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The high fluorescence quenching ability for a wide spectrum of fluorescent dyes of bioinspired 
polydopamine nanospheres was shown for the first time. Up to 97% quenching efficiency via energy 
transfer and/or electron transfer was obtained toward four kinds of fluorophores, Aminomethylcoumarin 
Acetate (AMCA), 6-Carboxyfluorescein (FAM), 6-Carboxytetramethylrhodamine (TAMRA) and Cy5. 
This fluorescence quenching ability was compared favorably with graphene oxide, the superquencher. 10 

And the nanospheres (NS) exhibit different affinities to various ssDNA conformations. Furthermore, 
FAM-labeled ssDNA was adsorbed onto NS through non-covalently binding to form an ssDNA/NS 
complex, leading to the quenching of the fluorescence of FAM. This complex was used as a sensing 
platform for detection of DNA and proteins based on the fluorescence recovery due to the targets 
recognition. The LOD of DNA and thrombin were equal or close to GO-based biosensors. The assay is 15 

fast, simple and homogeneous, which could be used for fluorescence imaging. And the excellent 
biocompatibility and biodegradability of polydopamine make it suitable for in vivo applications. 

Introduction 
Rapid, cost-effective, sensitive and specific analysis of 
biomolecules is important in the fields of drug discovery, 20 

environmental monitoring, food safety, clinical diagnostics and 
treatment. The development of fluorescent sensors for assaying 
biomolecules has recently received considerable attention due to 
their inherent advantages, such as high sensitivity, operational 
convenience, and especially the in situ imaging property.1, 2 This 25 

type of sensors usually consist of a fluorophore and a quencher to 
form a Förster resonance energy transfer (FRET) pair, in which 
the distance-dependent fluorescence quenching is closely coupled 
with the biomolecular recognition event. Based on this signal-
transduction mechanism, as one kind of hairpin-structured DNA 30 

probes, molecular beacons are elaborately designed.3-5 
Owing to their unique optical, electronic, and catalytic properties, 
nanomaterials have been used as novel biosensing platforms.6-8 
Over the past few years, many nanomaterial-based fluorescent 
biosensors have been exploited by using nanomaterials as 35 

quenchers. These nanoquenchers are available to eliminate the 
selection issue of a fluorophore–quencher pair, due to their ability 
to quench fluorophores with different emission frequencies, and 
improve the signal-to-noise ratio of DNA probes. Gold 
nanoparticles (AuNPs),9, 10 carbon nanomaterials including 0D 40 

carbon nanoparticles (CNPs),11, 12 1D carbon nanotubes (CNTs),13, 

14 and 2D graphene oxide (GO),15, 16 and recently developed 
metal-organic framework (MOF)17 and MoS2 nanosheets18 have 
been used as highly efficient nanoquenchers to develop novel 
fluorescent sensors. Although these nanoquenchers have been 45 

successfully used for the detection of nucleic acids, proteins, 

metal ions, small molecules and enzymes,19-27 the preparations of 
some materials are often elaborate and fussy, and some of the 
materials are toxic for in vivo studies; therefore, the current 
researches have been focused on developing new materials as 50 

replacements. 
Bioinspired polydopamine (PDA) is a dopamine derived 
synthetic eumelanin polymer with excellent biocompatiblity and 
biodegradability, which is widely distributed throughout the 
human body. PDA is the first polymer reported that can 55 

independently functionalize surfaces made of virtually all 
materials.28 Due to this fantastic feature, it has been extensively 
investigated for various applications including surface 
modification, metal deposition, drug delivery and others.29-39 
Most of the studies are focused on the coating property, the 60 

fluorescence quenching ability of PDA have not been reported 
yet. 
In this work, the fluorescence quenching ability of polydopamine 
nanospheres (PDANSs) was studied. It was found that the 
quenching ability was equivalent to graphene oxide and the 65 

quenching action was through energy transfer and/or electron 
transfer. Due to the interaction between ssDNA and PDANSs, 6-
Carboxyfluorescein (FAM) labeled ssDNA was adsorbed onto 
PDANSs to form a complex, leading to the quenching of 
fluorescence. And this complex was adopted as a sensing 70 

platform to detect DNA and proteins based on the fluorescence 
recovery lead by the targets recognition. As the sensing of the 
biomolecules is fast and simple, this sensing platform could be 
used for the assay of other targets. And this will also broaden the 
application of polydopamine in the life science. 75 
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Results and discussion 
In our experiments, polydopamine nanospheres were synthesized 
in a mixed solvent of Tris-buffer and isopropyl alcohol, according 
to a reported method with modifications.40 In an alkaline 
environment, the oxidation of catechol is considered to lead the 5 

self-polymerization of dopamine (Fig. 1A). We prepared the 

monodisperse polydopamine nanospheres NS-1 with a diameter 
of approximately 336.0 nm through a facile and low-cost method 
(Fig. 1B). Complementary to IR and Raman spectra, which were 
consistent with those in another report,41 provided evidence of 10 

successful PDANSs synthesis (Fig. 1C,D). The obtained NS-1 
had a zeta potential of -55.5 mV and were well-dispersed in water. 

