
Talanta 221 (2021) 121600

Available online 2 September 2020
0039-9140/© 2020 Elsevier B.V. All rights reserved.

Horseradish peroxidase-encapsulated DNA nanoflowers: An innovative 
signal-generation tag for colorimetric biosensor 

Ruijin Zeng a,c,1, Jun Wang b,**,1, Qingshui Wang a, Dianping Tang c, Yao Lin a,* 

a Central Laboratory at the Second Affiliated Hospital of Fujian Traditional Chinese Medical University, Collaborative Innovation Center for Rehabilitation Technology, 
Fujian University of Traditional Chinese Medicine, Fuzhou, Fujian, 350122, PR China 
b Department of General Surgery at the Second Affiliated Hospital of Fujian Traditional Chinese Medical University, Collaborative Innovation Center for Rehabilitation 
Technology, Fujian University of Traditional Chinese Medicine, Fuzhou, Fujian, 350122, PR China 
c Key Laboratory of Analytical Science for Food Safety and Biology (MOE & Fujian Province), Department of Chemistry, Fuzhou University, Fuzhou, 350108, PR China   

A R T I C L E  I N F O   

Keywords: 
Colorimetric biosensor 
DNA nanoflowers 
Rolling circle amplification 
Enzyme encapsulation 
DNA nanotechnology 

A B S T R A C T   

Herein a versatile colorimetric biosensing platform was designed for sensitive, specific, and rapid screening of 
cancer-derived exosomes (HepG2 cell-derived) by introducing horseradish peroxidase -encapsulated DNA 
nanoflowers (HRP-DF) as the biorecognition elements and signal-generation tags. HRP was concurrently asso
ciated with the growing ultralong-chain DNA and the magnesium pyrophosphate crystals (Mg2PPi) during the 
rolling circle amplification (RCA), thereby ultimately leading to the direct fixation of HRP in DFs. For demon
stration, a linear DNA circular molecule encoding the complementary sequence of CD63 aptamer (a nucleic acid 
sequence that can highly bind to exosomes) was used as a starting amplification template to obtain HRP-DF with 
the high biorecognition ability of exosomes. Upon addition of target exosomes, a sandwiched reaction was 
carried out between the cholesterol-modified DNA probes-conjugated magnetic bead (MB) and the HRP-DFs, 
accompanying formation of ternary complexes (MB-exosomes-HRP-DF). After simple magnetic separation, the 
HRP carried on the ternary complexes (MB-exosomes-HRP-DF) initiated oxidation of 2,2′-azino-bis(3-ethyl
benzothiazoline-6-sulphonic acid) (ABTS, nearly colorless) into green-colored oxidized ABTS in the presence of 
hydrogen peroxide (H2O2). The obvious color change (from nearly colorless to dark green) of ABTS-H2O2 system 
can be easily observed with the naked eye and accurately monitored by UV–visible spectrometry, which was also 
proportional to the concentration of exosomes. Impressively, HRP-DF-based biosensing platform exhibited 
satisfactory colorimetric responses toward target exosomes within the working range from 5.0 × 103 to 5.0 × 106 

particles/μL at a low detection limit of 3.32 × 103 particles/μL. Combined with a one-step sandwich reaction, 
magnetic separation and HRP-DF-based color-changing, this system had the advantages of acceptable accuracy, 
strong anti-interference ability and good reproducibility.   

