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A new FRET model with near-infrared quantum-dots (NIR- self-assembly with ssDNA by tha-n stacking interaction.
QDs) and oxidized carbon nanoparticles (OCNPs) as the 50 Compared with frequently-used two-dimensional graghe
energy donor and acceptor was constructed and designed for acceptor, CNPs is zero-dimensional and possessésushmerits
insulin detection in complex human plasma. such as uniform size distribution, easy synthesisl @ood

compatibility with biomolecule&>®**%Furthermore, CNPs show

10 Fluorescence resonance energy transfer (FRET) hars peid ~ wide absorption range from ultraviolet to NfRand may be

increased attention in various fields like immursags nucleic55 capable of promising acceptor candidate to NIR-QDs.

acid hybridization and interaction of biomacromolles due to Herein, we firstly report a new FRET architectureptying

its fascinating merits, such as high sensitivitgninvasive and  NIR-QDs and OCNPs as the donor-acceptor pair andinas

homogeneous assay, which is built on the nonradiaghergy  the model analyte. The principle is illustrated $theme 1.
15 transfer from the luminescent donor to the acceptardipole- Insulin aptamer as a selected linker is covaleatighored on the

dipole interaction within short proximity (1 ~ 10mij)! 60surface of NIR-QDs, which effectively bound with OBSI

Unfortunately, FRET based on spectroscopic techiydiogplves through the n—n interaction, leading to shortened distance

in some native drawbacks in optical spectroscopy,iistance,  between the donor and the acceptor. As a resultTHRIEn NIR-

the auto-fluorescence and scattered light fromolgichl matrix, QDs to OCNPs naturally occurs and the fluorescentgecdonor
20and the co-excitation of the donor and the accepioce the is suppressed. When insulin is subjected to theosethe QDs-

overlap of their excitation spectfaObviously, these optica65 aptamer-OCNPs complex is decomposed because of the

shortcomings lower the sensitivity of FRET assayeeglly in weakenedr —  interaction between aptamer and OCNPs, which

complicated biological samples. Additionally, thensitivity is is mainly attributed to the high affinity of insoltowards aptamer.

tightly associated with the optical properties ld tlonor and the  Thus, the process of FRET is inhibited and the #goence of
25 acceptor, as well as the energy transfer efficiérityerefore, it NIR-QDs is restored in an insulin concentratiorated method.

is meaningful to seek new FRET model with fine-seléclonor- 70 It can be seen that the FRET system is facilelyidated because

acceptor pair to avoid the above-mentioned opficrference  only one label step is involved. Furthermore, thetedtion

and to improve analytical performance in bioassay. window of this FRET is in NIR range (750 nm), whetee t

Typically, autofluorescence and scattered light bangreatly = autofluorescence and scattered light arising froiological

30reduced in NIR detection window (650 ~ 900 nm). THERET matrix are greatly avoided, ensuring high sensitiof the sensor.

with detection window in NIR range kindly open thew (FL: turn-off) (FL: turn-on)

opportunity to overcome the probleh\IR-QDs have been > 4

verified to be efficient and promising energy dowinie to their @ v . “»

excellent photophysical properties (high quantureldyi large- n-m \;g S “
35 stokes shift and weak photobleachifigiyhich was firstly sefassembly. 3¢ 4 .

“.

explored by Zhis group®™ and further developed by Xia and - ® i
Kong® As to the acceptor, NIR organic dyes inevitablyfesu . “ops frsutin near-infrared )
from quite a few deficiencies such as weak stabiliigh cost75 AN/ Aptamer . OCNPs (“e‘“““‘ window

and difficult synthesis, and thus are rarely agplie NIR-FRET. Scheme 1. Schematic illustration of insulin aptamer biosenisased on
40 Recent years, gold nanorods have attracted incgeagiention in ~ FRET from NIR-QDs to OCNPs (not to real scale).

