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12 ABSTRACT: An innovative near-infrared (NIR) light-driven photoelectrochemical (PEC) aptasensor was constructed for

20 sensitive screening of carcinoembryonic antigen (CEA) on the basis of in-situ formation of Ag,S nanoparticles on the

py NaYF,:Yb,Er upconversion nanoparticles (UCN), coupling with hybridization chain reaction (HCR) for the signal amplifi-
cation. Utilization of UCN as the light nanotransducer could convert the NIR light into an applicable wavelength harvest-

. ed by semiconductors. The multiemissions of NaYF,:Yb,Er UCN could match well with the absorption characteristics of

23 Ag.,S. In the presence of target CEA, a sandwich-type reaction was carried out between capture CEA ap-

24 tamer/NaYF,:Yb,Er-modified electrode and trigger CEA aptamer, which underwent an unbiased strand-displacement re-

25 action to open C-rich hairpin probes in sequence between two alternating hairpins with the assistance of C-Ag*-C chela-

26 tion reaction. Upon addition of sulfidion, the chelated Ag® ions in the long-nicked DNA poly strands by hybridization

27 chain reaction reacted with S* to generate Ag,S nanoparticles. The formed Ag,S could utilize effectively the upconversion

28 emissions to amplify the photocurrent. Under optimal conditions, NaYF,:Yb,Er-based NIR light-responsive PEC ap-

29 tasensing platform exhibited high sensitivity for the determination of CEA within a dynamic linear range of 0.005 - 5.0 ng

30 mL™. The limit of detection was 1.9 pg mL". Good precision and high specificity could be acquired in this system for the

31 analysis of target CEA. Human serum samples containing target CEA were measured by using our strategy, and received

32 well-matched results relative to human CEA enzyme-linked immunosorbent assay kits. Importantly, NaYF,:Yb,Er-based

33 NIR light-responsive PEC aptasensing system provides a new ideal on the detection of disease-related biomarkers by us-

34 ing nucleic acid-based amplification strategy.

35

36

37

38 Photoelectrochemical (PEC) biosensor, a high-efficient ment of advanced photoelectrochemical biosensing plat-

39 sensing technique by coupling with electrochemistry and forms.

40 photoghemlstry, has attr.acted increasing attention for the Upconversion (UC) refers to the multiphoton energy
detection of various biomolecules in the direction of . . .

41 o o T transfer process in which the low-energy photons (mainly
standardization, modularization and generalization in . . . .

42 3 . . near-infrared, NIR, light) can be converted into the high-
recent years.” Typically, PEC biosensors usually rely on . - . - 213

43 - ) . : energy photons (UV light or visible light).”? Under the
introduction of the photoinduced electron/hole in photo- . . o

44 . . . . . low-energy NIR light illumination, the auto-fluorescence
active materials by light excitation to transfer it to the bacl d of | be efficiently eliminated

45 electrode interface, thus causing the change of the output ackground o7 sampies can be eHiclently elminatec.

46 . 23 . - . Moreover, high resistance to photo-induced bleaching
photocurrent signal.*? Selection of photoactive materials inimize the lich ) hil lich

47 is a crucial factor associated with the analytical perfor- seems o minimize the Ught scattering, whilst NIR 1{’:4,12

48 mance of PEC biosensors.*> Nowadays, different photoac- can protect biological y ubstance frqm photo-damage.

49 tive materials, mainly metal semiconductors (e.g., TiO, In contrast, upconversion nanoparticle (UCN) has b.e en

50 Zn0, and CdS) have been employed for the fabrication of often u sec.l as an efficient nanotransducer for the apPhCEl-

51 PEC biosensors.”® However, one disadvantage of using tions in bioimagings, Photocatalylfgfgs ’ ﬂuorescence biosen-

52 metal semiconductors depends on the narrow photoab- sorts, arlldb;')h_otc')dyr;amlcttherap Y;I Llhe tal e?llployed the

53 sorption regions, which can only employ ultraviolet (UV) nat ura't 10f mlcrci ehnsll % C%\r]eas% ?;I-? nee uore:cle chi

54 light as the light sources, thereby limiting their wide ap- intensity of core-she @510,-NH, nanoparticies.

e om . . . Xu et al. combined the plasmonic gold, upconversion na-

55 plication.”™ Therefore, exploring some innovative photo- noparticles with por titanium dioxide t thesiz

