
ORIGINAL PAPER

A peptide nucleic acid–regulated fluorescence resonance energy
transfer DNA assay based on the use of carbon dots and gold
nanoparticles

Tingting Gao1,2
& Shu Xing2

& Mengjia Xu2,3
& Pan Fu2,3

& Jiechen Yao2
& Xiaokang Zhang2

& Yang Zhao4
&

Chao Zhao2

Received: 8 December 2019 /Accepted: 25 May 2020
# Springer-Verlag GmbH Austria, part of Springer Nature 2020

Abstract
A convenient fluorometric method was developed for specific determination of DNA based on peptide nuclei acid (PNA)–
regulated fluorescence resonance energy transfer (FRET) between carbon dots (CDs) and gold nanoparticles (AuNPs). In this
system, CDs that display lake blue fluorescence with excitation/emission maxima at 345/445 nm were used as fluorometric
reporter, while AuNPs were used as fluorescence nanoquencher. A neutral PNA probe, which is designed to recognize the target
DNA, was used as a coagulant to control the dispersion and aggregation of AuNPs. Without DNA, PNA can induce immediate
AuNP aggregation, thus leading to the recovery of the FRET-quenched fluorescence emission of CDs. However, the addition of
the complementary target DNA can protect AuNPs from being aggregated due to the formation of DNA/PNA complexes, which
subsequently produces a high fluorescence quenching efficiency of CDs by dispersed AuNPs. Under optimized conditions,
quantitative evaluation of DNA was achieved in a linear range of 5–100 nM with a detection limit of 0.21 nM. This method
exhibited an excellent specificity towards fully matched DNA. In addition, the application of this assay for sensitive determina-
tion of DNA in cell lysate demonstrates its potential for bioanalysis and biodetection.

Keywords Peptide nucleic acid . AuNPs . Carbon dots . FRET . DNA detection . Fluorometric method

Introduction

As the genetic basis of disease is gradually uncovered, the med-
ical diagnosis and treatment based on pathogenic gene detection
is becoming increasingly important [1, 2]. While significant
progress has been made with polymerase chain reaction (PCR)
and next-generation sequencing (NGS), themost commonmeth-
od to detect and quantify nucleic acid, it is still very difficult to
popularize them in most public health settings due to the high
testing cost, its being time-consuming, and the requirement of
specialized instrument and laboratory environment. Thus, the
development of rapid, economical, and accurate method for spe-
cific DNA detection and quantification is still in urgent need. In
the past decades, the design of fluorescent biosensors for specific
DNA has attracted considerable attention owing to their inherent
advantages including high sensitivity, ease of operation, and in
situ imaging properties [3–7]. It is worth noting that fluorescence
resonance energy transfer (FRET) or quenching mechanism-
based DNA assays are one of the most popular strategies, such
as famous molecular beacon hairpin structures [8, 9]. They usu-
ally comprise of a fluorophore and a quencher molecule
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respectively attached to two ends of a DNA probe strand. In the
absence of the target molecule, the fluorophore and quencher
molecules are in close proximity and fluorescence is quenched.
Upon hybridization with the target molecule, the quencher mol-
ecule becomes physically separated from the fluorophore mole-
cule and fluorescence is recovered. However, although these
fluorescent assays have been extensively developed in a series
of applications [10–12], they still suffer from several drawbacks,
such as careful selection of fluorescence-quenching pairs, need
of probe labeling, and the shortcomings from used fluorescent
organic dyes which contain sophisticated synthetic procedures,
rapid photobleaching, narrow excitation spectra, broad emission
band, small Stokes shifts, high cost, and a short fluorescence
lifetime [13].