1. Introduction 

Advances in DNA nano/micro-scale construction technology through 
three-dimensional (3D) DNA editing and/or programmable self- 
assembly have enabled the creation of complex DNA superstructure 
with well-defined, sophisticated, and artificial shapes [1–3]. A highly 
prominent and fascinating feature of the 3D DNA superstructure and 
self-organized nanoassemblies framework lies in the fact that it can be 
versatile by positioning the components of common biological macro
molecules (proteins, enzymes, medicine) on nano/micro-scale custom 

structure [4–6]. Recently, diverse protocols involving 3D DNA super
structure framework have been reported in the field of analytical 
nanoscience as well as diagnostic therapy because of excellent activities 
and operational biostability. Zeng et al. reported the coupling of 
double-enzyme-encapsulated DNA hydrogel with an enzyme-triggered 
photoelectrochemical bioetching reaction [7]. By conjugating two en
zymes and biotin-modified long-chain dsDNA building blocks, the 
DNA-enzymes 3D network hydrogel was programmable self-assembly 
and one-step synthesized for glucose-driven sensing by using streptavi
din as a cross-linker agent. Although DNA-enzymes 3D network 
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hydrogel synthesis method is simple and convenient with excellent ac
tivity, it cannot be a universal biosensor applicable because the encap
sulation of specific enzyme is triggered by the corresponding substrate. 
Inspiringly, Kim et al. developed the method of protein-inorganic DNA 
nanoflowers by using mature rolling circle amplification (RCA) tech
nology, which can efficiently load multiple proteins (BSA, RNase A, and 
cytochrome C as an example) while preserving the protein-activity of the 
payloads [6]. During the RCA process, the growing ultralong-chain 
ssDNA coexisting in the homogeneous reaction solution probably to 
mediate the nucleation-growth of high-concentration magnesium py
rophosphate (Mg2PPi), thereby forming porous DNA-inorganic hybrid 
micro/nanostructures by anisotropic DNA liquid crystallization [8–10]. 
Interestingly, the ultralong-chain ssDNA with well-defined repeated 
units obtained by the RCA process is encoded with the corresponding 
aptamer in advance, and then the resulting DNA-inorganic nanoflower 
can play a versatile biorecognition function. Cheng et al. established a 
lateral flow biosensing system for the portable and sensitive 
smartphone-based photo-thermal quantitative detection of exosomes 
based on Au@Pd nano-popcorn with DNA flower [11]. The CD63 
aptamer, a nucleic acid fragment with strong binding affinity and effi
ciency to the surface of exosomes, is encoded in the RCA amplification 
template and used as a biorecognition sequence for the synthesis of 
aptamer-functionalized DNA nanoflowers. Inspired by the above moti
vations, it was speculated that such self-assembled DNA-inorganic 
micro/nanostructures, programmed to contain target analyte aptamers 
with the enzyme, which may replace traditional 
recognition-amplification elements (enzyme-labeled antibodies and 
enzyme-labeled single-stranded nucleic acid), thus further improving 
specificity and sensitivity in a particularly feasible way. 

Exosomes, a kind of membrane-bound extracellular phospholipid 
vesicle with a diameter of 30–150 nm, have been reported present in 
various bodily fluids. These nanovesicles carry enriched proteins and 
nucleic acids originated from parents’ cells, including tetraspanin family 
(CD9, CD63 and CD81), adhesion molecules (integrins, lactadherin), 
heatshock proteins (Hsp 60, Hsp 70 and Hsp 90), messenger RNA and 

microRNA [11]. Accumulating evidence has revealed that exosomes 
become important mediators for regulating cell-to-cell communication 
by transferring biomolecules involving in both physiological and path
ological processes [12]. Recently, more and more studies have been 
reported that exosomes may become an ideal non-invasive plasma 
biomarker for early-stage cancer diagnosis [13,14]. Consequently, 
accurate/reliable quantification, cost-effective and instant detection of 
exosomes level in complex biological fluids is of great significance and 
urgently desired in clinical diagnosis and treatment [15]. Toward this 
goal, herein we elaborately construct a high-performance and powerful 
colorimetric biosensor for the quantitative screening of exosomes by 
using horseradish peroxidase-encapsulated DNA flowers (HRP-DFs) 
with the biocatalytic color-changing system. In our sophisticated design, 
cholesterol-modified DNA probes-conjugated magnetic bead (MB) and 
CD63 aptamer-encoded HRP-DFs were employed as the biorecognition 
elements for target exosome, respectively. Similar to the traditional 
one-step sandwich immunoassay, when the target exosomes are present, 
the cholesterol-modified DNA probes-conjugated magnetic bead (MB) 
and CD63 aptamer-encoded HRP-DFs will bind to the surface of the 
exosomes to form a sandwich ternary complexes structure (MB-ex
osome-HRP-DFs). After magnetic separation, the resulting 
MB-exosome-HRP-DFs can catalyze the ABTS-H2O2 color-changing 
system. As a result, the detection of target exosomes is converted to 
the color change of the ABTS-H2O2 system, which is easily observed by 
the naked eye and accurately measured by ultraviolet–visible spec
trometry (Scheme 1). This work not only provides an effective strategy 
for the synthesis of enzyme-encapsulated DFs with a well-defined 
structure but also sheds light on the development of powerful bio
recognition elements and signal generation tags for traditional 
biosensors. 