56 active materials would be advantageous for the develop- opartic’es porots titamitl ox’ce [0 syntuesize

57 core-shell UCN@TiO,-Au microspheres for the creation of
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high-activity hybrid photocatalyst.” Recently, our group
developed a NIR-to-UV light-mediated photoelectro-

NaYF,:Yb,Er

Ag,S

Hairpinl (H,)

Hairpin2 (H,)

chemical aptasensor based

Photocurrent

CEA Trigger Aptamer (TA)

Capture Aptamer(CA)

Scheme 1. Schematic illustration of NaYF,Yb,Er upconversion nanoparticle (UCN)-based near-infrared (NIR) light-
responsive photoelectrochemical (PEC) aptasensor to detect carcinoembryonic antigen (CEA) by coupling with target-
triggered hybridization chain reaction (HCR) between hairpin DNA1 (H,) and hairpin DNA2 (H,), accompanying in-situ
formation of Ag,S nanoparticles on the basis of typical C-Ag’-C chelation reaction for the signal amplification.

on core-shell NaYF,:Yb,Tm@TiO, UCNs, accompanying
DNA-based amplification strategy.”* Unfavorably, our
recent research found that TiO, shells could only harvest
the UV and blue emissions from NaYF,:Yb,Tm UCNs.
Actually, Yb**-doped NaYF, as a sensitizer primarily ad-
sorbed at 980 nm. Subsequently the activator Tm>" ions
gave the multiemissions (UV and visible emissions). In
this regard, NaYF,:Yb,Tm@TiO, system lacked the capaci-
ty to adequately take advantage of all the multi-emissions
from upconversion process. Inspiringly, Ag,S, a narrow
band gap (about 1.1 eV) and the absorption capacity of the
whole visible (Vis) region, is a promising candidate as the
photoactive material for design of UCN-based PEC system
due to its high flexibility to choice the excitation wave-
length.*** In addition, Ag,S has negligible toxicity with-
out the existence of any toxic ions (e.g., Hg**, Pb*, and
Cd*). Importantly, the solubility product constant of
Ag.S exhibits an ultra-low value (Ksp = 6.3 x 10°), which
facilitates in-situ generation of brown Ag,S precipitation
in the minimum concentration of Ag*. To this end, our
motivation of this study is to combine upconversion na-
noparticles with Ag,S semiconductor for the development
of NIR light responsive photoelectrochemical sensing
system.

Carcinoembryonic antigen (CEA) is a kind of specific
cancer biomarker, associated with the early diagnosis of
colon and rectal cancer.® Massive clinical data showed
that the value of CEA increased in bowel cancer, but also

in the serum of breast cancer, lung cancer and other ma-
lignant tumors.” Although it cannot be used as a specific
indicator of malignancy diagnosis, it still has important
clinical value in the differential diagnosis, monitoring and
curative effect evaluation of malignant tumor.”® In this
contribution, we design an advanced PEC sensing proto-
col to determinate CEA on the NaYF,:Yb,Er UCNs
(Scheme 1). The signal is amplified by coupling with hy-
bridization chain reaction and formation of Ag,S nano-
particles under near-infrared light irradiation. The direc-
tional light emission can be produced by adjustment of
lanthanide dopant. Er*" and Yb’"-codoped NaYF, (UCN;
as the energy donor) can convert NIR light into Vis light
associated with the matched absorption of Ag,S. First, the
NIR light-driven PEC aptasensor is fabricated through
dropping poly(ethylenimine) (PEI)-functionalized UCNs
on the fluorine-tin oxide electrode, followed by conjuga-
tion with capture CEA aptamer (CA) using maleimide
derivatization as the cross-linkage agent. To detect target
CEA, a sandwiched reaction mode is initially carried out
between the immobilized capture aptamer on the elec-
trode and trigger CEA aptamer (TA). In this regard, the
carried trigger stand promotes the hybridization chain
reaction between cytosine-rich (C-rich) hairpin probes to
expose the repeated units of cytosine-rich (C-rich) DNA
stands for the C-Ag"-C chelation in the presence of silver
ions. Then, the deposition of Ag,S is generated in-situ by
means of the interaction between Ag* and S™ ions, which
can absorb Vis region from NaYF,:Yb,Er for the amplified
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photocurrent. NIR light-driven PEC aptasensor for the
CEA detection based on the in-situ reaction of Ag,S en-