Carbon dots (CDs), a novel fluorescent carbon
nanomaterial with a size below 10 nm, are gradually becom-
ing a rising star in the research of fluorescence analysis [14].
Compared with organic dyes and traditional quantum dots,
CDs are proudly characterized by easy preparation, tunable
excitation and emission, high photostability, inexpensive
raw materials, and low cytotoxicity [15, 16]. These superior
and unique properties make CDs ideal probes in fluorescent
biosensors [17–19]. On the other hand, gold nanoparticles
(AuNPs) are ideal fluorescence quenchers due to their high
extinction coefficients and a wide absorption spectral range,
which can overlap with the emission of many fluorophores
[20–22]. In the past two decades, FRET based on CD/AuNP
pair has been widely utilized for sensing of small molecules
[23–31] and protein [32, 33]. In these studies, CDs acted as a
highly efficient fluorescent donor and AuNPs acted as an ex-
cellent acceptor to substitute traditional organic dyes and
quenchers. The FRET distance between quantum dots (QDs)
and AuNPs was modulated by the dispersion/aggregation
state of AuNPs or the competitive replacement of CDs on
the surface of AuNPs. Nevertheless, the determination of
DNA using these methods has not been sufficiently explored.
To the best of our knowledge, there are only two studies
reporting CD-AuNP systems for DNA sensing applications
[34, 35]. In their designs, DNA probes need to be labeled
and the adoptive CDs or AuNPs need to be modified and
separated, which make them cumbersome, expensive, and
time-consuming. Although the CD-AuNP/graphene oxide
(GO) system is highly sensitive, it is hard to distinguish
single-base mismatched targets from fully-matched ones
[35], which also limits their applications in pathogenic gene
detection, because many human diseases are caused by single-
base mutations [36–38].

Considering the flexibility, simplicity, and high speci-
ficity of DNA detection process, we propose a peptide
nucleic acid (PNA)–regulated FRET method based on
CDs and AuNPs for specific DNA determination
(Scheme 1). PNA are synthetic DNA/RNA analogues in
which the entire sugar phosphate backbone is replaced by

an uncharged polyamide backbone [39]. Distinct backbone
properties, especially charge neutrality, not only endow
PNA with outstanding hybridization properties such as
higher binding affinity and better specificity but also bring
an exceptional interaction with nanomaterials [40–42]. It
was reported that PNA can induce immediate aggregation
of citrate ion-coated AuNPs, while PNA-DNA complexes
can effectively keep the particles dispersed [40, 41].
Therefore, it is reasonable to infer that the combination
of CD/AuNP pair and PNA probe would have a good
application prospect in the establishment of more conve-
nient, cost-effective, specific, and sensitive methods for
DNA determination, which avoids modification and sepa-
ration steps, and this would potentially broaden the appli-
cability of CD/AuNP pair–based fluorometric method.

Experimental section

Materials and reagents

All of the 9-fluorenylmethoxycarbonyl (Fmoc)-PNA mono-
mers were purchased from PANAGENE Inc. (Daejeon,
Korea, http://www.panagene.com). Methyl-benzhydrylamine
(MBHA) resin was purchased from CSBio Ltd. (USA, https://
www.csbio.com/offices.html). DNA oligonucleotides were
synthesized and purified by Jie Li Biology Inc. (Shanghai,
China, http://www.genebioseq.com/). All PNA and DNA
sequences were listed in Table S1. Malic acid, urea, ethyl
acetate, petroleum ether, chloroauric acid, sodium citrate,
ethylenediaminetetraacetic acid disodium salt (EDTA),
acetic anhydride (Ac2O), dichloromethane (DCM), N,N-
diisopropylethylamine (DIEA), N,N-dimethylformamide
(DMF), Kaiser reagent, N-methyl-2-pyrrolidone(NMP),
t r i f l uo roace t i c ac id (TFA) , t r i i sop ropy l s i l ane ,
tris(hydroxymethyl)aminomethane, anhydrous diethyl ether,
potassium chloride, acetonitrile, O-benzotriazole-
tetramethylurea hexafluorophosphate (HBTU), piperidine,
and pyridine were purchased from Aladdin (Shanghai,
China, https://www.aladdin-e.com/). HAuCl4·3H2O (99.9%)
and trisodium citrate dihydrate (99.5%) were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China,
http://en.reagent.com.cn/). HeLa cell was purchased from the
cell bank of the Chinese Academy of Sciences (Shanghai,
China, http://www.cellbank.org.cn/). The RPMI 1640
medium and PBS were purchased from Thermo Scientific
(USA, https://www.thermofisher.com/). RIPA lysis buffer
was purchased from Beyotime Biotech (China, https://www.
beyotime.com/index.htm). Ultrapure water (18 MΩ·cm.) was
prepared from Millipore (Merck) Milli-Q water system. All
experiments were performed in Tris-HCl buffer (2 mM Tris-
HCl, 5 mM NaCl, pH 7.4) unless otherwise stated.
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Apparatus