 
Fig. 1 (A) Simplified schematic of the oxidative polymerization of dopamine to prepare polydopamine nanospheres. (B) SEM image of NS-1, the 

diameter is 336.0±37.5 nm. (C) IR spectra of (a) NS-1 and (b) dopamine. (D) Raman spectra of (a) NS-1 and (b) dopamine. 15 

Table 1 Detailed DNA sequence informationa 

Name Sequence (5’ to 3’) 
P-AMCA AMCA-GGTTGGTGTGGTTGG 
P-FAM FAM-GGTTGGTGTGGTTGG 

P-TAMRA TAMRA-GGTTGGTGTGGTTGG 
P-Cy5 Cy5-GGTTGGTGTGGTTGG 

T1 CCAACCACACCAACC 
T2 CCATCCAGACCTACC 
M1 CCAACCAGACCAACC 
M2 CCAACCAAACCAACC 
M3 CCAACCATACCAACC 
P-A FAM-AAAAAAAAAAAAAAA 
P-T FAM-TTTTTTTTTTTTTTT 
P-C FAM-CCCCCCCCCCCCCCC 

P-3FAM GGTTGGTGTGGTTGG-FAM 
T-A AAAAAAAAAAAAAAA 
T-T TTTTTTTTTTTTTTT 

a The mismatched bases in comparison with T1 are underlined. 

The fluorescence quenching ability of the monodisperse 
polydopamine nanospheres NS-1 was shown in Fig. 2B-E and S2. 
In the absence of NS-1, four types of probe DNAs with different 20 

fluorophores, Aminomethylcoumarin Acetate (AMCA), 6-
Carboxyfluorescein (FAM), 6-Carboxytetramethylrhodamine 
(TAMRA) and Cy5, labeled at 5’ end have strong fluorescence 
emission. The introduction of NS-1 would bind with probe DNAs 
and quenched the fluorescence of the fluorophores. And the 25 

quenching efficiency (QE) was more than 97% toward all those 
four fluorophores. Moreover, the fluorescence of FAM on the 
probe DNAs with different sequences was also quenched 
efficiently (> 94%) (Fig. S2A-C). As shown in Fig. S2D, the 
fluorescence of FAM labeled on 3’ terminal of P-3FAM was 30 

quenched, and this indicated that the quenching ability of 
PDANSs was independent with the location of the fluorophores.  

 
Fig. 2 (A) The scheme of the fluorescence quenching of probe DNA by 

PDANSs. (B) Fluorescence emission spectra of probe DNA (a) P-AMCA 35 

and (b) P-AMCA in the presence of NS-1. (C) Fluorescence emission 
spectra of probe DNA (a) P-FAM and (b) P-FAM in the presence of NS-1. 
(D) Fluorescence emission spectra of probe DNA (a) P-TAMRA and (b) 
P-TAMRA in the presence of NS-1. (E) Fluorescence emission spectra of 

probe DNA (a) P-Cy5 and (b) P-Cy5 in the presence of NS-1. 40 

Those demonstrated that PDANSs illustrated high fluorescence 
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quenching efficiency. And the quenching action was fast, toward 
P-FAM, with up to 99% quenching efficiency was obtained 
within 60 s after the introduction of NS-1 (Fig. S3). 

 
Fig. 3 Fluorescence anisotropy of (a) P-FAM, (b) P-FAM/T1, (c) P-5 

FAM/Thrombin, and in the presence of NS-1. 