EXPERIMENTAL SECTION

Preparation of PEI-Functionalized NaYF,:Yb,Er
Upconversion Nanoparticles. The PEI-functionalized
NaYF,:Yb,Er UCNs (denoted as PEI-UCNSs) were prepared
according to the previous report with some modifica-
tion.” Initially, 1.0 mmol of lanthanide chloride mixture
including YCl,;-6H,0, YbCl,-6H,0, ErCL-6H,O (molar ra-
tio, Y : Yb : Er = 78 : 20 : 2) and NaCl (2.0 mmol) were
dissolved in 15 mL of ethylene glycol (EG) solution.
Thereafter, another EG solution (10 mL) including NH,F
(4.0 mmol) and PEI (0.25 g) was added dropwise into the
above-resulting mixture, and vigorously stirred for anoth-
er 20 min. Following that, the mixture was thrown into a
Teflon-lined autoclave. The product was heated for 2 h at
200 °C. At last, the white precipitate was collected by cen-
trifugation (10 min, 13,000g), washed with ethanol and
ultrapure water alternately, and dried at 60 °C for use.

Fabrication of NIR Light-Driven PEC Aptasensor.
Prior to fabrication, a fluorine-tin oxide (FTO) glassy elec-
trode with an active area of 28.26 mm’, prepared by using
a waterproof tape with a circle hole (3.0 mm in radius),
was initially pretreated by using NaOH (1.0 M) and 10%
H,O,, respectively. Then, 20 L of PEI-UCN aqueous sus-
pension (2.0 mg mL") was dropped onto the hole, and
naturally dried at 25 °C. After that, 50 uL of sulfosuccin-
imidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate
(Sulfo-SMCC; 0.5 mg mL", dispersed in HEPES buff, pH
7.4, 10 mM) was cast on PEI-UCN-modified electrode, and
incubated for 60 min at 25 °C. The resultant electrode
was washed with HEPES buffer to remove the excess Sul-
fo-SMCC. Subsequently, the resulting FTO electrode was
activated with maleimide, and reacted overnight with the
thiolated capture CEA aptamer (CA) (20 pL, 3.0 uM) at
25 °C. The modified electrode was washed as before. Fi-
nally, the photosensitive electrode was incubated for 60
min at RT with 2.5 wt % BSA aqueous solution to elimi-
nate the possible active site on the upconversion nano-
particles, and stored at 4 °C when not in use.

Reaction Protocol with Target CEA. The aptasensor
was used to detect target analyte as follow. Prior to reac-
tion with the aptasensor, a 50-uL incubation solution was
prepared by mixing different-concentration target CEA,
3.0 uM trigger aptamer (TA), 3.0 mM AgNO,, 1.0 uM hair-
pin DNA1 (H,) with 1.0 uM hairpin DNA2 (H,). Following
that, the mixture was quacking dropped on the aptasen-
sor, and reacted for 2.5 h at 37 °C. During this process, a
sandwiched reaction was implemented between the trig-
ger aptamer and capture aptamer. Also, another two reac-
tions including target-triggered hybridization chain reac-
tion between hairpins DNA1 and DNAz. Simultaneously
the C-Ag’-C chelation reaction were carried out. Subse-
quently, the resultant electrode was washed with HEPES
buff (10 mM, pH 7.4). Finally, the as-prepared electrode
was used for photoelectrochemical measurement after
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dows a new concept of development for PEC sensing
strategy to improve the efficiency of UCN emission.

reaction with Na,S (Please see the detailed PEC detection
process in the Supporting Information)

RESULTS AND DISCUSSION

Characterization of NaYF,:Yb,Er Upconversion Na-
noparticles. Taking the advantages of upconversion
characteristics of lanthanide ions (Ln**)-doped nanoparti-
cles, an advanced aptasensing platform is designed, cou-
pling in-situ generation of Ag,S nanoparticles with target-
triggered hybridization chain reaction, followed by the
near-infrared light-driven photoelectrochemical meas-
urement (Scheme 1). As expected, introduction of
NaYF,:Yb,Er-based upconversion nanoparticles is served
as the versatile light nanotransducer, which can efficient-
ly convert the near-infrared light into the suitable wave-
lengths. In addition, the in-situ formation of Ag,S nano-
particles on target-triggered HCR products can absorb the
emissions from upconversion nanoparticles, thereby re-
sulting in the increasing photocurrent. With the increas-
ing of target CEA concentration in the sample, the prod-
uct by hybridization chain reaction increased, thus che-
lating numerous silver ions by the C-Ag*-C reaction. Up-
on addition of sulfion (S) ions, the formed Ag,S nano-
particles increased to promote the increment of photo-
current under the near-infrared light irradiation. By cal-
culating the photocurrent, we can exactly evaluate the
CEA level in the sample.

