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A novel fluorescent “switch on” FRET-based aptaserigr simultaneous detection of multiple tumor
markers (dual colored Au NCs as energy donors and&Manosheets as acceptors) with a single

excitation was developed for the first time.
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Abstract

An aptamer induced “switch on” fluorescence rescpaenergy transfer (FRET)
biosensor for the simultaneous detection of mudtijplmor markers (e.g., AFP and
CEA) combining molybdenum disulfide (MgShanosheets with multicolored Au
NCs by a single excitation was developed for thst fiime. Here, AFP aptamer
functionalized green colored Au NCs (510 nm) andAGiptamer functionalized red
colored Au NCs (650 nm) are used as energy domdrde MoS is used as energy
receptor. On the basis of recording the changbefécovered fluorescence intensity
at 510 nm and 650 nm upon the addition of targé&is @nd AFP, these two tumor
markers can be simultaneously quantitatively detectvith detection limits of 0.16
and 0.21 ng mt (30) for AFP and CEA, respectively. In addition, itristeworthy
that the developed biosensor can not only reakzerate quantitative determination
of multiple tumor markers by fluorescent intensitgut also be applied in
semi-quantitative determination through photo Jigagéion. More importantly,
confocal microscope experiments prove that seruros) fnormal and hepatoma
patients can also be visually and qualitativelycdisinated by this FRET-based
biosensor with a single excitation wavelength, ¢ating promising potential of this

assay for clinical diagnosis.

Keywords Simultaneous detection; Single excitation; Biosendmmor markers;

Dual colored Au nanoclusters



1. Introduction

Highly sensitive and high-throughput sensing tedbgies for the detection of tumor markers
are of great significance due to their versatildeptal applications in early diagnosis and
treatment for cancer [INotably, many cancers are associated with multyoheor markers, and
the detection of a single tumor marker may caukse fdiagnosis which restricts diagnostic value
in clinical analysis [2]Simultaneous detection of multiple tumor markerghwhe advantage of
enhancing detection throughput, shortening anallticne and detection cost, can effectively
improve the accuracy of early cancer diagnosis thesingle marker assay. Currently, owing to
the unique superiority of high sensitivity, convamie and low cost, a series of fluorescent
techniques for multiple tumor marker analysis hdne=n established [3-5ln most cases,
multiple lasers are needed to excite each fluorophmw collect the emissive fluorescence when
multiple tumor marker are detected simultaneouBhus, the background noise originating from
multiple excitation wavelengths are difficult to excluded, which inevitably restrict their
clinical applications [6]Therefore, simultaneous fluorescent detection dtipie tumor markers
with a single excitation wavelength is highly dabie but remains a challenge.

Fluorescence resonance energy transfer (FRET)dbasehe nonradiative energy transfer
from the fluorescent donor to the acceptor withiors proximity (<10 nm), makes it possible for
simultaneous detection of multiple tumor markersrégording emission intensities at different
wavelengths with single excitation [Antil now, a series of FRET nanosensors have been
developed to accomplish separate detection of skvéumor markers with organic dyes or
semiconductor quantum dots (QDs) as energy do®o®$.[However, their practical application

is limited owing to the non-negligible shortcomingsich as easy photo bleaching and poor



photo stability for organic dyes as well as higkicay for QDs. Compared with organic dyes or
QDs, gold nanoclusters (Au NCs) have been widelizetl in biosensing and bio-imaging due
to their excellent biocompatibility, stable fluocest emitting and good photo stability in the past
few decades [10-14]n addition, their size-dependent emission speata@ke them good
candidates for simultaneous excitation at a simgleelength [15]Therefore, it is expected that
FRET biosensors for the detection of multiple tummarkers may be developed using different
colored Au NCs as energy donors, and more inteiggti these multicolored Au NCs may
possibly be excited by a single wavelength. In @aoldi owing to the strong fluorescence
quenching ability and high affinity to single-stcead DNA [16], molybdenum disulfide (Mg
nanosheets are considered to be promising fluanescencher candidates for the preparation of
FRET-based aptasensors platforms. In 2013, Zhamgtup firstly revealed the high
fluorescence quenching ability of Mp®anosheet for fluorescent dye labelled ssDNA [17].
After that, MoS nanosheet based FRET biosensors for tumor madedesction have been
developed, including epithelial cell adhesion maled18], DNA [19], DNA methyltransferase
(MTase) activity [20] and thrombin [21] et al. Netheless, although Ma®ave great potentials
in FRET-based aptasensors, their integration witftioolored Au NCs for the development of
aptasensor for simultaneous detection of multiplgdts has not been explored.

