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Exosomes (30–150 nm) secreted by cells play an important role in intercellular communication. Herein, a novel double
imprinting-based electrochemical method has been developed for analyzing the particle size distribution (PSD) of mi-
metic exosomes – a mixture of SiO2@HRP with the diameters in 50 nm, 100 nm and 150 nm at a ratio similar to the
exosomes. Double imprinting polymers (DIP) were synthesized with SiO2@HRP at different sizes as template, provid-
ing the both recognition of size and morphology. With the capture of the target and the binding of the signal amplifi-
cation tag – SiO2@Ag/MPBA on the DIP film, a sandwich structure was constructed on Au NPs-GO modified glassy
carbon electrode. Under the optimal conditions, the DIPfilm exhibits the linear correlations between the current inten-
sity and the logarithmic concentration of SiO2@HRP as ΔI50 =−1.52+ 0.50× lgc50 (2.89 × 104–2.89 × 109 par-
ticles/mL), ΔI100 = −1.61 + 0.48 × lgc100 (2.89 × 104–2.89 × 109 particles/mL) and ΔI150 =
−1.54 + 0.49 × lgc150 (5.75 × 104–5.75 × 109 particles/mL) with the limit of detection of 1.44 × 103 particles/
mL, 5.68 × 102 particles/mL and 7.70 × 102 particles/mL, respectively. Furthermore, the DIP film was applied to
the PSD analysis of mimetic exosomes – SiO2@HRP at mixed sizes with a ratio of 50 nm:100 nm:150 nm =
5.0%:42.5%:52.5% detected by nanoparticle tracking analysis (NTA), obtaining a similar result of
50 nm:100 nm:150 nm= 3.6%:43.0%:53.4% with small relative concentration errors. It also exhibited excellent re-
producibility and stability. This double imprinting-basedmethod shows high potential in the separation and detection
of complex biosamples.
© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Exosomes andmicrovesicles are released by cells into their environment
as submicron particles with different sizes [1,2]. Surface glycoconjugates
derived from mother cells make these vesicles play an important role in
many biological processes and are closely related to diseases, such as cancer
and retrovirus infection [3–5].

Owing to small size, highly heterogeneous and the low refractive index
of the above microparticles, it is extremely challenging to detect themwith
conventional detection methods. The particle size distribution (PSD) de-
fines the size as a function of concentration, preferably refers to the number
of vesicles in a unit suspension volume [6]. Current feasible and potential
methods for the characterization and detection of exosomes include trans-
mission electron microscope (TEM) [7,8], nanoparticle tracking analysis
(NTA) [9–13], dynamic light scattering (DLS) [14], and atomic forcemicro-
scope (AFM) [15], and flow cytometry (FC) [16–18]. However, most of
them require skilled operation [8,17,18] and expensive equipment. It is
hard to obtain PSD information and quantify simultaneously [8,15], and
susceptible to the interference [19].
, qjwang@chem.ecnu.edu.cn.
Molecularly imprinted polymers (MIPs), are copolymerized with the
template, monomers and crosslinkers in the presence of initiators. Superior
chemical stability, heat resistance, solvent resistance and low costs make
the molecular imprinting technique widely used in artificial receptors
[20–24]. Its superior selective recognition to the target based on the high
matching of the imprinted cavity with the template provides a new way
to analyze particle size distribution (PSD) of exosomes [25,26]. But it is
still challenging. There are lots of proteins on the exosomes surface and
some particles with similar size and shape would interfere the detection
of exosomes [27,28]. Thus, it is hard to recognize exosomes only depending
on the size and shape. Therefore, the double recognition of the target by
both the size and morphology (including the shape and surface ultrastruc-
ture) is in high demand for increasing the affinity between the imprinting
film and the target, and the recognition efficiency.

Herein, double imprinting-based electrochemical detection strategy has
been developed for analyzing the particle size distribution of mimetic
exosomes, relying on the both size and morphology of the nanoparticles.
The mixture of silica nanoparticles (SiO2 NPs) wrapped by the glycoprotein
– horseradish peroxidase (HRP) with the diameters in 50 nm, 100 nm and
150 nm at a ratio similar to the exosomes was employed as mimetic
exosomes (SiO2@HRP for short). The double imprinting polymers were
formed on the gold nanoparticles and reduced graphene oxide (Au NPs-
GO) modified glassy carbon electrode, using methacrylic acid (MAA) and
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4-vinylphenylboronic (VPBA) as monomers and SiO2@HRP at different
sizes as template. After rebinding the target – SiO2@HRP, the signal ampli-
fication tag – SiO2@Ag/MPBA was bound to SiO2@HRP by the formation
of boric acid ester between 4-mercaptophenylboronic acid (MPBA) and
HRP, forming a sandwich structure (Scheme 1). The electrochemical detec-
tion was performed to achieve the analysis of mimetic exosomes. To the
best of our knowledge, this is the first time to develop double imprinting-
based detection method for determining the particle size distribution, pro-
viding an effective way to analyze the complicated biosamples.