Scheme 1. Schematic illustration of colorimetric biosensor for the detection of target exosomes on cholesterol -modified DNA probes-conjugated magnetic bead 
(MB) and CD63 aptamer-encoded HRP-DF, based on catalyzing ABTS-H2O2 color-changing system (HRP-DF: horseradish peroxidase-encapsulated DNA nanoflowers; 
RCA: rolling circle amplification; phi 29: phi29 DNA polymerase). 
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2. Experimental 

2.1. Reagent and material 

2,2′-azino-bis(3-ethylbenzothiazoline)-6-sulfonate diammonium salt 
(ABTS; cat# A600002), T4 DNA ligase (cat# B600511), exonuclease I 
(Exo I; cat# C610019), horseradish peroxidase (HRP, ≥ 300 U/mg; cat# 
A600691), phi29 DNA polymerase (1.0 kU, cat# B300084), bovine 
serum albumin solution (BSA; 20 mg/mL), and deoxynucleotides 
(dNTPs; 10 mM, cat# B300576) were purchased from Sangon Biotech. 
Co., Ltd (Shanghai, China). Rhodamine B-labeled HRP and hepatocel
lular carcinoma cell line (HepG2)-derived exosomes were purchased 
from Xi’an Ruixi Biolog. Tech. Co. Ltd (Xi’an, China). Commercially 
ELISA kits including CEA, AFP and PSA) were purchased from Wuhan 
Cusabio Biotech. Co., Ltd (Wuhan, China). Streptavidin-modified Fe3O4 
magnetic beads (MBs; 200 nm in diameter, cat# Mag9201-05) were 
purchased from Beijing Zhongkeleiming Daojin Tech. Co., Ltd (Beijing, 
China). All aqueous solutions in this experiment were prepared by using 
deionized water (18.2 MΩ cm2). All HPLC-purified oligonucleotide se
quences were purchased from Sangon Biotech. Co. Ltd (Shanghai, 
China). These sequences are listed as follows: 

Capture probe: 5′-biotin-T40-cholesterol-3’. 
padlock probe: 5′-phosphate-AATATTATTCCAGCTGGCTAGCA 

TTAGTGTCACGGGAGCG. 
AGGTGGGGTGGACTGCACCTTGAACGCTTATTATGATT-3’. 
Primer DNA: 5′-AATAATATTAATCATAATA-3’. 

2.2. Preparation of circular template DNA 

Firstly, 5′-phosphorylated padlock probe (50 μM, 25 μL) and primer 
(50 μM, 45 μL) were co-hybridized in T4 DNA ligase buffer (10 μL of 10 
× buffer; provided by the merchant package) by heating at 95 ◦C for 4 
min, and then slowly cool to room temperature (RT) for 6 h. Subse
quently, T4 DNA ligase (5 U/μL; 20 μL) was added, and the mixture 
solution was incubated at 20 ◦C for 12 h. The T4 DNA ligase in solution 
was completely inactivated by heating at 70 ◦C for 5 min. The circular 
template was acquired by treating with of Exo I (20 U/μL; 10 μL) in Exo I 
buffer (12 μL of 10 × buffer; provided by the merchant package) at 37 ◦C 
for 2 h to degrade the excess padlock probes and primers, followed by 
heating at 85 ◦C for 15 min to completely inactivate Exo I. 