In this work, we report a novel aptameduced “switch on” FRET biosensor for simultaneous
detection of multiple tumor markers using dual cetbAu NCs as energy donors with a single
excitation wavelength. As shown i8cheme 1 simultaneous detection of multiple tumor
markers (e.g., AFP and CEA) are performed in tHiedang procedure. Firstly, AFP aptamer

functionalized green colored Au NCs (510 nm) andAGiptamer functionalized red colored Au



NCs (650 nm) are simultaneously assembled ontsuhiace of Mog nanosheets through van
der Waals force. Thus, the fluorescence of the dwhdred Au NCs was simultaneously
quenched through static quenching due to the stflolmgescence quenching ability of MoS2
nanosheet$Secondly, upon the addition of the target tumorkear (AFP and CEA), green and
red fluorescence will be simultaneously recovereti@ with the releasing of the two aptamer
functionalized Au NCs, because of the higher affibetween aptamer and target tumor markers
[22,23]. Therefore, simultaneous detection of multiple tunmoarkers can be achieved by
monitoring the change of the recovered fluorescentansity at 510 nm and 650 nm with a
single excitation. Compared with the tranditionadthods for simultaneous detection, several
obvious advantages of this sensor array make fiicptarly attractive: (1) the biggest advantage
of our present method is that multiple tumor maskeould be simultaneously detected by a
single excitation wavelength. (2) dual colored AGN\with lower toxicity were firstly used as
energy donors instead of semiconductor quantum, dbswing better biocompatibility. More
importantly, the determination of multiple tumor mkers can be achieved not only by recording
fluorescence recovery intensity but also by phoitsualization. Furthermore, serums from
normal and hepatoma patients can also be visuatyichinated by this FRET-based biosensor

using single excitation wavelength, showing feasptential for diagnostic applications.

2. Materials and methods
2.1. Materials
HAuCl,;-3H,0O (Hydrogen tetrachloroaurate trihydrate), carcmbeyonic antigen (CEA),

o-fetoprotein (AFP), 11-mercaptoundecanoic acid (MUMo0S, nanosheets and tetrakis



(hydroxymethyl) phosphonium chloride (THPC), Glaiahe (GSH), bovine serum albumin
(BSA),1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), and
N-hydroxylsuccinimide sodium salt (NHS) were pursdd from Sigma-Aldrich (USA). All
solutions were prepared using ultrapure water feoltillipore Simplicity 185 water purification
system (Millipore, USA). DNA aptamers wwere purads from Shanghai Sangon
Biotechnology (Shanghai, China), and their sequenaes as follows: AFP aptamer,
5'-GGCAGGAAGACAAACAAGCTTGGCGGCGGGAAGGTGTTTAAATTCCCGGTCTGC
GTGGTCTGTGGTGCTGT-NK3’; CEA aptamer, SATACCAGCTTATTCAATT-NH,-3'.
Serum samples were obtained from the Eighth Peodlespital of Qingdao, and they were
collected with informed consent from the human eabjin addition, the sample collection was
approved by Institutional Review Board of Eighthoples’ Hospital of Qingdao. All reagents

were of analytical reagent grade.

2.2. Instruments

The morphologies of all samples were charactermged JEM-2100 transmission electron
microscope (TEM) with an accelerating voltage oD 20/. Fluorescence spectra were
recorded by an F-4600 fluorescence spectrometeta PBetential experiments were
performed with a Zetasizer Nano-ZS (Malvern Insteaits, Malvern, UK). Infrared (IR)
spectra were recorded using a FT/IR-410 Fouriagrstram infrared spectrophotometer
(JASCO, Japan). Confocal images were collected wittOlympus FV1000 with

excitation wavelength at 405 nm.



