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A new FRET model with near-infrared quantum-dots (NIR-
QDs) and oxidized carbon nanoparticles (OCNPs) as the 
energy donor and acceptor was constructed and designed for 
insulin detection in complex human plasma. 

Fluorescence resonance energy transfer (FRET) has been paid 10 
increased attention in various fields like immunoassay, nucleic 
acid hybridization and interaction of biomacromolecules due to 
its fascinating merits, such as high sensitivity, noninvasive and 
homogeneous assay, which is built on the nonradiative energy 
transfer from the luminescent donor to the acceptor via dipole-15 
dipole interaction within short proximity (1 ~ 10 nm).1 
Unfortunately, FRET based on spectroscopic technology involves 
in some native drawbacks in optical spectroscopy, for instance, 
the auto-fluorescence and scattered light from biological matrix, 
and the co-excitation of the donor and the acceptor since the 20 
overlap of their excitation spectra.2 Obviously, these optical 
shortcomings lower the sensitivity of FRET assay, especially in 
complicated biological samples. Additionally, the sensitivity is 
tightly associated with the optical properties of the donor and the 
acceptor, as well as the energy transfer efficiency.3 Therefore, it 25 
is meaningful to seek new FRET model with fine-selected donor-
acceptor pair to avoid the above-mentioned optical interference 
and to improve analytical performance in bioassay. 

Typically, autofluorescence and scattered light can be greatly 
reduced in NIR detection window (650 ~ 900 nm). Thus, FRET 30 
with detection window in NIR range kindly open the new 
opportunity to overcome the problems.4 NIR-QDs have been 
verified to be efficient and promising energy donor due to their 
excellent photophysical properties (high quantum yield, large-
Stokes shift and weak photobleaching),5 which was firstly 35 
explored by Zhu’s group,3b and further developed by Xia and 
Kong.6 As to the acceptor, NIR organic dyes inevitably suffer 
from quite a few deficiencies such as weak stability, high cost 
and difficult synthesis, and thus are rarely applied in NIR-FRET. 
Recent years, gold nanorods have attracted increasing attention in 40 
FRET because of their outstanding surface plasma resonance 
absorption capacity in NIR range,7 which have been gradually 
utilized in the aforementioned NIR-QDs-based FRET sensors. 
Nonetheless, surface modification and biological label are 
obligatorily needed in gold acceptor, resulting in time-consuming 45 
and complicated procedures in some degree.8 Recently, carbon 
nanoparticles (CNPs) has been gradually utilized as a competitive 
acceptor in FRET because of its superquenching capacity and 

self-assembly with ssDNA by the π-π stacking interaction.9 
Compared with frequently-used two-dimensional graphene 50 
acceptor, CNPs is zero-dimensional and possesses obvious merits 
such as uniform size distribution, easy synthesis and good 
compatibility with biomolecules.3c,9b,9d Furthermore,  CNPs show 
wide absorption range from ultraviolet to NIR,3c and may be 
capable of promising acceptor candidate to NIR-QDs. 55 

Herein, we firstly report a new FRET architecture employing 
NIR-QDs and OCNPs as the donor-acceptor pair and insulin as 
the model analyte. The principle is illustrated in Scheme 1. 
Insulin aptamer as a selected linker is covalently anchored on the 
surface of NIR-QDs, which effectively bound with OCNPs 60 
through the π–π interaction, leading to shortened distance 
between the donor and the acceptor. As a result, FRET from NIR-
QDs to OCNPs naturally occurs and the fluorescence of the donor 
is suppressed. When insulin is subjected to the sensor, the QDs-
aptamer-OCNPs complex is decomposed because of the 65 
weakened π – π interaction between aptamer and OCNPs, which 
is mainly attributed to the high affinity of insulin towards aptamer. 
Thus, the process of FRET is inhibited and the fluorescence of 
NIR-QDs is restored in an insulin concentration-related method. 
It can be seen that the FRET system is facilely fabricated because 70 
only one label step is involved. Furthermore, the detection 
window of this FRET is in NIR range (750 nm), where the 
autofluorescence and scattered light arising from biological 
matrix are greatly avoided, ensuring high sensitivity of the sensor. 

 75 
Scheme 1. Schematic illustration of insulin aptamer biosensor based on 
FRET from NIR-QDs to OCNPs (not to real scale). 

To realize this design, NIR-QDs and OCNPs were prepared 
severally (details in ESI) according to our previous report.10 As 
shown in Fig. S1, the TEM image shows that QDs with diameter 80 
ca. 8 nm exhibits good monodispersibility and uniform size 
distribution. The appearance of the unique peaks of Se, Te, Cd, 
Zn, S in EDX spectrum demonstrates the formation of 
CdTeSe/ZnS QDs. The FT-IR spectrum of PMAH-coated QDs 

Page 1 of 3 ChemComm

C
h

em
ic

al
 C

o
m

m
u

n
ic

at
io

n
s 

A
cc

ep
te

d
 M

an
u

sc
ri

p
t

Pu
bl

is
he

d 
on

 0
7 

N
ov

em
be

r 
20

13
. D

ow
nl

oa
de

d 
by

 G
R

A
N

D
 V

A
L

L
E

Y
 S

T
A

T
E

 U
N

IV
E

R
SI

T
Y

 o
n 

16
/1

1/
20

13
 1

8:
19

:0
0.