2.3. Synthesis of HRP-encapsulated DNA nanoflowers (HRP-DFs) 

Circular template DNA (2.5 μM; 10 μL), dNTP (10 mM; 10 μL), HRP 
solution (50 μg/mL; 10 μL), phi29 DNA polymerase (10 U/μL; 5 μL) and 
deionized water (55 μL) are mixed in phi29 DNA polymerase buffer (10 
μL of 10 × buffer, provided by the merchant package) at 25 ◦C for 30 h. 
The obtained white precipitate was washed with deionized water to 
remove any free HRP and unreacted DNA by centrifugation at 9500 g for 
15 min [6,16]. The obtained HRP-DFs were redispersed in deionized 
water and kept at 4 ◦C refrigerator. 

2.4. Colorimetric measurement toward target exosomes 

Prior to colorimetric measurement, the biotinylated capture probes 
against target exosomes were initially conjugated to streptavidin- 
functionalized Fe3O4 magnetic beads (MBs; 200 nm in diameter) on 
the basis of typical biotin-avidin reaction [17,18]. In detail, biotinylated 
capture probes (100 μL, 10 μM) were first added into functionalMB so
lution (100 μL, 0.5 mg/mL), and then the mixture was incubated for 2 h 
at room temperature with gentle shaking on a shaker. Following that, 
the capture probe-conjugated MBs (capture-MB) were collected by using 
magnetic separation with an external magnet (note: The non-specifically 
absorbed capture probes on the magnetic beads were removed by 
washing with ultrapure water and purified with magnet). 

Next, the as-prepared capture-MB was used for the detection of target 

exosomes with different concentrations with the assistance of HRP-DF as 
follows. Initially, exosome standards with various levels (0–5.0 × 106 

particles/μL) were mixed with PBS buffer (200 μL, 10 mM, pH 7.4) 
containing 0.25% Tween-20, capture-MB (0.1 mg/mL) and HRP-DF (0.1 
mg/mL). Thereafter, the mixture was incubated for 45 min at room 
temperature under slight shaking. The resultant bioconjugates (i.e., MB- 
exosome-HRP-DF) were magnetically separated, and the collected 
samples were thrown into PBS (180 μL, 10 mM, pH 7.4). Following that, 
20 μL of substrate solution including H2O2 (10 μL, 5 mM) and ABTS (10 
μL, 40 mM) was injected into the above-prepared MB-exosome-HRP-DF 
solution. The mixture was shaken for 20 min as before for the color 
development. Meanwhile, the absorbance (a.u.) was measured from 380 
nm to 500 nm on a UV-2700 spectrophotometer, and registered as the 
sensor signal relative to exosome concentration. All determinations were 
made at least in triplicate. All measurments were conducted at room 
temperature. 

3. Results and discussion 

3.1. Detailed characterization of DFs and HRP-DFs 

In this work, the HRP-DF was used as a biorecognition element and 
signal-generation tag of the ABTS-H2O2 colorimetric sensing. For this 
reason, the successful synthesis of HRP-DFs with high biocatalytic ac
tivity and biorecognition ability is a key part of the whole sensor system. 
To clarify this point, native-polyacrylamide gel electrophoresis (PAGE, 
12%, Fig. 1A) was used to verify whether DFs are self-assembled as high 
molecular weight products according to the envisaged RCA amplifica
tion pathway. It can be seen from lanes A and B that CD63 aptamer- 
encoded padlock probe shows a relatively low-mobility because it has 
a larger base number than the primer. After annealing the primer and 
padlock probe, then ligating with T4 DNA ligase and digesting with Exo 
I, an obvious band (lane C) with slightly lower mobility than the padlock 
probe appears. This clean and unique band corresponding to the gen
eration of the circular template. Meanwhile, no extra bands corre
sponding to the position of the padlock probe and primers appeared, 
indicating the high efficiency of exonuclease digestion. After incubating 
the mixed solution of the circular template, dNTP, and phi29 DNA po
lymerase at 25 ◦C for 30 h, a high molecular weight band appeared at the 
opening of the lane D. The formation of high molecular weight DNA 
polymer illustrates the successful implementation of RCA. As a com
parison, after adding HRP to the aforementioned DFs precursor, the RCA 
reaction was performed to obtain a high molecular weight DNA polymer 
(lane E) similar to lane D. 