NaYF4:Yb,Er

Intensity (a.u.)
Intensity (a.u.)

JClFDS No.77-2042
1 I

20 40 60 80 200 400 600 800 1000 1200
20 (degree) Binding Energy (eV)

Erd4d
Yb 4d

Intensity (a.u.)
Intensity (a.u.)

182 184 186 188 130 168 172 176 180
Binding Energy (eV) Binding Energy (eV)

Figure 1. (A) TEM, (B) HRTEM, (C) XRD patterns and (D)
full XPS spectra of PEI-functionalized NaYF,:Yb,Er up-
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conversion nanoparticles; and (E,F) the high-resolution
XPS spectra of (E) Yb 4d and (F) Er 4d.

To realize our design, the successful synthesis of PEI-
functionalized NaYF,:Yb,Er nanostructures is very crucial
for the development of NIR light-driven PEC aptasensing
system. Typically, branched PEI has numerous free amine
groups and high affinity for the conjugation with Ln*" ion.
Moreover, PEI-functionalized UCNs exhibit high water-
solubility and numerous active sites for the labeling of
biomolecules. First, we used high-resolution transmission
electron microscopy (HRTEM; Tecnai G2 F20 S-TWIN FEI,
USA) to characterize the morphology and structure of the
as-synthesized upconversion nanoparticles. As indicated
in Figure 1A and Figure 1B, PEI-UCNs were nearly spheri-
cal, and the average size was ~40 nm in diameter. Obvi-
ously, NaYF,:Yb,Er upconversion nanoparticles could be
homogenously dispersed in ultrapure water, suggesting
good water-solubility. Next, the crystalline structure of
upconversion nanoparticles was investigated by using
powder X-ray diffraction (XRD; DYs5261/Xpert3 CEM,
USA). As seen from Figure 1C, the crystal structure of
UCNs was indexed to the standard XRD pattern of cubic
phase NaYF, (JCPDS no.77-2042), indicating that the
doped lanthanide ions did not damage the inner struc-
ture.* The chemical composition and states of the exist-
ing elements were monitored by X-ray photoelectron
spectroscopy (XPS; Scientific ESCALAB 250 spectrometer,
USA). As indicated in Figure 1D, all the elements includ-
ing Na, Y, F, Yb and Er were existed in the nanostructures.
Furthermore, the high-resolution XPS spectra also gave
the characteristic peak of Yb 4d at 185.96 eV (Figure 1E)
and two characteristic peaks at 173.55 and 175.0 eV for Er
4d (Figure 1F), indicating the successful co-doping of Yb*"
and Er*" ions into NaYF, crystals.* These results revealed
that NaYF,:Yb,Er-based upconversion nanoparticles could
be successfully synthesized by our designed route.