FRET pecause qf their outstanding surface plasmanagse To realize this design, NIR-QDs and OCNPs were pezha
absorption capacity in NIR randewhich have been gradually severally (details in ESI) according to our presigeport® As

utilized in the aforementioned NIR-QDs-based FRETsees. 80 shown in Fig. S1, the TEM image shows that QDs witmeter

Nonetheless, surface modification and biologicabela are ca. 8 nm exhibi’ts good monodispersibility and umifosize
45 obligatorily.needed in gold acgeptor, resultingime-consuming  jistribution. The appearance of the unique peakSegfTe, Cd

and complicated procedures in some defjrBecently, carbon Zn, S in EDX spectrum demonstrates the formation of

nanoparticles (CNPs) has been gradually utilizeal esmpetitive CdTeS&nS QDs. The FT-IR spectrum of PMAH-coated QDs
acceptor in FRET because of its superquenching itgpacd
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shows typical absorption peaks of methylene asymeneind S6). And the transfer efficiencyE( 74.1%) was obtained
symmetric C-H stretching (2959-2860 ‘¥n C=0 stretchingb0 according to the typical equation iE.= 1- rpaltp (o andrpa
(1686 cnt), asymmetric and symmetric CO@tretching (1391  represent the fluorescence lifetime of %.ﬁenéﬁ%‘%ﬁ&%‘ﬁﬁﬁ
cm?), C-O stretching (1196-1138 ¢y which approve and prescence of the acceptor, respectivelyyvhich was
5 successful functionalization of PMAH on the surfat®Ds. The  consistent with the maxtrum quenching efficieneyFlg. S7, the
quantum vyield (QY) of PMAH-QDs was tested and clated as  fluorescence quenching efficiency reached maximand kept
ca. 0.4 according to the literatufewhich was competitive®5in consistency after 1 h incubation. Thus, fixedi@entrations of
compared with organic fluorescent dyes. The phatolescence the donor and the acceptor (QDs-aptamer: 0.072 mgD@NPs:
(PL), UV-vis and FT-IR spectra were performed toifyer 0.03 mg/mL) were applied to construct the sensod & h
10 successful conjugation between QDs and aptameFignS2A, incubation was adopted to ensure full quenching atable
about 4 nm red shift of the PL emission peak imébin QDs- background for the following sensing.
aptamer, which may be attributed to the decreasmiinement
in one dimension? And the fluorescence quenching of QDs after A
the conjugation was ascribed to the mechanismexftrein spin
15 exchange or electron transférThe UV-vis absorption peak of
aptamer at 260 nm was also obtained in QDs-aptéimset in
Fig. S2A). FT-IR spectrum of QDs-aptamer was meak(iFég.
S2B), and compared with that of QDs (Fig. S1C), uaiqu
absorption peaks of DNA at 1098, 990 twere observed in ‘ ‘ . '
20 QDs-aptamer bioconjugatésThe results have clearly confirmegg T el
the successful conjugation between aptamer and QDs. Fig. 1 (A) FL quenching of QDs-aptamer toward varying cemtrations
In Fig. S3A, the TEM photo indicates that OCNPs show of OCNPs. Inset: quenching efficiency versus vasiamounts of OCNPs
approximately spherical morphology with a diametistribution (0, 0.005, 0.01, 0.02, 0.03, 0.04, 0.05 mg/mL). k&)intensity (at 750
- nm) of QDs in the absence and presence of OCNPs.
ranging from 40 to 60 nm. As compared to graphergraphene
25oxide with nonuniform size distribution from nandems to 75 |n the process of detection, the time curve of fisoence
micrometers, OCNPs is uniform in size and may beersaitable  restoration was firstly investigated and shown ig. 58, which
for stable fluorescence quenching. Fig. S3B showesUN-vis  affirms that the fluorescence reached maximum regoin 1 h
absorption spectrum of OCNPs, which exhibits quitelew  incubation and kept stable with longer incubatiés. shown in
absorption from ultraviolet to NIR (200-850 nm), erisg good  Fig. 2A, the donor fluorescence of the sensor ames gradually
30overlap with the NIR emission of QDs. The inset dj.FS3B 80 with the constant addition of insulin. In Fig. 28Jinear curve is