Fluorescence spectroscopy measurements were performed on
a LS55 fluorescence spectrophotometer (PerkinElmer, USA,
http://www.perkinelmer.com.cn/). The ultraviolet-visible
(UV-vis) spectra was obtained by a Cary 300 UV-vis spectro-
photometer (DeNovix, USA, http://www.denovix.com/).
Transmission electron microscope (TEM) images were col-
lected from a JEM2100 transmission electron microscope
(JEOL, Japan, https://www.jeol.co.jp/). Fourier transform
infrared spectra (FT-IR) were recorded on a Nicolet is50
Fourier transform infrared spectrometer (ThermoFisher,
USA, https://www.thermofisher.com/). PNA was purified
using a 1260 high performance liquid chromatograph
(Agilent, USA, https://www.agilent.com/about/). The
molecular weight of the PNA was determined on a 4600
time-of-flight mass spectrometer (AB Sciex, USA, https://
sciex.com.cn/).

PNA synthesis

PNA was manually synthesized by the solid-phase peptide
synthesis protocol as we reported previously [43]. The crude
PNAwas cut off from the resin in a cleavage cocktail [43] and
precipitated out in plenty of anhydrous diethyl ether. Then
PNA precipitate was dried by carefully passing a stream of
dry N2 and dissolved in ultrapure water. PNA was purified by
a reverse-phase column (Agilent Eclipse XDB-C18) and char-
acterized by mass analysis (see Fig. S1). The concentration of
PNA was calculated by the absorbance at 260 nm and the
extinction coefficient, which was estimated based on the

sum of the extinction coefficients of component bases. At last,
a stock solution of PNA (100 μM) is prepared in high-purity
water for use.

Preparation of CDs and AuNPs

CDs were synthesized by the solvothermal treatment of malic
acid and urea. Briefly, 10 mM malic acid (1390.9 mg) and
10 mM urea (600.6 mg) were fully mixed in a 10 mL DMF
solution. Then the mixture was poured into a 100-mL auto-
clave and placed in an oven at 200 °C for 15 h. The resulting
dark brown solution was centrifuged at 6481×g (10,000 rpm)
for 10 min, and the supernatant was collected, followed by
dialysis using a 1 kDa cutoff membrane for 1 week. The CD
solution was next freeze-dried to powder before subsequent
use. The concentration of CDs used in this experiment is
5 μg mL−1. Citrate-stabilized AuNPs with a diameter of about
13 nm were prepared using a standard protocol [41, 44], and
details are given in the Electronic Supporting Material.

DNA assay

For the determination of target DNA, different concentrations
of DNA were first annealed with a specific concentration
(0.8 μM) of PNA in Tris-HCl buffer at room temperature.
After 10 min, 50 μL of 5 nM AuNPs and 10 μL of CDs were
added to the sample solution. Then the mixture was incubated
at room temperature for 1 h, and the change in fluorescence
intensity was analyzed by a fluorescence spectrophotometer at
an excitation wavelength of 345 nm. For the specificity

Scheme 1 Schematic diagram of
DNA detection strategy using a
PNA-CD/AuNP system
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analysis, a similar protocol was performed except that the
mismatched DNA was used instead of the target DNA.