 

View Article Online
DOI: 10.1039/C3CC47649A

http://dx.doi.org/10.1039/c3cc47649a


 

2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

shows typical absorption peaks of methylene asymmetric and 
symmetric C−H stretching (2959-2860 cm-1), C=O stretching 
(1686 cm-1), asymmetric and symmetric COO− stretching (1391 
cm-1), C-O stretching (1196-1138 cm-1), which approve 
successful functionalization of PMAH on the surface of QDs. The 5 
quantum yield (QY) of PMAH-QDs was tested and calculated as 
ca. 0.4 according to the literature,11 which was competitive 
compared with organic fluorescent dyes. The photoluminescence 
(PL), UV-vis and FT-IR spectra were performed to verify 
successful conjugation between QDs and aptamer. In Fig. S2A, 10 
about 4 nm red shift of the PL emission peak is found in QDs-
aptamer, which may be attributed to the decrease of confinement 
in one dimension.12 And the fluorescence quenching of QDs after 
the conjugation was ascribed to the mechanism of electron spin 
exchange or electron transfer.13 The UV-vis absorption peak of 15 
aptamer at 260 nm was also obtained in QDs-aptamer (inset in 
Fig. S2A). FT-IR spectrum of QDs-aptamer was measured (Fig. 
S2B), and compared with that of QDs (Fig. S1C), unique 
absorption peaks of DNA at 1098, 990 cm-1 were observed in 
QDs-aptamer bioconjugates.14 The results have clearly confirmed 20 
the successful conjugation between aptamer and QDs.   

In Fig. S3A, the TEM photo indicates that OCNPs shows 
approximately spherical morphology with a diameter distribution 
ranging from 40 to 60 nm. As compared to graphene or graphene 
oxide with nonuniform size distribution from nanometers to  25 
micrometers, OCNPs is uniform in size and may be more suitable 
for stable fluorescence quenching. Fig. S3B shows the UV-vis 
absorption spectrum of OCNPs, which exhibits quite wide 
absorption from ultraviolet to NIR (200-850 nm), ensuring good 
overlap with the NIR emission of QDs. The inset of Fig. S3B 30 
indicates that the as-prepared OCNPs are water-soluble because 
of the appearance of hydrophilic groups through the oxidization 
procedure. Such broad absorption and good water-solubility make 
OCNPs a competitive nano-quencher for various donors. 

To build the FRET-based biosensor, the ratio of the donor to 35 
acceptor and the incubation time were optimized. As shown in 
Fig. 1A, the fluorescence of QDs-aptamer (0.072 mg/mL) sharply 
decreases along with the addition of OCNPs from 0 to 0.03 
mg/mL. The maximum quenching efficiency is about 75.2% and 
reaches a platform with further elevated concentrations of OCNPs. 40 
In Fig S4, the TEM image showes that QDs-aptamer is bound on 
the surface of OCNPs. The average hydrodynamic sizes of QDs-
aptamer, OCNPs, QDs (without aptamer conjugated) plus OCNPs, 
and QDs-aptamer-OCNPs compound were characterized by 
dynamic light scattering (DLS) (Fig S5), and the results clearly 45 
illustrated that only QDs-aptamer could bind with OCNPs, 
leading to an increase in size. A control experiment was 
performed to prove that the fluorescence quenching of QDs was 
induced by the self-assembly between aptamer and OCNPs. In 
Fig 1B, it can be seen that the fluorescence of QDs (not aptamer 50 
linked) decreases about 3% after the addition of OCNPs. The 
results visily demonstrate that tiny non-specific quenching 
occurred, and the most fluorescence quenching of QDs was 
mainly attributed to the aptamer-linked FRET process from the 
donor to the acceptor, which was distinctly affirmed by the next 55 
fluorescence lifetime experiment. The fluorescence lifetimes of 
QDs-aptamer and the complex of QDs-aptamer-OCNPs were 
measured and calculated as ca. 20.5 and 5.3 ns, respectively (Fig 

S6). And the transfer efficiency (E, 74.1%) was obtained 
according to the typical equation i.e. E = 1- τDA/τD (τD and τDA 60 
represent the fluorescence lifetime of the donor in the absence 
and prescence of the acceptor, respectively),15 which was 
consistent with the maxtrum quenching efficiency. In Fig. S7, the 
fluorescence quenching efficiency reached  maximum  and  kept  
in  consistency after 1 h incubation. Thus, fixed concentrations of 65 
the donor and the acceptor (QDs-aptamer: 0.072 mg/mL, OCNPs: 
0.03 mg/mL) were applied to construct the sensor, and 1 h 
incubation was adopted to ensure full quenching and stable 
background for the following sensing. 