2.3. Synthesis of green emitting Au NCs (510 nm) and red emitting Au NCs (650 nm)

Green emitting Au NCs (510 nm) and red emittingM@s (650 nm) were prepared according to
previous reports with some modifications [24,2B]a typical synthesis experiment, all glass
bottles were washed with aqua regia and rinsed withpure water. For the synthesis of green
emitting Au NCs, firstly, 6.QuL 80% THPC and 25@L 1.0 M NaOH were added to 20 mL
ultrapure water. The mixture was stirred for 5 nés and then 1.0 mL 20 mM HAuGNas
quickly added to the mixture. The color of the solu changes from light yellow to brown
within 60s. Then, 10QL 117.5 mM GSH was added to obtain GSH protectedh&uoparticles.
After stirring for another 15 minutes at room temgpere, the solution was transferred to 4 °C
for one day. Secondly, 2.0 mL stock Au nanopamidelution was mixed with 400L 0.1 M
PBS of pH 9.0 and 150L 0.1 M MUA ethanol solution for 2 h, and green &mg Au NCs
(510 nm) were then obtained. For the synthesisedfamitting Au NCs, a solution of 50 mg
mL-1 BSA was added to an equal volume of 10 mM Hhlu@nd the pH of the resulting
solution was adjusted to 12 by adding NaOH solutibime reaction was allowed to proceed
under vigorous stirring at 37 °C overnight, and editting Au NCs (650 nm) were then

obtained.

2.4. Preparation of AFP aptamer-Au NCs (510 nm) and CEA aptamer-Au NCs (650 nm)

For the preparation of the AFP aptamer-Au NCs (B&0), 10uL of green emitting Au NCs
were added to 190L of PBS (pH 7.4), and then EDC (0.56 mg) and NBISZ mg) were added
to the proceeding solution at 37 °C with continugilsation. After 30 min activation, 20L of

10 uM AFP aptamer was added into the above mixture. ddmelensation reaction was kept at



37 °C overnight. For the preparation of the CEAaapgr-Au NCs (650 nm), 4L of red emitting
Au NCs were added to 196 of PBS (pH 7.4), and then EDC (0.56 mg) and NASZ mgq)
were added to the proceeding solution at 37 °C wihtinuous vibration. After 30 min
activation, 20puL of 10 pM CEA aptamer was added into the above mixture, trel

condensation reaction was kept at 37 °C overnight.

2.5. Smultaneous detection of CEA and AFP

100 pL of CEA aptamer-Au NCs (650 nm) and 100 of AFP aptamer-Au NCs (510 nm) were
mixed, and then 10L of 0.8 mg mL* MoS, nanosheets was introduced into the mixture at room
temperature to quench the fluorescence with 20 ofinncubation. Then, the recovered
fluorescence was recorded in the presence of diffezroncentrations of CEA (0, 0.5, 5, 15, 30,
60, 120, 150, 200 ng i) and AFP (0, 0.5, 5, 15, 30, 60, 120, 150, 200nmg") after

incubation for 30 min at 37 °C.

3. Results and discussion
3.1 Characterization of AFP aptamer-Au NCs (510 nm) and CEA aptamer-Au NCs (650 nm)

CEA aptamer and AFP aptamer were modified on th&8s (650 nm) and Au NCs (510 nm)
by the condensation reaction with EDC/NHS, respebti According to the spherical Jellium
model [26]the fluorescent color of the AUNCs depends on thiimic composition (e.g., green
for Auiz and red for Ags emission). And accordance to the reviewer’s suggesve have added
matrix-assisted laser desorption/ionization-timdlight mass spectrometry (MALDI-TOF MS)

to confirm the atomic composition of the GSH prédéecAuNCs and BSA protected AUNCs. As