2. Experimental section

2.1. Preparation of SiO2@Ag/MPBA probe

SiO2 NPs are synthesized according to the methods reported in Zhang's
group, and details are given in the supplementary information [29]. Then,
1 mg/mL SiO2 NPs with 50 nm in diameter dispersed into ultrapure water
was quickly added into 10 mL of 1.18 mM freshly prepared [Ag(NH3)2]+

solution, followed by the shaking at 25 °C for 1 h to adsorb Ag+ onto the
surface of SiO2 NPs. Subsequently, the above solution was mixed with
50 mL of ethanol solution containing 50 mMPVP, and continuously stirred
for another 7 h at 72 °C. The precipitate obtained by centrifugation was
washed three times with ethanol absolute, and then dispersed into 10 mL
of ethanol absolute. Afterwards, 200 μL of 1.0 mM MPBA was added to
1 mL of above SiO2@Ag solution, and shaken at 37 °C for 12 h. The ob-
tained product was washed three timeswith absolute ethanol and ultrapure
water, respectively, and then dispersed into 1 mL of 0.01 M phosphate
buffer saline (PBS) (pH 7.4) to obtain SiO2@Ag/MPBA probe.

2.2. Preparation of SiO2@HRP

SiO2@HRP were prepared by aldehyde crosslinking. First, 1 mg of SiO2

was dispersed into 10 mL of ethanol absolute, and then 0.1 mL of 3-
aminopropyltrimethoxysilane (APTMS) was rapidly added under continu-
ous stirring. After reacting for 12 h at room temperature, the resulting
Scheme 1. Schematic illustration of the particle size d
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solution was centrifuged and washed three times with ethanol absolute
and ultrapure water, respectively. The amino-functionalized SiO2 NPs
were dispersed into 1 mL of 0.1 M PBS (pH 7.4), followed by the addition
of 5 mL of 5% glutaraldehyde. The aldehyde-functionalized SiO2 NPs
were obtained by centrifugation and washed three times with 0.1 M PBS
(pH 7.4) after shaking at 37 °C for 2 h. 100 μL of 1 mg/mL HRP was
added to 1 mL of the above aldehyde-functionalized SiO2 NPs-dispersed
PBS (0.1 M, pH 7.4) solution. The mixture was shaken at 37 °C for 12 h,
and then centrifuged and treated with 0.1 M PBS (pH 7.4). Finally, SiO2@
HRP were obtained in 0.1 M PBS (pH 7.4). The preparation process of
SiO2@BSA and SiO2@chitosanNPs [30] were the same except that the con-
centration of chitosan was changed to 2% (w/v).

2.3. Fabrication of the double-imprinting polymers

Au NPs-GOwas prepared according to the methods previously reported
by Zhang's group [29], and the details were shown in the supplementary in-
formation. First, the glassy carbon electrode was polished with 1.0 and
0.05 μm aluminum powder, and then rinsed with ethanol absolute and ul-
trapure water, respectively. After dried by the nitrogen, 5 μL of 0.1% chito-
san solution was dropped on the surface of the treated electrode, and dried
in the air. Then, 5 μL of Au NPs-GO solution (1 mg/mL) was added
dropwise and allowed to air dry. Subsequently, the modified electrode
was immersed in 200 μM MPBA ethanol solution for 6 h to bond and fix
template-SiO2@HRP, followed bywashingwith ethanol absolute and ultra-
purewater. To formamolecularly imprintedmembrane, 5 μL of SiO2@HRP
in PBS (0.1 M, pH 8.0) was added dropwise to the modified surface and in-
cubated for 30 min at 37 °C. After washing the electrode three times with
0.1 M PBS (pH 8.0), 5 μL of prepolymer containing 2.0 mM 4-
vinylphenylboronic (VPBA), 1.0 mM methacrylic acid (MAA), 5.0 mM
2,2-azobisisobutyronitrile (AIBN) and 1.0 mM ethylene glycol
dimethacrylate (EGDMA) was dropped on the surface, and incubated at
room temperature for 12 h. Since the affinity between the DIP film and
the template could be sharply reduced with the sodium dodecyl sulfate
(SDS) by denaturing the protein and the hydrolysis of boric acid ester in
istribution detection based on double-imprinting.

Image of Scheme 1
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acid [31], the templatewas then elutedwith 0.1MHCl containing 10%SDS
(w/v), obtaining the DIP-modified electrode. Non-imprinted polymers
(NIP) covered electrode without template molecules was prepared under
the same conditions for comparison.