Evaluation of Feasibility. For the development of
Ag,S-deposited NaYF,:Yb,Er upconversion nanoparticles
by C-Ag’-C chelation and the in-situ chemical reaction,
the surface topologies of the modified electrodes were
characterized by using an inverted metallurgic microsco-
py (MSD400; CCD; HT1600CN, Optec, China) before and
after reaction with target CEA, trigger aptamer, H, H,,
Ag" and S*. Figure 2a gives typical microscope image of
NaYF,:Yb,Er UCNs-modified FTO electrode at bright field.
For comparison, the microscope image of Ag,S nanoparti-
cles alone, deposited on the cleaned FTO electrode, was
monitored, which exhibited rough brown-yellow struc-
ture (Figure 2B). After reaction with the C-Ag*-C chela-
tion, however, a rough surface was observed in Figure 2C,
indicating that the chelated silver ions between cytosine
bases could react with the added S ions to generate the
Ag,S nanoparticles and coated on the surface of
NaYF,:Yb,Er UCNs. The results were almost in accordance
with those obtained from scanning electron microscopy
(SEM) (please see Figure S1 and the corresponding de-
scription in the Supporting Information). Curve 'a’ in Fig-
ure 2D shows UV-vis absorption spectroscopy of hairpin
DNA1 and hairpin DNA2 after reaction with Ag" and S*
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ions, and no characteristic absorption peaks were ob-
served from 400 nm to 1000 nm. As seen from curves 'b-c’,
the formed Ag,S nanoparticles could absorb the emissions
of NaYF,:Yb,Er UCNs to transform NIR light into Vis light.
Moreover, the generated Ag,S had a broad absorption
range in the visible region (curve 'a’) due to its low band
gap (approximately 1.1 eV), which overlapped with the
emission peaks (curve 'b") of Vis light (531 nm, 546 nm
and 662 nm) from UCNs corresponding to the *H,, —
Lsa 'Sy, — ‘L), and *Fy), — 'L, transition of Er***® In
contrast, the intensity of the emission peaks exhibited a
sharp deceleration and even disappear after the formation
of Ag.S nanoparticles (curve 'c'). These results suggested
that Ag,S nanoparticles could absorb the Vis light from
NaYF,:Yb,Er UCNs to provide the photo-generated elec-
trons-holes pair.

Intensity (a.u.)

Absorbance (a.u.)

0.
600 800 1000
Wavelength (nm)

@ ©
3 S

Photocurrent (nA)
©
8

o

Time (s)

Figure 2. (A,B,C) The inverted metallurgic microscope
images of (A) PEI-NaYF,:Yb,Er UCNs, (B) Ag,S precipitate
alone and (C) in-situ growth of Ag,S on PEI-NaYF,:Yb,Er
UCNs; (D) UV-Vis absorption spectra of Ag,S (a), and (b,c)
upconversion  photoluminescence spectra of (b)
NaYF,YbEr and (c) in-situ growth of AgS on
NaYF,:Yb,Er UCNSs; (E) Agarose gel electrophoresis (1.0%)
image (M: marker, lane 1: 1.0 uM H,, lane 2: 1.0 uM H,,
lane 3: 1.0 uM H, + 1.0 ugM H,, lane 4: 1.0 gM H, + 1.0 uM
H,+ 01 uM CA, lane 5: 1.0 uM H, + 1.0 uM H,+ 0.1 uM TA);
(F) Photocurrents of (a) NaYF,:Yb,Er UCNs, (b) UCNs +
CA, (c) UCNs + CA + o.01 ng mL" CEA + TA, (d) UCNs +
CA + 0.0 ng mL” CEA + TA + H, + H,, (e) sensor 'd' + Ag’,
(f) sensor 'e' + S* and (g) UCNs + CA + o ng mL" CEA +
TA + H, + H, on the FTO electrode under NIR light exci-
tation.
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As mentioned above, the amplification of the detecta-
ble signal for NIR light-driven PEC aptasensing system
derived from target-triggered hybridization chain reac-
tion, accompanying the C-Ag’-C chelation in the long-
nicked DNA poly strands for the in-situ generation of
Ag,S nanoparticles. In this regard, the formation of long-
nicked DNA strands were very important for the subse-
quent development during numerous Ag,S formation. To
demonstrate this issue, we employed agarose gel electro-
phoresis to monitor different products during the reac-
tion (Figure 2E). Lane 1 and lane 2 represent the gel elec-
trophoresis images of hairpins DNA1 and DNA2, respec-
tively. In the absence of trigger aptamer, however, mix-
ture of hairpins DNA1 and DNA2 did not cause their hy-
bridization reaction because only one spot similar to that
of hairpins DNA1 or DNA2 was observed at lane 3. In con-
trast, introduction of capture CEA aptamer in this system
including hairpins DNA1 and DNA2 did not cause the
reaction of strand hybridization, as shown in lane 4.
When hairpins DNA1 and DNA2 were incubated with
trigger aptamer, significantly, an obvious hybridization
chain reaction was acquired (lane 5). These results indi-
cated that hybridization chain reaction could be triggered
by trigger CEA aptamer between hairpins DNA1 and
DNA2. Because of specific CEA-aptamer reaction, target-
triggered HCR could cause the formation of long-nicked
DNA poly strands.