Preparation of cell lysate

HeLa cells were trypsinized, collected by centrifugation, and
washed with 0.1 M PBS. Then the cells were centrifuged
again at 373×g (2400 rpm) for 5 min at 4 °C to remove the
supernatant. The collected cells were suspended in RIPA lysis
buffer at a concentration of 5.5 × 106 cell∙mL−1 [41], and then
the resultant suspension was incubated on ice for 40 min.
Finally, the lysis products were centrifuged at 9333×g
(12,000 rpm) for 30 min at 4 °C. The supernatant was collect-
ed and stored in − 20 °C for use. In this experiment, a 10%
HeLa cell lysate was used for target DNA assay.

Results and discussion

Synthesis and characterization of CDs and AuNPs

Novel N-doped CDs were synthesized by the solvothermal
method using malic acid and urea as carbon resources. As
displayed in Fig. 1a, TEM image shows that CDs are well
dispersed with nearly spherical shape, and the average diam-
eter calculated from about 100 particles is 3.5 nm (Fig. S2).
Lattice fringes of CDs are clearly observed, and the inset

shows the lattice spacing distance of about 0.21 nm, which
is similar to other CDs reported previously [26, 29]. The func-
tional groups on the surface of the synthesized CDs were
presented using FT-IR spectra. As described in Fig. 1b, the
characteristic absorption peaks appear at 1100 cm−1,
1195 cm−1, 1405 cm−1, 1715 cm−1, 3170 cm−1, and
3340 cm−1, and they are usually caused by the stretching vi-
brations of C–O, C–N, C=C, C=O, N–H, and O–H, respec-
tively. Especially the presence of strong absorption bands of
1715 cm−1, 3170 cm−1, and 3340 cm−1 suggests that there
were plenty of carboxyl groups and amino groups on the sur-
face of CDs. Among them, the existence of amino groups
contributes to a better fluorescence quenching effect because
FRET distance is shortened through the Au-N interaction be-
tween AuNPs and CDs.

Citrate-stabilized AuNPs were prepared by the reduction of
HAuCl4 with sodium citrate and characterized by TEM and
UV-vis absorption spectra. Figure 1c and d show that AuNPs
are uniform and monodisperse, with an average diameter of
13 nm and a strong characteristic surface plasmon resonance
(SPR) absorption peak at 520 nm. These results indicate the
successful synthesis of gold nanoparticles.

Then the optical properties of CDs were investigated using
both UV-vis absorption and fluorescence spectroscopy
(Fig. 2). It is found that CDs possessed two obvious absorp-
tion peaks at 287 nm and 350 nm (spectrum UV-vis), which
ascribes to the large amount of π-π* transition of CDs and the

Fig. 1 TEM image (a) and FT-IR
spectra (b) of CDs, TEM image
(c), and UV-Vis absorption spec-
tra (d) of AuNPs
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n-π* transition of C=O bond, respectively [26, 32]. CD solu-
tion is amber, clear, and transparent under sunlight and exhib-
ited bright lake blue luminescence under UV light (inset in
Fig. 2). This demonstrates that the CDs have an excellent
fluorescence property. The photoluminescence (PL) emission
spectra of CDs display an obvious excitation-dependent fea-
ture, the emission peak gradually shifts to longer wavelength
as the excitation wavelength increase (data not shown), with
an excitation maximum at 345 nm (spectrum Ex) and an emis-
sion maximum at 445 nm (spectrum Em). It can be seen that
the emission band of CDs (spectrum Em) overlaps with the
absorption band of dispersed AuNPs (spectrum Dispersed).
This implies that the CDs and AuNPs can function as a
donor-acceptor pair for a FRET system. Zeta potential mea-
surements show that CDs are positively charged (+ 8.85 mV)
and AuNPs are negatively charged (− 36.8 mV) (Fig. S3). The
electrostatic interaction between positively charged CDs and
negatively charged AuNPs can shorten the distance between
CDs and AuNPs, which is beneficial to the occurrence of
FRET.