Anisotropy measurements are commonly used to investigate 
molecular interactions. As shown in Fig. 3, the fluorescence 
anisotropy of free P-FAM in buffer was 0.026, and it increased 
19.12-fold after introduction of NS-1, indicating that P-FAM was 10 

adsorbed on the surface of PDANSs. Though the detail of the 
structure of PDA is still under discussion, it was deemed that 
PDA is composed of dihydroxyindole, indoledione, and 
dopamine units.42-44 The units condense to oligomers through 
covalently bonding, and these oligomers then aggregate through 15 

π-π stacking to form 1-2 nm sized plate-like aggregates, which 
further π-stack to second and third level aggregates of tens to 
hundreds of nanometers in diameter.45 The interaction between 
PDANSs and ssDNA was possibly led by the non-covalently 
binding through multi-contact points of long strands due to 20 

hydrogen bonding, π-π stacking, or charge-transfer complexes 
between the units of PDA and nucleobases. However, the detailed 
interaction mechanism is still not fully understood.29, 30 

 
Fig. 4 (A) Fluorescence decay curves of (a) P-Cy5 and (b) P-Cy5 in the 25 

presence of NS-1. (B) Uv-visible spectrum of NS-1. 

For the quenching mechanism, the change of Cy5’s fluorescence 
decay time from 1.878 ns to 0.262 ns, before and after 
introduction of NS-1, indicated the quenching of fluorescence 
possibly through a dynamic theory (Fig. 4A). While the Stern-30 

Volmer plot showed a nonlinear correlation and is an upward 
curvature, concave toward the y-axis (Fig. S4). These 
demonstrated that the quenching was the combination of dynamic 
and static quenching. As NS-1 show broad band absorbance in 
UV-Vis spectrum that lead to a spectral overlap with the emission 35 

spectra of fluorophores (Fig. 4B), PDANSs would quench the 

fluorescence of those fluorophores due to the FRET. On the other 
hand, the monomer dopamine and its oxide quinone, proved 
existing in PDA,42 have shown the quenching ability toward 
fluorophores and QDs via photoinduced electron transfer 40 

(PET).46-48 And the fluorescence of the probe DNA was quenched 
by dopamine with some level (Fig. S5), the role of electron 
transfer in the fluorescence quenching could not be ruled out. 
Hence, the quenching action was through energy transfer and/or 
electron transfer. 45 

 
Fig. 5 (A) Fluorescence quenching of P-FAM in the buffer by NS-2 as a 
function of time. Inset: SEM image of NS-2, the diameter is 54.0±6.6 

nm. (B) Fluorescence emission spectra of probe DNA (a) P-FAM and (b) 
P-FAM in the presence of NS-2. 50 

As the size of PDANSs could be easily controlled by tuning the 
molar ratio of buffer to alcohol and the polymerization time, NS-
2 with the diameter of about 54.0 nm, which was similar with the 
reported size of CNPs, was obtained by controlling those 
conditions (Fig. 5A). While, the quenching kinetics of NS-2 was 55 

faster; the time to reach equilibrium was approximately 2 minutes, 
comparing to over 15 minutes of CNPs. Additionally, the 
quenching efficiency of NS-2 was over 98%, which was higher 
than that of CNPs at approximately 90%.49, 50 (Fig. 5) So that, the 
fluorescence quenching ability of PDANSs should be better than 60 

CNPs. As high quenching efficiency (> 98%) was also obtained 
for the other size of PDANSs (Fig. S7), PDANSs exhibited 
glaring fluorescence quenching ability, which was better than the 
commonly used AuNPs and compared favorably with the 
outstanding carbon nanomaterials.51 65 
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As shown in Fig. 3, the fluorescence anisotropy of P-FAM/T1 
increased less than that of the P-FAM after the introduction of 
NS-1, suggesting the interaction between dsDNA and NS-1 was 
weaker. And this phenomenon also existed in P-FAM/Thrombin, 
as P-FAM is the aptamer against human thrombin, they presented 5 

as a complex due to the specific aptamer-target recognition. The 
different affinities of PDANSs toward various ssDNA 
conformations were caused by the change of the interactions 
between the nucleobases and PDANSs. When the conformation 
of ssDNA changed, the approaching of the nucleobases toward 10 

PDANSs was impeded, and then the interaction was weakened. 

 
Scheme 1 The principle of the sensing of the biomolecules. 

 
Fig. 6 (A) Fluorescence emission spectra of P-FAM/NS-1 in the presence 15 

of different concentration of T1 (0, 0.78, 1.56, 3.12, 6.25, 12.5, 25, 50, 
100, and 200 nM). (B) Calibration curve for DNA detection. Inset: 

amplification of the low concentration range of the calibration curve. 