Further, the intrinsic microstructures, morphology, and particle size 
distribution of DFs and HRP-DFs were subjected to scanning electron 
microscopy (SEM; JEOLJSM-7001F, Japan), transmission electron mi
croscopy (TEM; H-7700, Hitachi, Japan) and dynamic light scattering 
(DLS; Zetaszier Nano-ZS90, Malvern, UK). Evident from TEM image 
(Fig. 1B), the as-prepared DFs on the microgrid carbon support film 
exhibited flower-like superstructures with multi-layered sheets. Besides, 
the uniform morphology of DFs is approximately 962 nm with a narrow 
particle size distribution, which is in good agreement with the distri
bution results of dynamic light scattering (DLS, Fig. 1B, inset) (polymer 
dispersity index, PDI ~ 0.164). It can be clearly seen from the SEM 
image (Fig. 1C) that the 3D flower-like structure with a large number of 
smooth surfaces, which is also consistent with the TEM results. Next, the 
microstructure, morphology, and particle size distribution of HRP-DFs 
were also studied. From the TEM (Fig. 1D), DLS (Fig. 1D, inset), SEM 
(Fig. 1E) results obtained by HRP-DFs, there is no significant difference 
in the superstructure of the DNA polymer encapsulating the enzyme, 
which shows that the process of encapsulating the enzyme does not 
significantly affect the microstructure and morphology of the DFs. 
Corresponding elemental composition of the HRP-DFs was measured by 
energy dispersive spectroscopy (EDS) (Fig. 1F). Coexisting elements 
carbon (C, 25.89%), nitrogen (N, 5.04%), oxygen (O, 42.62%), 
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magnesium (Mg, 13.03%), and phosphorus (P, 13.43%) mainly derived 
from the DNA superstructure framework and Mg2PPi crystal in the HRP- 
DFs. 

Fig. 1. (A) PAGE (12% gel) for different samples (lane M: 300 bp-marker; lanes A: padlock probe; lane B: primer; lane C: padlock probe + primer + T4 DNA ligase +
Exo I; lane D: DFs (circular template + dNTP + phi29 DNA polymerase); lane E: HRP-DFs (circular template + dNTP + phi29 DNA polymerase + HRP)); (B) TEM 
image (inset: DLS analysis) and (C) SEM image of DFs; (D) TEM image (inset: DLS analysis) and (E) SEM image of HRP-DFs; (F) EDS element analysis recorded from 
the whole area of HRP-DFs. 

Fig. 2. (A–C) Confocal microscopy images of RhB (red fluorescence) labeled HRP-DFs (RhB-labeled HRP: 543 nm excitation wavelength); (D) TEM image of exo
somes on carbon grid; (E) UV–vis absorption spectra of samples: (a) ABTS + H2O2, (b) ABTS + H2O2 + HRP, (c) ABTS + H2O2 + HRP + capture-MB + exosome +
HRP-DF, (d) ABTS + H2O2 + HRP + capture-MB + HRP-DF, and (e) ABTS + H2O2 + HRP + capture-MB + exosome + HRP-ssDNA (note: The final concentrations of 
ABTS, H2O2, HRP, capture-MB, exosome and HRP-DFs were 2.0 mM, 0.25 mM, 5.0 μg/mL, 0.1 mg/mL, 5.0 × 106 particles/μL and 0.1 mg/mL, respectively); (F) 
Schematic diagram about the performance comparison of HRP-ssDNA and HRP-DFs. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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3.2. Verification the feasibility of HRP-DFs-based ABTS-H2O2 color- 
changing system 

