, B) bright-field
image of cells captured on the APBA/Mn-doped CdS QDs/GCE, C) dark-field
fluorescent image of CMAC-stained cells captured on the APBA/Mn-doped
CdS QDs/GCE, and D) EIS of the bare GCE and the APBA/Mn-doped CdS
QDs/GCE before and after cell capture (3.5x 10° cells/mL).

ture (Figure S6), most of the captured cells were viable, as evi-
denced by CMAC (a blue CellTracker) staining (Figure 5C). The
corresponding EIS change was in accordance with fluorescence
microscopic characterization (Figure 5D). The bare GCE
showed a low DC resistance to the redox process. After coat-
ing with QDs and APBA functionalization, R, increased because
the QDs’ film hindered access of the redox probe. After adhe-
sion of K562 cells onto the APBA/Mn-doped CdS QDs/GCE, the
impedance was further increased owing to the effect of the di-
electric behavior of the cells on the interfacial electron transfer.

After incubation with K562 cells, the photocurrent of the
APBA/Mn-doped CdS QDs/GCE decreased. On the basis of this
decrease upon the capture of cells, a photoelectrochemical
cytosensor was constructed. The decrease in photocurrent in-
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tensity was directly related to the number of captured K562
cells. As shown in Figure 6 A, the photocurrent of the electrode
decreased gradually with increasing number of incubative
cells, thereby revealing that the cells were specifically captured
by the photosensitive film of the APBA/Mn-doped CdS QDs.
Figure 6B shows the linear calibration plot of the decrease in
photocurrent versus the logarithm of the K562 cell concentra-
tion with the proposed cytosensor. A linear relationship was
obtained in the range 3.5x 10-7.0x 10° cells/mL. The linear re-
gression equation was Al (uA)=1.26 logC (cells per mL)—1.44,
with a correlation coefficient of 0.9956. The limit of detection
(30) for K562 cells was estimated to be 200 cells per mL, which
is comparable to those for previously reported cytosensors
(Table S2).
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Figure 6. PEC cytosensor for K562 cell detection: A) effect of K562 cell con-
centration on the photocurrent response, B) calibration plot of photocurrent
decrement versus log[cell]. All of the PEC tests were performed in 0.10 M
PBS containing 0.10 M ascorbic acid (AA) at a working potential of 0.0 V and
410 nm excitation wavelength, under nitrogen.
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Development of a reusable PEC platform for cancer cell
detection

APBA is a well-known small sugar-specific ligand, which has
a particularly high affinity for fructose in the pH range 7-9. Ac-
cordingly, fructose may displace the adhered cells from the
electrode surface.”® As a proof of concept, we demonstrated
the capability of the APBA/Mn-doped CdS QDs/GCE to switch
between cell capture and release (Scheme 2), that is, to serve
as a reusable PEC platform for cancer cell detection. As
presented in Figure S3, after exposure to fructose (50 mm), the
captured cells were almost completely released from the sur-
face of the modified electrode, accompanied by simultaneous
photocurrent recovery (Figure 7A). The modified electrode
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Figure 7. The development of a reusable PEC cytosensor: A) photocurrent
responses of the APBA/Mn-doped CdS QDs/GCE upon binding of K562 cells
(3.5%10° cells per mL) and reconditioning with fructose, B) photocurrent
switching cycles between cell capture and release. All of the PEC tests were
performed in 0.10 M PBS containing 0.10 M ascorbic acid (AA) at a working
potential of 0.0 V and 410 nm excitation wavelength, under nitrogen.

could be re-activated by treatment with acidified PBS (0.10 m,
pH 3.6) and then normal PBS (0.10 M, pH 8.5). After recondi-
tioning, the modified electrode could capture K562 cells once
more without an appreciable loss of activity (Figure 7A and
Figure S7). Figure 7B shows that the proposed APBA/Mn-
doped CdS QDs/GCE could switch between cell capture and
release cleanly and repeatedly. Therefore, the proposed PEC
platform may be explored as a promising reusable cytosensor.

Conclusion

In summary, we have successfully explored the application of
long-lived charge carriers generated by Mn?* doping of CdS
QDs as a means of improving the output photocurrent. The
long-lived charge carriers slow down the recombination of
electron-hole pairs, thereby promoting electron transfer to the
electrode. It is expected that other dopants (such as Cu®* or
Ni*") that can insert d bands in the host QDs may also create
long-lived charge carriers and thereby boost photocurrent
generation. For other host QDs (such as ZnSe or CdSe of ap-
propriate size), doping may again provide an effective means
of improving the photocurrent generation. The Mn-doped CdS
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QDs were coated on the surface of a glassy carbon electrode
and then functionalized with a cell surface carbohydrate-specif-
ic ligand (3-aminophenylboronic acid) to construct a sensitive
PEC cytosensor. This PEC cytosensor showed a good photo-
electrochemical effect and cell-capture ability, and has been
successfully used for the determination of K562 leukemia cells
with a wide linear range and a low detection limit. Moreover,
the sugar-specific binding property of 3-aminophenylboronic
acid moieties on the surface of the cytosensor facilitates
a switching function for capture and release of K562 leukemia
cells, which has been further explored for the development of
a reusable PEC cytosensing platform.
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