Assay mechanism

The principle of the PNA-regulated FRET method for DNA
detection is illustrated in Scheme 1. A 12-mer PNA probe is
used to selectively recognize the complementary target DNA
and to regulate the aggregation and dispersion of AuNPs.
PNA was designed and synthesized using standard Fmoc
chemistry as described previously [43]. In a typical sensing
process, the probe PNA is first incubated with target DNA
followed by the addition of AuNPs and CDs. It has been
reported that dispersed AuNPs can effectively quench the
fluorescence of CDs via FRET [32]. So in this system, if no
target DNA exists, free PNAmolecules in solution will induce

particle aggregation immediately and robustly. This is result
from the removal of charge repulsion between the neutral
PNA and the citrate anion-coated AuNPs [40]. The PNA
probe induced particle aggregation was verified by both
TEM (Fig. S4) and a characteristic solution color change from
red to blue. Then, the decrease in the absorbance at the char-
acteristic SPR absorption peak (521 nm) and the appearance
of absorption peak at longer wavelength (644 nm) further
confirm the aggregation of AuNPs (Fig. 2, spectrum
Aggregated). As a result, the overlap between the SPR absorp-
tion peak of AuNPs and the emission band of CDs is reduced,
and the fluorescence quenching efficiency of AuNPs towards
CDs is decreased. Therefore, the fluorescence of CDs is
turned on. However, in the presence of the complementary
target DNA, PNA-DNA complexes can protect AuNPs from
salt-induced aggregation [40], which results in an effective
quenching of the fluorescence of CDs (Fig. 2, spectrum
Dispersed). Based on this principle, the reduction of CD emis-
sion intensity, that is, the fluorescence quenching extent, can
be used to quantify the amount of target DNA.

Verification of assay mechanism

In consideration of a FRET-based assay mechanism, a series
of fluorescent experiments were first carried out to confirm the
feasibility of the method. As depicted in Fig. 3a, CDs alone
exhibit a strong fluorescence peak at 445 nm (spectrum a).
When AuNPs was added to the solution of CDs, a dramatic
fluorescence quenching is observed (spectrum b) due to the
FRET between CDs and AuNPs. However, after the addition
of PNA to the mixture of AuNPs and CDs, the aggregation of
AuNPs occurs and the fluorescence intensity emitted by CDs
is largely restored (spectrum c). The characteristic SPR peak
of the CD/AuNP solution at 521 nm is red-shifted to 627 nm
(Fig. 3b). These results suggest that the adsorption of the
electroneutral PNA probe lead to the aggregation of AuNPs
even in the presence of CDs, which reduce the overlap be-
tween CD emission spectrum and AuNP SPR absorption
band. The interaction region between CDs and agglomerated
AuNPs becomes smaller than that of free AuNPs. These re-
sults ultimately bring about a lower FRET efficiency.
Whereas when a fully matched target DNA was added, the
fluorescence quenching efficiency of CDs is greatly enhanced
(Fig. 3a, spectrum d) and no obvious change in the absorption
spectrum is observed (Fig. 3b, spectrum d). This indicates a
higher FRET efficiency between CDs and the PNA-DNA
complex stabilized AuNPs. According to the mechanism of
FRET, the more overlap between the fluorescence emission
spectrum of the donor and the absorption spectrum of the
acceptor, the better quenching effect. Thus, the dispersed
AuNPs displayed a stronger fluorescence quenching ability
than the aggregated ones. We notice a reduced fluorescence
quenching (Fig. 3a, spectrum d) for that of the PNA-DNA

Fig. 2 UV-vis absorption spectra (UV-vis), fluorescence excitation (Ex),
and emission spectra (Em) of CDs; UV-vis absorption spectra of PNA-
DNA heteroduplex-coated AuNPs (Dispersed, similar to original AuNPs)
and PNA-coated AuNPs (Aggregated). The inset shows a photograph of
CDs under sunlight (a) and UV light (b)
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complex–treated AuNPs compared with that of AuNPs alone
(spectrum b), which may be caused by the adsorption of PNA-
DNA complex onto AuNP surface. To exclude the possibility
that the reduced fluorescence quenching efficiency is caused
by the adsorption of the ssDNA onto AuNPs, control experi-
ments that using a noncomplementary DNA were also carried
out. Our results showed that PNA can induce AuNP aggrega-
tion even with the presence of interfering ssDNAs (Fig. 3b,
spectrum e). The fluorescence intensity of the mixture is re-
stored to an extent that is comparable with PNA alone (Fig. 3a,
spectrum e). The presence and absence of the target DNA can
also be discriminated through solution color changes as we
reported previously [41] (Fig. 3c). Based on these results, it
can be deduced that the PNA-regulated FRET biosensor can
be used for specific DNA determination.