shown inFig. S1A multipule peaks ascribed to the fragmentatiorG8H protected Au NCs
were observed with spacing ofz 197. The maximum mass peak was observe/aR561.
Atomic weight of Au is 197, therefore, moleculariglg of Awg cluster is 2561. These peaks
occurring atm/z 1576 (Aw), 1773 (Au), 1970 (Aug), 2167 (Ay;) and 2364 (Aw) are
considered as fragmented Aunanoclusters. This result suggested the formatibrGSH
protected Ay nanoclusters. Similarlyig. S1Bindicated the formation of BSA protected Au
nanoclusters. We used the UV absorption to roughtymate the modification efficiency of the
aptamer onto Au NCs. After the reaction betweemarmpts and Au NCs, the incubation solution
was filtrated with a 10 KDa ultrafiltration tube 8000 rpm. Thus, the uncombined aptamers
were into the filtrate. By comparing the concentraof aptamers in original solution and filtrate
with UV absorption ig. S2, the modification efficiency of the aptamers o#to NCs were
roughly estimated to be 64.2% for AFP aptamer-AusNG10 nm) and 60.9% for CEA
aptamer-Au NCs. Considering the modification édficy of the AFP aptamers onto GSH
protected Au NCs were roughly estimated to be 64,20284x10° mol AFP aptamers were
modified onto the GSH protected Au NCs. In otherdsp 2.755x18 mol AFP aptamers were
modified onto 1 mol GSH protected Au NCs. Similathe final concentration of BSA protected
Au NCs used for CEA aptamer modification was 1.9%Mnol. Considering the modification
efficiency of the CEA aptamers onto BSA protected NCs were roughly estimated to be
60.9% , 1.218xI¢ mol CEA aptamers were modified onto the BSA praedu NCs. In other
words, 6.4x18 mol CEA aptamers were modified onto 1 mol BSA petéd Au NCs. TEM
images inFig. 1A andB clearly show that the modified Au NCs are adsortetd the surface of

MoS, nanosheets through van der waals force [16,E¥idlence for chemical modification was



further confirmed by FT-IR spectroscopy. By compgrthe FT-IR spectra-{g. 1C andD), it
was concluded that the absorption intensity ofititcative peaks at 1555 ¢fand 1626 cnt,
which are ascribed to the N-H deformation and C#fatching vibration, were obviously
increased, suggesting the successful attachmekf®faptamer and CEA aptamer on the surface
of Au NCs (510 nm) and Au NCs (650 nm), respecyij@B,29].Additionally, the decreased
zeta potentials of aptamer functionalized Au NCe®r@ the aptamer functionalized AuNCs
which were used for zeta potential measurement dleshdy been purified by a 10 KDa
ultrafiltration tube) after the modification furtheonfirmed the surface functionalizatioid.

S3. In a word, the TEM, FTIR and zeta potential aonfthat CEA aptamer and AFP aptamer
were successfully modified onto the surface of AGSN(650 nm) and Au NCs (510 nm),

respectively.

3.2 Sdecting excitation wavelength and optimizing experimental conditions

For a typical simultaneous detection of multiplentwr markers experiment, multiple emission
wavelength excited by a single excitation will ghgaeduce the background noise as well as
improve sensitivities than by multiple excitatigég As shown inFig. 2, there is an overlapping
region between the excitation spectra of the Au K819 nm) and Au NCs (650 nm). That is to
say, Au NCs (510 nm) and Au NCs (650 nm) couldibriganeous excited by any wavelength
in this cross area. Considering the excitatiorceficy for the two colored Au NCs, 430 nm was
selected as the optimum excitation wavelength enfttlowing experiments. Furthermore, it is
worth noting that the emission spectrum of Au N6%0( nm) separates well from that of Au
NCs (650 nm), guaranteeing the subsequent accdampist of simultaneous detection of two

10



tumor markers. In addition, the amounts of addedsMwmnosheets and the incubation time for
fluorescence quenching were optimized. As shownFig. S4 38.10 ug mL* of MoS

nanosheets and 20 min of incubation time were tlan the following experiments.