2.4. Electrochemical detection with DIP film

5 μL of SiO2@HRP solution in 100 mM PBS (pH 7.4) was added to each
DIP modified electrode, followed by incubation at 37 °C for 45 min. Then,
the modified electrode was rinsed with acetonitrile-water solution (3:7,
v/v) for 6 min. The following incubation with 5 μL of SiO2@Ag/MPBA
was performed for 10 min at 37 °C. After gently washing with
acetonitrile-10mMPBS (pH 9.0, 3:7, v/v) for 6 min, the obtained electrode
was detected using differential pulse voltammetry (DPV) in 0.1 M PBS
(pH 7.4). The pulse amplitude, pulse period and pulse width of DPV were
set as 50 mv, 0.2 s and 50 ms, respectively.

3. Results and discussion

3.1. Characterization of SiO2 NPs, SiO2@Ag/MPBA probe and double imprint-
ing films

The characterization of SiO2 NPs at different sizes is shown in supple-
mentary information (Fig. S1). Since boric acid can bind to glycosyl groups
on glycoproteins, MPBA-modified SiO2@Agwas used here to label the cap-
tured targets. To confirm the successful synthesis of SiO2@Ag/MPBA, TEM
(Fig. 1) and UV–vis spectra (Fig. S2) were employed. As shown in Fig. 1, the
pure monodisperse silica NPs are spherical and have a smooth surface with
an average diameter of 90 nm. After coated with Ag NPs, the surface of the
SiO2 NPs became rougher due to the adhesion of a large amount of small-
sized Ag NPs, and the size of SiO2@Ag is slightly larger than the naked
SiO2, indicating the formation of SiO2@Ag NPs. To verify the successful
modification of MPBA, UV–vis spectra was used (Fig. S2). Due to the pres-
ence of the benzene ring, MPBA has an ultraviolet absorption peak at
250 nm. While, there is no significant absorption at 250 nm for SiO2@Ag
NPs except the absorption of Ag NPs at 450 nm. Therefore, the peaks at
250 nm and 450 nm are simultaneously observed in the spectra of SiO2@
Ag/MPBA, indicating the successful modification of MPBA.

The boronate affinity DIPs was characterized by AFM and FT-IR
(Fig. S3). AFM was employed to characterize DIP and NIP films. Fig. 2
shows the AFM images of DIPs prepared using SiO2@HRP with ~50 nm
(Fig. 2A), ~100 nm (Fig. 2B) and ~150 nm (Fig. 2C) in diameter as tem-
plate. The formed uniform cavities are located on the surface of the imprint-
ing film and the sizes are consistent with those of template molecules.
While, the NIP film (Fig. 2D) has a smooth surface, which is significantly
Fig. 1. TEM images of (A) S
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different from the DIP film without the templates, indicating the successful
preparation of boronic acid-affinity DIP films.

3.2. Electrochemical characterization of the DIP film

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) were performed to characterize the modification process of electrode
surface in 5 mM K3[Fe(CN)6]/K4[Fe(CN6)] solution containing 0.1 M KCl.
As observed from Fig. 3A, after modification of Au NPs-GO, the redox cur-
rent intensity (green curve) is higher than that of GCE (yellow curve),
which is attributed to the larger specific surface area and better conductiv-
ity of Au NPs-GO. The peak current of DIP before removal of template (red
curve) drops sharply, probably due to the fact that the polymer film and
template molecules greatly hinder the electron conduction. While, the re-
moval of the template enhances the peak current (blue curve), because
the imprinted cavities reduce the transport barrier of [Fe(CN)6]3−/4- to
the electrode surface. After incubation with the target – SiO2@HRP
(Fig. S4), the peak current intensity is declined (magenta curve), indicating
the successful rebinding of targets on the imprinted film. The electrochem-
ical impedance spectroscopy (EIS) shows the consistent results with the CV
curves (Fig. 3B). The inner illustration is the equivalent circuit diagram,
consisting of the solution impedance (Rs), electronic transfer impedance
(Ret), the constant phase (Qdl) and the Warburg impedance element (W)
[32]. Clearly, the modification of Au NPs-GO on the surface (green dots)
makes the electronic transfer impedance (Ret) decreased compared with
the bare GCE (yellow dots). When the surface of the Au NPs-GO/GCE is
wrapped with DIP film (red dots), the value of Ret is increased to 1000 Ω
due to the weak conductivity of the film with the template. Then, it is
greatly reduced after removing the template (blue dots), which demon-
strates that the imprinted cavity enhances the electron transport properties
of DIPs film. The incubation with the targets causes another increase of Ret

(magenta curve), but the value is smaller than that of DIP before elution,
probably due to the non-occupation of partial cavities on the film, provid-
ing a pathway for electron conduction. The impedance data were then
fitted with the proposed equivalent circuit by ZSimpWin software
(Fig. S5), and χ2 ≤ 2.3053 × 10−3 (χ2 is the residual sum of squares be-
tween the fitted data and the experimental data) reveals the good
consistency.