For the high fluorescence quenching efficiency and variational 
affinities toward various ssDNA conformations, PDANSs could 20 

be used to construct a platform for the detection of a broad range 

of analytes. The principle of this sensing strategy is shown in 
Scheme 1. In the absence of NS-1, free probe DNA P-FAM had a 
strong fluorescence emission at 518 nm. The introduction of NS-
1 would bind with probe DNA to form a P-FAM/NS-1 complex 25 

and quenched the fluorescence of FAM. While, after the 
introduction of targets, the complementary DNA T1 or thrombin, 
they reacted with P-FAM, and the conformation of P-FAM 
changed. P-FAM would be released from PDANSs due to the 
weakened interaction between them, resulting in the recovery of 30 

fluorescence of FAM. Hence, the restoration of fluorescence can 
be applied to quantitative analysis of DNA and thrombin. 

 
Fig. 7 (A) Fluorescence emission spectra of P-FAM/NS-1 in the presence 
of different concentration of thrombin (0, 1.56, 3.12, 6.25, 12.5, 18.75, 25, 35 

37.5, 50, and 100 nM). (B) Calibration curve for thrombin detection. Inset: 
amplification of the low concentration range of the calibration curve. 

As mentioned above, the assay of DNA was carried out. With the 
increased concentration of T1, more P-FAM was released from 
the surface of NS-1. As a result, the retained fluorescence of P-40 

FAM was intensified (Fig. 6A). Hence, the fluorescence intensity 
can be used to monitor the concentration of DNA. This DNA 
sensor showed a linear relationship ranged from 0.78 to 25 nM, 
with a detection limit of 0.1 nM (Blank + 3 SD) (Fig. 6B). The 
detection limit of ssDNA was found to be equal to the reported 45 

GO-based sensors,52, 53 but better than many other nanoquencher-
based sensors.11, 13, 17, 18 As the fluorescence of some other probe 
DNA/NS-1 was enhanced in the presence of the corresponding 
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target DNA, the universality of this DNA sensing platform was 
proved (Fig. S8). 
Herein, PDANSs as a sensing platform was recruited for the 
detection of human thrombin. As expected, the fluorescence 
recovery was observed after the introduction of thrombin. Fig. 7A 5 

showed the fluorescence emission spectra of P-FAM/NS-1 in the 
presence of different concentrations of thrombin. The 
fluorescence intensity was found to be linear with the 
concentrations in the range of 0.78-37.5 nM (Fig. 7B). The limit 
of thrombin detection was estimated to be 0.5 nM (Blank + 3 SD), 10 

which was lower than most of the nanoquencher-based sensors15, 

17, 54 and close to the GO-based sensor55. 

 
Fig. 8 (A) Fluorescence intensity changes (F/F0) of P-FAM/NS-1 toward 
target DNA T1 (25 nM) and three kinds of single-base mismatched DNA 15 

M1, M2, M3 (25 nM). (B) Fluorescence intensity changes (F/F0) of P-
FAM/NS-1 toward thrombin (25 nM), BSA (125 nM), IgG (125 nM), and 

lysozyme (125 nM). F0 and F are the fluorescence intensity of P-
FAM/NS-1 in the absence and presence of the targets. 

To test the specificity of the DNA sensor, the single nucleotide 20 

polymorphisms (SNPs) analysis was performed (Fig. 8A). In the 
presence of single-base mismatched DNA, the fluorescence 
change (F/F0, F0 and F are the fluorescence intensity of P-
FAM/NS-1 in the absence and presence of the targets.) was little, 
whereas the presence of T1 demonstrated a significant 25 

fluorescence enhancement. As shown in Fig. S10, the addition of 
triple-base mismatched DNA T2 only led to a slight fluorescence 
enhancement compared with the blank. These results indicated 
that the DNA sensor was highly selective. To assess the 
specificity of the aptamer sensor for thrombin, different proteins 30 

(bovine serum albumin (BSA), human IgG, and lysozyme) were 
chosen as interferents (Fig. 8B). However, none of the three 
proteins could induce the distinct fluorescence change, even at 
high concentration (125 nM). This result proved that the sensing 
platform was highly selective toward thrombin. 35 

Conclusions 
In summary, it has been revealed for the first time that 
bioinspired polydopamine nanospheres possess high fluorescence 
quenching efficiency and different affinities toward various 
ssDNA conformations. On the basis of the findings, PDANSs 40 

could be employed as a sensing platform for the detection of 
DNA and proteins. It was demonstrated with good selectivity to 

specific targets. And this sensing method is fast and simple, 
without the involvement of other reagents and further operations. 
In addition, the assay is homogeneous for the assay occurs 45 

exclusively in the liquid phase, which makes it easy to automate 
and suitable for fluorescence imaging. Furthermore, compared to 
the classic nanoquenchers, PDANSs with tunable diameters can 
be readily synthesized on a large scale through a facile and low-
cost method, and applied without further treatment. With these 50 

advantages, this work provides opportunities to develop simple, 
rapid, and economical biosensors for molecular diagnostics. 
Because PDA is widely distributed throughout the human body 
and it can be physically metabolized, PDANSs are highly suited 
for in vivo applications. Moreover, coupled with the reported 55 

unique physical and chemical properties, the application of PDA 
will be broaden. 