3.3 Smultaneous detection of AFP and CEA

The degree of fluorescence recovery is directlgtesl to the concentration of the target tumor
markers. Therefore, the AFP and CEA concentrateonlie monitored by tracking the recovered
fluorescence signal at wavelengths of 510 nm an@ ®H. As shown inFig. 3, with the
increasing concentration of AFP and CEA, the flsoemce intensities at 510 nm and 650 nm
simultaneously increased with excellent linear eations, respectively. It was concluded that
the fluorescence intensity increased linearly witd concentration of AFP from 0.5 to 60 ng
mL™ with a detection limit of 0.16 ng mi, whereas CEA can be quantified within a lineagean
from 0.5 to 120 ng mt with a detection limit of 0.21 ng mL We noticed that there is a little
blue shift on the emission of Au NCs (650 nm) ie tletection assays. the maximum emission
wavelength of the red fluorescent Au NCs is 650with the maximum excitation wavelength
of 500 nm. However, in order to simultaneous extcide&l NCs (510 nm) and Au NCs (650 nm)
by a single wavelength with optimal excitation e@fncy, 430 nm was selected as the excitation
wavelength in the following detection assays. Thight be the major reason for the blue shift
on the emission of Au NCs (650 nm) in the detectdssays. As a new AFP and CEA sensing
approach, the limited detections the proposed assaymparable to, or even better than, those
of previously reported approaches for AFP and Ckegfection [30-33]. To further expand the
potential practical application of this proposed tioe, the recovery rates of different

11



concentrations of AFP and CEA in human serum weteaied. We selected three final AFP
concentrations (10, 30 and 60 ng/mL) and CEA comagans (20, 60 and 100 ng/mL), which
are in their corresponding liner range (0.5 to §0ni for AFP and 0.5 to 120 ng/mL for CEA)
for the real sample test. As showrTiable S1in the supporting information, the recoveries were
acceptable, ranging from 98.17% to 102.14% for Adfitl 95.87% to 100.68% for CEA,
indicating this proposed method could be appliethéoquantitative detection of real samples.
It is noteworthy that visualization detection cdsoabe evidently realized by this systdan.

4 shows the photos of semi-quantitative determinmatbd AFP and CEA, respectively and
simultaneously (under UV illumination). When AFP svadded to the fluorescent quenched
solution, the recovered green color increased hapuith increasing the concentration of AFP
(Fig. 4A). Likewise, When CEA was added to the fluoreseprégnched solution, the recovered
red color increased rapidly with increasing thecamtration of CEAKig. 4B). If both AFP and
CEA were added to the fluorescent quenched solutioa fluorescence emission of the two
distinguishing colored Au NCs (510 nm) and Au NG5(Q nm) increased simultaneously, and

the solution exhibited their mixed coldfig. 4C).

3.4 Cross-reaction analysis and selectivity

It is of high significance to eliminate cross-reaty between analytes for simultaneous
multiple analyte detection. Therefore, we investdathe degree of cross-reactivity between
AFP and CEA by comparing the recovered fluorescem&i0 nm and 650 nm, respectively. As
shown inFig. 5A, when AFP alone was added to the quenched sojuithaneasing green
fluorescence emission at 510 nm was observed. ritrasi, when CEA alone was added to the

12



quenched solution, only red fluorescence emisstod58 nm was increasedrig. 5B). These
results demonstrated that the cross-reactivity éetwthe two analytes was negligible.
Furthermore, the capability of resisting interfexerover potentially competing species is a
requirement for an application in biomedical systemo characterize the specificity of the
developed biosensor, the selectivity of the biogserte APF and CEA over some possible
interferents (10Qug mL™ of Pep, Lys, CAT, Try, Tf, HSA and BSA) was evadkaunder the
same conditions. As shown Hg. 5C, the influence from the interferents on the recese
fluorescence intensity was negligible, demonstgagrcellent specificity of the assay for CEA
and AFP.
3.5 Visual discrimination between serums from hepatoma patients and healthy people
In order to further explore the application of flRET biosensor to real samples, it was used to
distinguish between serums from hepatoma patiends heealthy people. Here, serums from
hepatoma patients have already been diagnosedebgtéindard method of chemiluminescent
microparticle immunoassay. Serums from healthy [geapd hepatoma patients (RQ) were
added to 20QuL of MoS;, nanosheets quenched AFP aptamer-Au NCs (510 noh)C&A
aptamer-Au NCs (650 nm) mixtures at 37 °C, respelti After 30 minutes, confocal
microscope images demonstrate the prominent difte® As shown iifrig. 6, green and red
fluorescent colors were clearly observed when serfrom hepatoma patients were added into
the quenched mixtures, whereas almost no significacovered fluorescence was observed
when serums from healthy people were added. Althdbhg Au NCs aggregated for a certain
degree, the recovered fluorescence was hardlytaffeas shown irFig S5 Clinically, the
content of certain proteins (especially AFP and CEAthe serum of hepatoma patients will be

13



significantly increased compared with those of hiealthy people [34-36].herefore, this well
visual discrimination was resulted from the incregsconcentration of AFP and CEA in
hepatoma patients’ serums. Consequently, the FR&SEhsor can offer an auxiliary method for
the clinical standard method to discriminate betwaepatoma patients and healthy people,

demonstrating great beneficial for the clinicalgtiasis of liver cancer.