Logically, a question arises as to whether this system
could be used to photoelectrochemically detect the ana-
lyte by NIR light-driven aptasensing strategy. Therefore,
we investigated the photocurrent variations of this system
at different stages (Figure 2F) for detection of 0.01 ng mL"
CEA. As seen from curve 'd, a relative weak photocurrent
was obtained at NaYF,:Yb,Er UCNs-modified FTO elec-
trode, indicating that upconversion nanoparticles alone
had a background signal, which could provide a conven-
ience for fabrication of signal-on sensing platform. More-
over, the photocurrents gradually decreased after the
modified electrode was conjugated with capture aptamer
(curve 'b'), and o0.01 ng mL™ CEA + trigger aptamer (curve
'c') in sequence, suggesting that the biomolecules with
weak conductivity hindered the electron transfer. Similar-
ly, introduction of hairpins DNA1 and DNA:z further de-
creased the photocurrent of the resulting electrode (curve
'd"). In contrast, the photocurrent slightly increased after
the chelation of silver ions with the C-rich bases (curve
'e'). The reason might be most likely as a consequence of
the fact that the formed C-Ag’-C structure decrease the
steric hindrance of long-nicked double-stranded DNA.
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When the resulting electrode reacted with S* ions, signif-
icantly, the photocurrent heavily increased (curve 'f) in
comparison with background signal. The increased pho-
tocurrent was ascribed to the fact that upconversion na-
noparticles could transform NIR light into Vis light for
the harvest of Ag,S nanoparticles, thereby resulting in the
increasing of the photocurrent. During this process, the
added S* ion triggered the growth of Ag,S by the chelated
Ag’” ion between cytosine bases on the basis of the com-
mon chemical reaction (2Ag" + S — Ag,S). To further
elucidate the harvest efficiency of Ag,S nanoparticles dur-
ing this process, Ag,S nanoparticles alone were synthe-
sized on the surface of the electrode by using our de-
signed oligonucleotide strands, and the photocurrent was
detected. As shown in Figure Sz in the Supporting Infor-
mation, a relatively weak photocurrent was obtained in
comparison with that of Ag,S/NaYF,:Yb,Er UCNs,
indicating that Ag,S nanoparticles or /NaYF,:Yb,Er UCNs
alone could not cause the strong photocurrent. Maybe,
another puzzling question should be investigated wheth-
er the strong photocurrent stemmed from the non-
specific absorption toward trigger CEA aptamer. As con-
trol test, this system was utilized to assay o ng mL™ CEA
with the same assay mode. As seen from curve 'g', the
photocurrent was similar with curve 'b', suggesting that
the change in the signal was attributed to the specific
CEA-aptamer reaction. Hence, NIR light-driven
NaYF,:Yb,Er-modified aptasensing platform could be
preliminarily utilized for the photoelectrochemical
determination of target CEA

Optimization of Experimental Conditions. As de-
scribed above, experimental conditions and external fac-
tors would affect analytical performance of NIR light-
driven PEC aptasensor, e.g., concentration of capture ap-
tamer, incubation time CEA-triggered HCR with C-Ag*-C
structure and Na,S concentration. First, we investigated
the effect of CA concentration on the photocurrent of this
system because target CEA capture on the electrode and
progression of subsequent reactions heavily depended on
the capture efficiency of the as-prepared aptasensor. A
low-intensity CA was unfavorable for target CEA capture,
whereas a high-intensity CA possibly decreased the cap-
ture ability because of the steric hindrance. As shown in
Figure 3A, the maximum photocurrent was obtained at
3.0-uM capture aptamer by using o.01 ng mL” CEA as an
example. So, 3.0 uM of capture aptamer was used for the
preparation of the aptasensor.
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Figure 3. Influence of (A) CA concentration, (B) reaction time of CEA-triggered HCR with C-Ag’-C structure, and (C)
Na,S concentration on the photocurrent of photoelectrochemical aptasensor under NIR light irradiation (0.01 ng mL"

CEA and 2.0 mg mL" NaYF,:Yb,Er UCNs used in these cases).