 70 
Fig. 1 (A) FL quenching of QDs-aptamer toward varying concentrations 
of OCNPs. Inset: quenching efficiency versus various amounts of OCNPs 
(0, 0.005, 0.01, 0.02, 0.03, 0.04, 0.05 mg/mL). (B) FL intensity (at 750 
nm) of QDs in the absence and presence of OCNPs. 

In the process of detection, the time curve of fluorescence 75 
restoration was firstly investigated and shown in Fig. S8, which 
affirms that the fluorescence reached maximum recovery in 1 h 
incubation and kept stable with longer incubation. As shown in 
Fig. 2A, the donor fluorescence of the sensor increases gradually 
with the constant addition of insulin. In Fig. 2B, a linear curve is 80 
found between the fluorescence restoration and the concentration 
of insulin ranging from 1 pM to 2.0 nM. The fluorescence 
recovery reached a platform when higher concentration of insulin 
was added (inset in Fig. 2B). The detection window of the sensor 
was in NIR range, where the autofluorescence and scattered light 85 
were eliminated in great degree, resulting in higher S/N ratio and 
sensitivity. Furthermore, OCNPs own outstanding fluorescence 
quenching ability, and thus high quenching efficiency was 
obtained, leading to low background for fluorescence restoration, 
which was also a factor for the improvement of sensitivity. 90 
Therefore, this sensor could detect insulin as low as 0.6 pM, 
which was a competitive sensitivity compared with that obtained 
by other insulin assays.16 This sensor was designed on the basis 
of homogeneous FRET technology, which completely avoided 
tedious washing and separation steps in the heterogeneous 95 
assays.16a,16b In addition, the influence of QDs tagged with 
different concentrations of aptamer on the analytical performance 
of the sensor was investigated. As shown in Table S1, relatively 
low quenching efficiency and unsatisfying detection limit are 
obtained if QDs modified with low concentration of aptamer, 100 
which may be attributed to the incomplete binding between QDs 
and OCNPs. However, QDs modified with more aptamer might 
gain greater opportunities to be preferentially bound with OCNPs 
by the π–π interaction, leading to elevated quenching efficiency, 
and thus higher sensitivity is naturally achieved. Nonetheless, 105 
QDs labeled with too high concentration of aptamer (above 7.5 
nM) is not beneficial to improving the sensitivity, which is 
probably a result from the saturation of quenching efficiency. 
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Fig. 2 (A) FL recovery of the sensor towards various concentrations of 
insulin (0, 0.001, 0.005, 0.02, 0.2, 0.5, 1.0, 1.2, 1.5, 2.0 nM). (B) Linear 
relationship between fluorescence enhancement and the concentration of 
insulin. Inset: relation curve of fluorescence enhancement and the 5 
concentration range of insulin. 

In order to verify the selectivity of the sensor for insulin, 
numerous interfering substance including ions, amino acids and 
proteins were studied. As shown in Fig. 3, no obvious 
fluorescence enhancement induced by these substances (0.1 µM) 10 
is observed, while only 2.0 nM of insulin results in great 
increment of fluorescence. The results thus clearly show high 
selectivity of the sensor. 

 
Fig. 3 Relative intensity (F–F0/F0) of the sensor versus different inspected 15 
species, where F0 represents the fluorescence intensity of the sensor 
( blank), and F is the intensity of the mixture plus interfering substance.  

After that, the sensor was employed to detect the insulin level 
in human plasma to verify its applicability in biological matrix. 
Firstly, the autofluorescence of human plasma (20-fold dilution) 20 
was measured. In Fig. S9A, obvious visible fluorescence is 
observed in diluted plasma, while the fluorescence in NIR range 
is rarely found. Thus, great optical interference of FRET emerges 
in the visible detection window. Furthermore, the influence of 
human plasma on the fluorescence of QDs-aptamer is illustrated 25 
in Fig. S9B, which indicates that the human plasma shows no 
obvious effect on fluorescence spectrum and the emission 
intensity at 750 nm of QDs-aptamer. Thus, the sensor can be used 
for insulin sensing directly in human plasma without optical 
interference. Thereafter, five clinical human plasma samples were 30 
subjected and measured with the results listed in Table S2. 
Taking the 20-fold dilution into account, the insulin levels of the 
samples were from 62 to 74 pM with a RSD within 5%, in 
according with that measured by other assays.16a,16c Then, 
standard addition experiments were performed to validate the 35 
proposed method. The recoveries were from 72% to 116%, which 
were acceptable for clinical assay. The results exhibit high 
robustness of this NIR-FRET-based sensor in complex matrix. 

In conclusion, a new FRET system was firstly built using NIR-
QDs and OCNPs as the donor-acceptor pair, and designed for 40 
insulin sensing. This FRET model fully utilized the optical merits 
of NIR-QDs, the superquenching ability of OCNPs and the high 
specificity of aptamer, and thus good analytical performances 
were obtained. The sensor was successfully applied to detect 
insulin directly in human plasma without optical interference. 45 

Furthermore, this sensor could be developed to build up sensing 
platform through linking various aptamers or other ligands. 
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