Experimental 
Materials. Dopamine hydrochloride was purchased from Sangon 
Biotechnology Co., Ltd (Shanghai, China). Immunoglobulin G 60 

(IgG) and lysozyme (hen egg white, 70000 u/mg) were purchased 
from Biosharp, Japan. Bovine serum albumin (BSA) was 
obtained from Amresco (Solon, USA) and human α-thrombin 
was ordered from Sigma-Aldrich, USA. All other reagents were 
of analytical reagent grade and used without further purification. 65 

20 mM Tris-HCl buffer (pH 7.4, containing 140 mM NaCl, 5 mM 
KCl, 1mM MgCl2 and 1mM CaCl2) was used in this experiment. 
DNA sequences were synthesized by Sangon, and the sequences 
were shown in Table 1. 
Preparation and characterization of PDANSs. PDANSs were 70 

synthesized according to a previous report with some 
modifications. Briefly, 100 mg dopamine hydrochloride was 
added to the mixture of 100 mL Tris-buffer (10 mM) and 40 mL 
isopropyl alcohol with stirring. After stirred for 72 h, NS-1 was 
obtained. The suspension was centrifuged and 75 

washed/resuspended with water for several times. The precipitate 
was dried for the following experiment. Scanning electron 
microscope (SEM) images were recorded using an S-4800 
scanning electron microscope (Hitachi, Japan). IR spectra were 
determined by a Nicolet 6700 FT-IR Spectrometer in the range of 80 

400 to 4000 cm-1 choosing KBr as medium. Raman spectra were 
recorded on a Jobin-Yvon HR800 laser Raman spectrometer with 
480 nm wavelength incident laser light in the range of 500 to 
2000 cm-1. A NanoDrop 2000c Spectrophotometer was used to 
obtain UV-Visible spectra. Some other PDANSs were also 85 

prepared by controlling the molar ratio of buffer to isopropyl 
alcohol and the reaction time. 
Fluorescence quenching measurements. The fluorescence 
measurements were performed at room temperature on a 
Shimadzu RF-5301PC fluorophotometer. The excitation and 90 

emission wavelength of the fluorophores were shown in Table S1. 
The emission spectra of probe DNA and the mixture of the probe 
DNA with PDANSs were recorded. The quenching efficiency 
(QE) was calculated by the formula: QE=(1-FQ/FI)×100%, where 
FQ and FI are fluorescence intensities in the presence and absence 95 

of PDANSs, respectively. The fluorescence quenching kinetic 
analysis was also conducted. The emission intensity of P-FAM at 
518 nm was recorded each 3 s at the excitation of 470 nm after 
the introduction of PDANSs. 
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Fluorescence lifetime analysis. The fluorescence lifetime 
analysis was conducted on an Edinburgh FLS920 Time-Resolved 
Fluorescence Spectrofluorometer. P-Cy5 and P-Cy5/NS-1 were 
used for lifetime analysis. The fluorescence decay curves were 
recorded with the excitation and emission wavelength at 625 and 5 

660 nm, respectively. 
Fluorescence anisotropy analysis. The fluorescence anisotropy 
was examined with the FLS920 fluorescence spectrometer. The 
fluorescence anisotropies of P-FAM, P-FAM/T1, and P-
FAM/Thrombin were measured in the absence and presence of 10 

NS-1. Excitation and emission wavelength are 470 and 518 nm, 
respectively. 
Fluorescence assay of DNA and thrombin. Probe DNA P-FAM 
was mixed with NS-1 for 10 minutes at room temperature as the 
sensing platform. The target T1 or thrombin was added to this 15 

sensing platform, with further incubation at 37 °C for 0.5 - 1.5 hr. 
The final T1 concentration in the mixture ranged from 0.78 to 
200 nM, and the thrombin concentration ranged from 1.56 to 100 
nM. After the incubation, the fluorescence of the mixture was 
detected with the RF-5301PC fluorophotometer. The 20 

fluorescence intensity at 518 nm is used for quantitative analysis. 
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