4. Conclusions
In summary, a simple and sensitive aptamer-indutsdtch on” FRET biosensor for

simultaneous detection of multiple tumor markershwdual-color fluorescence output signals
was developed. The two contrasting colored flueese signals can be simultaneously
monitored without spectra overlap by a single etmn, and the simultaneous detection of APF
and CEA can be easily realized. In addition, senarditative determination of AFP and CEA by
photo visualization can also be realized. More irtguly, it was also successfully applied to
visually distinguish between serums from hepatowri@epts and healthy people, showing great
beneficial for the clinical diagnosis. The pressiutdy provided a new method for simultaneous
detection of multiple tumor markers, and it is estpd that it may greatly contribute to disease

diagnostics and other biosensor applications.
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Figure captions

Scheme. 1Schematic illustration of the dual color FRET bieser for simultaneous

detection of multiple tumor markers.

Fig.1 (A) TEM image of Mo% (B) TEM and HRTEM images of AFP
aptamer-Au NCs (510 nm) and CEA aptamer-Au NCs (@50 adsorbed on
MoS;,. (C) FT-IR spectra of (a) the AuNCs(650nm)/CEA apér, (b) the
AuNCs(650nm), (c) the AuNCs(650nm)/EDC-NHS and (dbhe
AUNCs(650nm)/EDC-NHS/CEA aptamer. (D) FT-IR spectod (a) the
AUuNCs(510nm)/AFP  aptamer, (b) the AuNCs(510nm), (che
AUNCs(510nm)/EDC-NHS and (d) the AuNCs(510 nm)/ERNBS/AFP

aptamer.

Fig. 2 Fluorescence excitation (black dashed line) andgion (green line) spectra of
the Au NCs (510 nm), and fluorescence excitatidneg(ldotted line) and emission (red
line) spectra of the Au NCs (650 nm). Inset shokes photographs of the Au NCs

(510 nm) and Au NCs (650 nm) under UV light illuratron.

Fig. 3 (A) Fluorescence spectra of the mixture of AuNCS8(5Im)/AFP aptamer,
AuNCs(650nm)/CEA aptamer and MpBanosheets with increasing concentration of
AFP and CEA. (B) Linear curve for AFP detection.) (Knear curve for CEA
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detection.

Fig. 4 Photograph of semi-quantitative determination &PAand CEA, respectively,
and simultaneously under UV illumination. (A) THadrescence quenched mixtures
added with various amounts of AFP (from left tohtig O, 30, 60, 120, 150, and 200
nM. (B) The fluorescence quenched mixtures addetl warious amounts of CEA
(from left to right): O, 15, 60, 120, 150, and 2@d. (C) The fluorescence quenched
mixtures added with various amounts of AFP and CEAe concentrations of AFP
were 200, 150, 120, 60, and 0 nM, and the conassiisaof CEA were 0, 60, 120,

150, and 200 nM (from left to right).

Fig. 5 Fluorescence spectra of the recovered fluorescevite the increasing
concentrations of (A) pure AFP and (B) pure CEA) Ki@luence of 10Qug mL* Pep,
Lys, CAT, Try, Tf, HSA and BSA on the recoveredditascence compared with that of

AFP (100 ng m*) and CEA (100 ng mb).

Fig. 6 Laser confocal microscope images of Mafiienched AFP aptamer-Au NCs

(510 nm) and CEA aptamer-Au NCs (650 nm) mixtureshie presence of serums

from (A) healthy people and (B) hepatoma patients.
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Highlights:

» Dual colored Au NCs were used as energy donors of the FRET-based aptasensor for the first time
» Multiple tumor markers could be simultaneously detected with a single excitation
» Serums from normal and hepatoma patients could be visually discriminated by this FRET-based

aptasensor