To further verify HRP molecular is indeed encapsulated in DFs, RhB- 
labeled HRP is used as a fluorescent probe for positioning in a confocal 
laser scanning microscope. Under a given excitation wavelength, RhB- 
labeled HRP can emit strong red fluorescence in the field of laser scan
ning confocal microscope. In bright field view, HRP-DFs show black 
spots on low-magnification imaging (Fig. 2A). As expected, strong red 
fluorescence appears in the area corresponding to the bright field 
(Fig. 2B). The bright-field image and the fluorescence image are 
superimposed to obtain Fig. 2C to observe the location of RhB-labeled 
HRP in HRP-DFs [7]. Impressively, the position where the fluores
cence appears coincides with the HRP-DFs in the bright field and there is 
no excess fluorescence in other positions. The above results clearly and 
powerfully illustrate that the HRP enzyme is encapsulated in DFs, and a 
reasonable centrifugation method can prevent the presence of HRP 
enzyme in the supernatant from affecting the performance of the sensing 
platform (high background signal and false positives). 

Exosomes derived from HepG2 were used as model analytes to 
evaluate the performance of the HRP-DFs-based ABTS-H2O2 color- 
changing system. As TEM image is shown in Fig. 2D, the exosomes 
exhibit a typical cup-shaped membrane structure with a diameter 
ranging from 25 to 85 nm. Next, a series of comparative experiments 
under different conditions are studied to further verify the feasibility of 
the sensing system (Fig. 2E). From curve a, it can be shown that the 
single ABTS-H2O2 system cannot change the absorbance intensity of the 
entire homogeneous solution. When adding 5.0 μg/mL of HRP solution 
to the ABTS-H2O2 system, the absorbance intensity of the homogeneous 
solution increased significantly (curve b). Taking the exosomes con
centration of 5 × 106 particles/μL as a model, MB-exosome-HRP-DFs 
obtained by sandwich reaction and magnetic separation were added to 
the ABTS-H2O2 system. As expected, the absorbance intensity increased 
significantly (curve c vs. curve a), indicating that the successful capture 
of exosomes and the enzyme encapsulated in HRP-DFs played an 
excellent catalytic effect. When the target exosomes are absent, the 
absorbance intensity of the solution is similar to that of the ABTS-H2O2 
system alone (curve d vs. curve a). The above results show that the target 
exosomes are the root of signal changes. Besides, it also proved that 
there is almost no free HRP enzyme in the solution, which is consistent 
with the results of the laser scanning confocal microscope. These results 
indicated that the HRP-DFs-based ABTS-H2O2 biosensing system could 
be employed for the colorimetric detection of target exosomes. 

To further elucidate the merits of HRP-DFs, HRP-labeled ssDNA 
encoding CD63 aptamer (HRP-ssDNA) was compared with HRP-DFs 
(Fig. 2F). Obviously, under the condition of the same exosomes con
centration (5 × 106 particles/μL), the absorbance intensity of the HRP- 
DFs group (~1.2595 at 418 nm, curve ’b’) is 2.06 times that of the HRP- 
ssDNA group (~0.6079 at 418 nm, curve b). Moreover, the absorption 
absorbance of the HRP-DFs group could maintain 95.17, 93.22, 91.66, 
90.77, 89.66 and 87.55% of the initial signal after storage for 1st, 2nd, 
3rd, 4th, 5th and 6th week, respectively. For the HRP-ssDNA group, the 
absorbance intensity could maintain 90.34, 85.29, 81.64, 76.94, 71.66, 
and 70.36% of the initial signal after storage for 1st, 2nd, 3rd, 4th, 5th 
and 6th week, respectively. As previously reported, the reason why 
encapsulation of enzymes in DFs can greatly improve catalytic activity 
and maintain stability is likely to be a unique environment on inside DFs, 
especially the high charge density of DNA and metal ions (such as Mg2+) 
to coordinate and stabilize enzyme molecules [19,20]. 