Optimization of assay conditions

To achieve better sensitivity and specificity of this method, the
following parameters are optimized: (a) AuNP concentration;

(b) PNA concentration; (c) NaCl concentration. Detailed re-
sults and discussions on optimizations are given in the
Electronic Supporting Material (Fig. S5). In short, the follow-
ing experimental conditions were found to give best results:
(a) Best AuNP concentration: 5 nM; (b) Best PNA concentra-
tion: 0.8 μM; (c) Best NaCl concentration: 5 mM. It is worth
noting that the stability of AuNPs is susceptible to the ionic
strength, and the assay should be carried out in a low-salt
buffer.

DNA analysis

Under the optimal experiment conditions, a piece of the hu-
man tumor suppressor gene TP53 DNAwas used as the target
to examine the applicability of this PNA-regulated FRET
method. In order to quantify target DNA, the fluorescence
quenching efficiency (F0 − F)/F0 is employed to evaluate the
assay performance, where F0 represents the fluorescence in-
tensity of CDs in the presence of AuNPs and PNA and F
represents the fluorescence intensity of CDs in the presence

Fig. 3 a Fluorescence spectra of
(a) CDs, (b) CD/AuNP, (c) CD/
AuNP with PNA, (d) CD/AuNP
with PNA-DNA complexes, (e)
CD/AuNP with PNA and a ran-
dom sequence DNA. b UV-vis
absorption spectra and c photo-
graphs of (a) AuNPs, (b) CD/
AuNP, (c) CD/AuNP with PNA,
(d) CD/AuNP with PNA-DNA
complexes, (e) CD/AuNP with
PNA and a random sequence
DNA
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of AuNPs and PNA after addition of DNA. As shown in
Fig. 4a, the fluorescence intensity emitted by CDs decreases
gradually with increasing DNA concentration. This decrease
is attributed to the formation of PNA/DNA hybrids, which can
stabilize AuNPs in solution and lead to further fluorescence
quenching of CDs. A linear correlation exists between the
fluorescence quenching efficiency and the concentration of
DNA target over the range of 5–100 nM (R2 = 0.995) (Fig.
4b). This method has a detection limit of 0.21 nM based on
3σ/slope (where σ is the standard deviation). Compared with
the other reported FRET-based methods for DNA detection,
this PNA-regulated AuNP/CD FRET platform has a compa-
rable sensitivity or a wider linear range (Table 1).
Significantly, the probes and nanomaterials do not need to
be labeled and modified.

Specificity of the DNA assay

As demonstrated above, the PNA-regulated FRET assay is ca-
pable of discriminating between perfectly complementary
DNA and random DNA (see Fig. 3). To further evaluate the
performance of the method for specific DNA detection, three
single-base mismatched targets with three different mismatch
positions across the sequence (see Table S1) were designed and
used for detection. As can be seen in Fig. 5 and Fig. S6, the
fluorescence quenching efficiency is larger for the fully
matched DNA than for the single-base mismatched ones, and
significant differences are observed for Mutant 4 (p < 0.01) and
Mutant 8 (p < 0.05). It is interesting that the DNAs, containing a
mismatch located near the middle of the target, have the lower
fluorescence quenching efficiencies, which makes it possible
locate the mutation position of the target based on these obser-
vations. These results demonstrate that the FRET method is
highly selective that can effectively distinguish a range of mis-
matched DNA targets from the fully matched ones.