Next, we monitored the effect of incubation time dur-
ing the reaction process with target CEA, trigger aptamer,
H,, H, and Ag" on the photocurrent of this system. Figure
3B gives the experimental results. As shown in Figure 3B,
the current increased with incubation time aged, and
reached the maximum signal after 2.5 h. Such a long in-
cubation time might be due to the fact that it took some
time to execute the hybridization chain reaction and
CEA-aptamer reaction. To save the assay time, 2.5 h was
selected as the incubation time with the incubation solu-
tion.

In addition, Na,S concentration is also very important
for the formation of Ag,S nanoparticles, especially at
high-concentration target CEA, since a large number of
silver ions were chelated in the long-nicked DNA strands.
Moreover, a low-amount Na,S might take a longer time
for the chelation reaction. As displayed in Figure 3C, the
photocurrent reached a plateau after 5.0-mM Na,S. Thus,
5.0 mM of Na,S was utilized during the formation of Ag,S
nanoparticles.
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Figure 4. (A) Photocurrents of NIR light-driven PEC de-
tection system toward CEA, using NaYF,:Yb,Er UCNs as
the matrices, accomanying target-triggered HCR and Ag,S
formation under NIR light irradiation; and (B) calibration
plots.

Dose Responses of NIR Light-Driven Photoelectro-
chemic al Aptasensor toward Target CEA. By using the
as-prepared NaYF,:Yb,Er upconversion nanoparticles, the
aptasensors were used to quantitatively determine CEA
standards at various conentrations under the optimum
conditions, using target-triggered hybridization chain
reaction with the in-situ formation of Ag,S nanoparticles,
under NIR light irradiation. Figure 4A displays the signals
of this systme toward target CEA, and the photocurrents

ACS Paragon Plus Environment

increased with the increment of the analyte concentration.
The linear curve could be obtained from 0.005 to 5 ng mL’
' (Figure 4B) as the following equantion: y (nA) = 253.057
+77.748 x logCcpa) (ng mL™) (R* = 0.996, n = 7). The limit
of detection (LOD) was 1.9 pg mL™ at 30/k (where o is the
standard deviation for eleven blank solution, and k is the
slope of calibration plot). To further elucidate the ad-
vantages of this system by coupling upconversion nano-
particles with hybridization chain reaction, the linear
range and LOD of our strategy were compared with other
CEA detection schemes (Table S1 in the Supporting In-
formation). A relatively good analytical performance
could be acquired with our strategy. Such a low LOD
should be ascribed to Ag,S-based signal enhancement and
HCR-based signal amplification. In addition, the thresh-
old (cutoff) value of CEA is 3.0 ng mL” in human serum
specimens.> Therefore, our strategy can meet the re-
quirement of clinical diagnostics for target CEA.

Selectivity, Stability and Reproducibility. In this
system, the specificity, reproducibility and stability are
very important in the practical application. The selectivity
of this method was implemented by assaying other bi-
omarkers possible present in human serums, e.g., alpha-
fetoprotein (AFP), lysozyme (Lyso), human IgG, prostate-
specific antigen (PSA), and thrombin (TB). The judgment
was carried out by comparing with their photocurrents
alone or coexistence. 0.01 ng mL" target CEA and 100-fold
high-concentration nontarget (1.0 ng mL") were utilized
in these cases. All the photocurrents of this system to-
ward nontarget analytes including AFP, Lyso, IgG, PSA
and TB were close to the background signal (Figure 5). A
strong signal was registered toward CEA. Importantly, the
mixture containing CEA and other interfering biomarkers
did not increase the signal. Therefore, the specificity of
NIR light-driven PEC aptasensing system is satisfactory.
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Figure 5. The specificity of NIR light-driven PEC ap-
tasensing platform against o.01 ng mL” CEA, alpha-
fetoprotein (AFP), lysozyme (Lyso; 1.0 ng mL"), human
IgG (1.0 ng mL"), prostate-specific antigen (PSA; 1.0 ng
mL™), thrombin (TB; 1.0 ng mL"), and mixture containing
all the analytes.

The reproducibility of NIR light-driven photoelectro-
chemical aptasensing platform were studied toward CEA
standards at different concentrations (0.1, 1.0 and 5.0 ng
mL™ CEA used herein) within replicates of the assay by
using upconversion nanoparticles from a single batch and
different synthetic batches, respectively. As indicated in
Table S2 in the Supporting Information, the relative

standard deviations (RSDs) were 5.6% for 0.1 ng mL", 8.3%

for 1.0 ng mL"and 6.6% for 5.0 ng mL" CEA by using the
UCNs from a single batch, respectively. The synthesis-to-
synthesis reproducibility of sensor materials was also in-
vestigated by using UCNs from various synthetic batches
for preparation of the aptasensor. The RSDs were 8.1%,
11.4% and 10.1% toward the above-mentioned concentra-
tions, respectively (Table S3 in the Supporting Infor-
mation). The results revealed that our aptasensing strate-
gy had good reproducibility.