3.3. Optimization of experimental conditions 

To acquire high sensitivity, factors influencing the analytical prop
erties of HRP-DFs-based ABTS-H2O2 colorimetric assay should be opti
mized by using 5 × 106 particles/μL exosome as an example. Generally, 
the DNA framework and enzyme activity in HRP-DF may be affected by 

the pH value of the PBS detection solution. In this regard, we initially 
investigated the effect of PBS with different pH values (10 mM) on the 
analytical performance of the colorimetric assay. Obviously, a parabolic 
relationship between the pH value and absorbance was observed 
(Fig. 3A), with an initial increment followed by a decrement. A 
maximum absorbance was achieved at pH 7.4 PBS, which was chosen for 
the colorimetric measurement. Moreover, the colorimetric response of 
different incubation times was further studied. As shown in Fig. 3B, the 
steady-state absorbance value were achieved after 20 min. A longer 
incubation time did not cause the significant increase in the absorbance. 
To save the assay time and acquire an adequate signal, we selected 20 
min as the incubation time in this work. 

3.4. Dose responses of HRP-DF-based ABTS-H2O2 colorimetric toward 
target exosomes 

By coupling with HRP-DFs-based biorecognition-signal amplification 
and ABTS-H2O2 strategy, the exosome standareds with different con
centrations (0–5 × 106 particles/μL) were systematically detected. As 
the concentration of exosomes increased successively, the absorbance 
intensities increased monotonically, which resulted from the MB- 
exosomes-HRP-DFs-driven enzyme catalysis process of ABTS-H2O2 ho
mogeneous system. A preferable linear-dependence absorbance 
intensity-exosomes concentration curves were obtained within the dy
namic range (Fig. 4A) and the correlation equation could be described as 
y (absorbance intensities at 418 nm) = 0.3845 × logC[exosomes] - 1.3592 
(particles/μL), (R2 = 0.9846, n = 7) with maximum relative standard 
deviation RSD of 7.83% (Fig. 4B). The limit of detection (LOD) value of 
the colorimetric biosensor was assessed to be 3.32 × 103 particles/μL 
according to 3δ-formula (note: δ is the SD for 13-blank absorbance 
measurements), which was lower than available exosomes-strategies 
(Table 1). 

The specificity of HRP-DF-based ABTS-H2O2 colorimetric biosensor 
was further systematically investigating with the intervention of several 
common human tumor biomarkers in serum, such as alpha-fetoprotein 
(AFP, 500 ng/mL), prostate-specific antigen (PSA, 500 ng/mL), and 
carcinoembryonic antigen (CEA, 500 ng/mL). As seen from Fig. 4C, 
these high-concentration of non-targets biomarkers only caused rela
tively low absorbance intensities in comparison with the background 
(PBS buffer), while the absorbance intensities of exosomes alone and 
mixtures containing exosomes increased significantly, revealing the 
satisfactory discrimination capability. Such excellent recognition ability 
is mainly ascribed to the cholesterol modified on the surface of the MB 
and the CD63 aptamer encoded in HRP-DFs, which has a strong affinity 
and binding ability on the surface of exosomes. 