Fig. 4 a Fluorescence emission spectra of CDs in the presence of 5 nM
AuNPs and 0.8 μM PNA with addition of different concentrations of
target DNA (0, 5, 10, 20, 30, 40, 60, 80, 100, 150 nM). b The
corresponding plot of (F0 − F)/F0 versus the concentration of target
DNA. Error bars estimated as the standard deviation of three replicates

Table 1 An overview on recently reported FRET-based optical methods for determination of DNA

FRET strategy Detection limit and specificity Linear range (nM) Detection time Ref.

FRET between GO QDs and Dabcyl-DNA 0.17 nM; 3-base mismatch 0.5–30 nM In 1.2 h [17]

FRET between dye-DNA and CDs 17.4 nM; 1-base mismatch 0.04–400 nM In 1 h [19]

FRET between DNA-CDs and DNA-AuNPs 4.5 nM; 1-base mismatch 10–120 nM Several hours [34]

FRET between DNA-CDs and AuNPs 15 fM; 2-base mismatch 50 fM–1 nM Several hours [35]

FRET between dye-DNA and BHQ1-DNA 24.57 nM; 1-base mismatch 50–400 nM Less than 2 h [45]

FRET between conjugated polyelectrolytes and dye-DNA 0.38 nM; 1-base mismatch 0–50 nM Less than 3 h [46]

FRET between dye-DNA and polydopamine nanoparticles 0.40 nM; 1-base mismatch 0–50 nM Less than 2 h [47]

FRET between DNA-CdTe QDs and multiwalled carbon
nanotubes@graphene oxide nanoribbons

0.5 nM; 2-base mismatch 1.5–1000 nM Several hours [48]

FRET between graphene DNA-QDs and carbon nanotubes 0.4 nM; unspecific 1.5–133 nM Several hours [49]

FRET between CDs and AuNPs 0.21 nM; 1-base mismatch 5–100 nM In 1.2 h This work
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Determination of DNA in spiked samples

To demonstrate the practicality of the FRET method for bio-
logical samples, 10% of HeLa cell lysate samples spiked with
different concentration of target DNA were examined. As
displayed in Fig. 6, the fluorescence quenching efficiency
increases with the increase in target concentration, and the
fluorescence signals show a clear linear dependence on the
target concentration from 10 to 100 nM. The calculated detec-
tion limit for the full-matched target in 10% cell lysate is
3.5 nM, which is comparable with the sensitivity in buffer.
These results suggest the possibility of applying this strategy
for specific DNA determination in biological samples.

To validate the target determination, recovery assays were
performed by spiking known amount of target DNA into 10%
cell lysate, and the results listed in Table S2 shows that the
recovery is in the range of 96.5–102.4% with relative standard
deviations (RSDs) less than 7.4%. This indicates the reliability of
the method for the determination of DNA in biological samples.

Conclusion

We have developed a dual-mode DNA assay with both fluo-
rescent and colorimetric readout based on PNA-regulated
FRET between CDs and AuNPs. Free PNA is able to cause
immediate aggregation of AuNPs, while PNA-DNA com-
plexes can effectively stabilize unmodified AuNPs. FRET ef-
ficiency between CDs and AuNPs is affected by the
aggregation/dispersion state of AuNPs. Therefore, after intro-
ducing of complementary DNA, the fluorescence quenching
of CDs was enhanced due to the increased FRET between
CDs and dispersed AuNPs. Based on the mechanism, the
method allows rapid and sensitive determination of target
DNA. This method is able to effectively discriminate a range
of single-base mismatched DNAs from fully matched ones.
Overall, this assay is convenient to operate without complicat-
ed modification or labeling steps of nanomaterials and probes,
which make this method robust, cost-efficient, and thus prom-
ising for rapid DNA testing in clinical diagnosis.
Theoretically, this FRET strategy not only allows the determi-
nation of nuclei acids but also provides the possibility for the
analysis of other substances, which can directly or indirectly
regulate the aggregation and dispersion of AuNPs. Future
studies will focus on the further improvement of the sensitivity
through signal amplification strategy and the performances of
simultaneous determination of multiple analytes in real sam-
ples to exploit its full potential.
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