In addition, we also investigated the stability of the
PEC aptasensor with Ag,S precipitate for the multiple

measurements (0.01 ng mL” CEA). The RSD value was 7.4%

within 10 repeated measurements (Figure S3 in the Sup-
porting Information). Furthermore, the storage stability
of NaYF,:Yb,Er-based aptasensing platform were studied
by storing them at 4 °C in refrigerator when not in use.
The evaluation was carried out by assay 1.0 ng mL" CEA
intermittently within six-week period. Experimental
results indicated that the photocurrents of this aptasensor
could preserve 98.1%, 96.4%, 94.6%, 94.1%, 93.7% and
93.2% of the initial signal at the 1%, 2™, 3, 4™, 5™ and 6™
week, respectively, indicating a good stability.

Analysis of Human Serum Samples. To study the ac-
curacy of the newly developed detection system, the as-
prepared aptasensors were employed to evaluate six hu-
man serum specimens containing target CEA with differ-
ent concentrations, collected from local Provincial Hospi-
tal (Fuzhou, China) according to the rules of the local
ethical committee). During the measurements, all hand-
ing and processing were performed carefully, and all tools
in contact with patient specimens were disinfected after
use. The CEA levels were calculated according to the
equation: y (nA) = 253.057 + 77.748 x logCicga; described
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in Figure 4B. Meanwhile, these samples were also evalu-
ated by CEA ELISA kit. The data are shown in Table 1. The
method accuracy were investigated by using a t-test
method.” Therefore, there is no significant differences
between two methods in the analysis of 6 clinical serum
samples since all t., values were below 2.77 (tuitjo.054] =

2.77).

Table 1. Evaluation of Results for Real Samples by NIR
Light-Driven Photoelectrochemical Aptasensor and
ELISA Kit

method

(concentration: mean + SD, ng mL™; n = 3)*

sample NIR light-driven PEC

no. Biosensor CEA ELISA kit texp
1 0.55 * 0.02 0.51+0.03 1.92
5 0.93 £ 0.04 0.96 + 0.05 0.81
3 1.67 £ 0.08 1.59 £ 0.07 1.30
4 239+ 0.12 2.18+ 0.16 1.82
5 3.54 £ 018 3.73+0.21 119
6 5.00 £ 0.24 5.26 +0.36 0.80

? The high-amount analytes were assayed with dilution.

CONCLUSIONS

In conclusion, this work reports on a NIR light-driven
PEC aptasensor for sensitive determination of CEA cou-
pling with target-triggered in-situ fabrication of Ag,S na-
noparticles and NaYF,:Yb,Er upconversion
nanotransducer. The NIR light, used as an excitation light
source, possessed the extraordinary properties with
strong penetration depth, near-zero photo-bleaching and
low phototoxicity. NaYF,:Yb,Er upconversion nanoparti-
cles, used as the light transducer, could convert the NIR
light into adjustable wavelengths by doping with different
elements. The signal amplification strategy depended on
the in-situ reaction of massive C-Ag’'-C for Ag,S precipi-
tate via target-triggered HCR. Formation of Ag,S precipi-
tate was allowed to absorb the well-matched light from
the emissions of NaYF,:Yb,Er UCNSs, thus generating the
photocurrent to realize the sensing protocol. Significant-
ly, an additional merit for the in-situ generation of Ag,S
precipitate could absorb greatly and utilize effectively the
whole Vis region from the emissions of NaYF,:Yb,Er,
thereby providing a “green” strategy for the development
of UCNs-based NIR light-responsive PEC detection. As
expected, the NIR light-driven PEC sensing platform pre-
sented high sensitivity, high selectivity and good stability.
Importantly, the designed sensing platform opens an un-
usual platform for the future construction of NIR light-
mediated PEC detection and offers a reliable mechanism
for the in-situ fabrication of Ag,S precipitate via HCR am-
plification.
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