3.5. Detection of exosomes from clinical samples 

To demonstrate the possibility of applying HRP-DF-based ABTS- 
H2O2 colorimetric biosensor for practical applications, we performed 
exosome concentration analysis by detecting four freshly collected 
clinical serum samples from two healthy donors and two cancer patients. 
Before the test, the ExoQuick kit was used to extract exosomes from the 
serum samples and then quantified by using the calibration equation 
shown in Fig. 4B. To evaluate the accuracy of our method, the concen
tration of exosomes (after extraction) was also quantified by nano
particle tracking analysis (NTA). Notably, the concentration of exosomes 
from healthy individuals is significantly lower than in cancer patients 
(Fig. 5). Besides, the comparison results show that the concentration of 
exosomes measured by our method is equivalent to that obtained by 
NTA, which indicates that the accuracy of the relatively high accuracy of 
our proposed method for non-invasive detection of exosomes. 

4. Conclusions 

To sum up, this contribution describes a facile and versatile ABTS- 
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H2O2 colorimetric biosensor for the rapid determination of cancer- 
derived exosomes (HepG2 cell-derived) by using horseradish 
peroxidase-encapsulated DNA flowers (HRP-DFs). Compared with 
traditional colorimetric sensors and exosomes analysis methods, this 
work creatively proposes to enzymes-encapsulate aptamers-encoded 
DNA flowers to serve as dual-function of biorecognition elements and 
signal-generating tags. Experimental results show that the enzyme- 
encapsulated DNA flower-like superstructure has better catalytic 

performance and biological stability than enzyme-labeled ssDNA. We 
hope that the “enzyme-encapsulation DNA superstructure” strategy can 
be used as universal biorecognition elements and signal-generating tags 

Fig. 3. Influence of (A) pH of PBS, (B) response time on the absorbance (a.u.) of HRP-DF-based ABTS-H2O2 colorimetric assay strategy (note: The error bars stand for 
the 95% confidence interval of the mean for absorbance responses). 

Fig. 4. (A) Absorbance (a.u.) of HRP-DF-based ABTS-H2O2 colorimetric assay toward exosome standards (0, 5 × 103, 1 × 104, 2.5 × 104, 5 × 104, 2 × 105, 1 × 106, 
and 5 × 106 particles/μL) (inset: The corresponding photographs); (B) calibration plots of absorbance peak (absorbance intensities at 418 nm) versus the decimal 
logarithm of the exosome-level (particles/μL); (C) the anti-interference ability against exosome (5 × 106 particles/μL) and three possible co-existence human bio
markers in serum, including CEA (500 ng/mL), PSA (500 ng/mL), AFP (500 ng/mL) (note: The aforementioned four analytes are included in the mixture). 

Table 1 
Comparison of different exosome detection schemes on analytical properties.  

Transduced signal Dynamic range 
(particles/μL) 

LOD 
(particles/μL) 

Ref. 

Copper-mediated fluorescent 
biosensor 

7.5 × 104–1.5 ×
107 

4.8 × 104 [21] 

Lateral flow test strip with 
photothermal biosensor 

1.0 × 105–1.0 ×
107 

1.4 × 104 [11] 

DNA-capped-SWCNTs-based 
colorimetric aptasensor 

1.84 × 106–2.21 ×
107 

5.2 × 105 [22] 

Smartphone-enabled 
optofluidic platform 

1.0 × 104–1.0 ×
108 

1.0 × 104 [23] 

DNase I enzyme-aided 
fluorescence aptasensor 

3.0 × 103–6.0 ×
105 

2.1 × 104 [24] 

Screen-printed electrode-based 
biosensor 

2.35 × 106–1.5 ×
108 

4.7 × 105 [25] 

HRP-DFs-based ABTS-H2O2 

colorimetric biosensor 
5.0 × 103–5.0 ×
106 

3.32 × 103 This 
work  

Fig. 5. Comparison of our method with ExoQuick kit-coupled NTA method for 
the determination of exosomes in serum samples from two healthy individuals 
(H) and two cancer patients (P). 
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to be further applied to various types of biosensors and analytes to form 
ternary complexes (nucleic acid-analyte-enzyme-encapsulation DFs or 
antibody-analyte-enzyme-encapsulation DFs) by encoding the corre
sponding aptamer sequence. 
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