indicates that the as-prepared OCNPs are waterisobgrause  found between the fluorescence restoration anedheentration
of the appearance of hydrophilic groups throughdkielization  of insulin ranging from 1 pM to 2.0 nM. The fluocesce
procedure. Such broad absorption and good watabtioy make  recovery reached a platform when higher concentradf insulin
OCNPs a competitive nano-quencher for various donors was added (inset in Fig. 2B). The detection winddthe sensor
35 To build the FRET-based biosensor, the ratio ofdbeor to 85 was in NIR range, where the autofluorescence aritesed light
acceptor and the incubation time were optimized.sAswn in  ere eliminated in great degree, resulting in high#\ ratio and
Fig. 1A, the fluorescence of QDs-aptamer (0.072mbg/sharply  sensitivity. Furthermore, OCNPs own outstanding riiseence
decreases along with the addition of OCNPs from (0.@3 quenching ability, and thus high quenching efficenwas
mg/mL. The maximum quenching efficiency is abou2#s and  gptained, leading to low background for fluoreseerestoration,
40 reaches a platform with further elevated conceiotatof OCNPSQQ which was also a factor for the improvement of #aity.
In Fig S4, the TEM image showes that QDs-aptamboigid on  Therefore, this sensor could detect insulin as &sv0.6 pM,
the surface of OCNPs. The average hydrodynamic siz@Ds-  \hich was a competitive sensitivity compared whattobtained
aptamer, OCNPs, QDs (without aptamer conjugated) PIONPS, by other insulin assay$.This sensor was designed on the basis
and QDs-aptamer-OCNPs compound were characterized byt homogeneous FRET technology, which completelyiceab
45 dynamic light scattering (DLS) (Fig S5), and theules clearly 95 tedious washing and separation steps in the haipenys
illustrated that only QDs-aptamer could bind WithCKIPs,  355ayd®1% |y addition, the influence of QDs tagged with
leading to an increase in size. A control experimers different concentrations of aptamer on the anaytierformance
performed to prove that the fluorescence quencbffQDs was  of the sensor was investigated. As shown in Taller&atively
induced by the self-assembly between aptamer andR8CM 0w quenching efficiency and unsatisfying detectifmit are
S0Fig 1B, it can be seen that the fluorescence of @Dsaptamey0Qobtained if QDs modified with low concentration aptamer,
linked) decreases about 3% after the addition of ®ENThe  \yhich may be attributed to the incomplete bindimgween QDs
results visily demonstrate that tiny non-specifisenching  and OCNPs. However, QDs modified with more aptamightm
occurred, and the most fluorescence quenching o6 @&s  gain greater opportunities to be preferentially imbwith OCNPs
mainly attributed to the aptamer-linked FRET procesn the by ther—r interaction, leading to elevated quenching efficig
S5 donor to the acceptor, which was distinctly affidriey the neXtO5and thus higher sensitivity is naturally achievéthnetheless,
fluorescence lifetime experiment. The fluorescelifetimes of QDs labeled with too high concentration of aptaisiove 7.5
QDs-aptamer and the complex of QDs-aptamer-OCNP® wernw) is not beneficial to improving the sensitivityhich is
measured and calculated as ca. 20.5 and 5.3 pecta®ly (Fig  probably a result from the saturation of quenctefiigiency.
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B - Furthermore, this sensor could be developed talhupl sensing
A platform through linking various aptamers or otligands.
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Fig. 2 (A) FL recovery of the sensor towards various emations of ~ Notesand references
insulin (0, 0.001, 0.005, 0.02, 0.2, 0.5, 1.0, 1.3, 2.0 nM). (B) Linear
relationship between fluorescence enhancementtenddncentration 055
insulin. Inset: relation curve of fluorescence emement and the
concentration range of insulin.
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