The ability of DIP film to rebind the target – SiO2@HRPwas then inves-
tigated with SiO2@Ag/MPBA. After the incubation of with 100 nm SiO2@
HRP (2.89× 107 particles/mL), the DPV signals were collected at different
modified electrodes. As shown in Fig. 4, AuNPs-GOmodified electrode pro-
duces extremely weak current response (black curve, I = 0.207 μA). After
modifying the NIP film, a stronger electrochemical signal was generated
(blue curve, I = 0.678 μA), because a small amount of the targets was
iO2 and (B) SiO2@Ag.

Image of Fig. 1


Fig. 2. AFM images of DIP films after removal of SiO2@HRP with the diameter in (A) 50 nm, (B) 100 nm and (C) 150 nm, and (D) NIP film.
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adsorbed due to the presence of exposed boric acid groups on the poly-
mer surface. For DIP film, the removal of the template molecule gener-
ated lots of cavities with the matched size to capture the targets,
exhibiting much stronger signal (magenta dots, I = 2.209 μA).
Fig. 3. CV (A) and EIS (B) of GCE (yellow), Au NPs-GO/GCE (green), DIP-Au NPs-GO/G
template (blue), and DIP-Au NPs-GO/GCE with rebinding of SiO2@HRP (magenta) in 5
Randles-equivalent circuit model.

4

While, the DIP film without targets shows a much weakened DPV re-
sponse in PBS (red dots, I = 0.625 μA), due to the adsorption of few
signal molecules. Obviously, the DIP films exhibit more affinity to-
wards targets.
CE before removal of the template (red), DIP-Au NPs-GO/GCE after removal of the
mM K3[Fe(CN)6]/K4[Fe(CN6)] solution containing 0.1 M KCl. Insert was the fitted

Image of Fig. 2
Image of Fig. 3


Fig. 4. DPV responses of (a) Au NPs-GO/GCE (black curve), NIP-Au NPs-GO/GCE
(blue curve) and DIP-Au NPs-GO/GCE (magenta curve) in 0.1 mM PBS (pH 7.4)
after incubating with 100 nm SiO2@HRP (2.89 × 107 particles/mL) for 40 min,
and DIP-Au NPs-GO/GCE in 0.1 M PBS (pH 7.4) before the incubation (red curve).
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3.3. Double recognition of DIPs

Double imprinting was realized based on the size of SiO2 NPs and the
loaded proteins on the surface. In order to verify the necessity and feasibil-
ity of the DIPs, two kinds of interferents were prepared. The one is 100 nm
SiO2 NPs wrapped by BSA (without glycosyl) and polyglycol chiston,
forming SiO2@BSA and SiO2@chitosan, respectively, and used to investi-
gate the functional efficacy of proteins on the surface towards the selectiv-
ity of DIPs (Fig. 5A). It can be found that all of the interferents have
electrochemical response compared to the blank, but they aremuchweaker
than SiO2@HRP at the same concentration. It indicates that non-
glycoprotein or other glycoprotein-wrapped SiO2 NPs could be captured
few by DIPfilm, revealing that the surfacemorphology of the templatemol-
ecules plays an important role in double imprinting.

The other is SiO2@HRP at different sizes, and employed to evaluate the
influence of template size on the selectivity of DIPs. A DIP film was pre-
pared using 100 nm SiO2@HRP as template, and then 50 nm, 100 nm
and 150 nm SiO2@HRP (107 particles/mL) were detected by the DIP
film, respectively. As shown in Fig. 5B, the current signals of both 50 nm
and 150 nm SiO2@HRP are much smaller than that of 100 nm SiO2@
HRP, confirming that the prepared DIP film has the ideal size selection
Fig. 5. Investigation of double selectivity by DIP and NIP films: (A) Current responses of
(pH 7.4) with blank solution (0.1MPBS, pH7.4) as control; (B) Current responses of 50 n
(n = 3, RSD ≤ 5%).
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capability. While, NIP shows the similar affinity to the targets and
interferents, caused by the nonspecific adsorption of the polymer
membrane.

Obviously, the binding of target – SiO2@HRP by the DIP film relies on
the double match of the size and surface morphology. While, a single
match couldn't realize the stable capture of the target by the film. This
opens up the possibility to determine the particle size distribution of
exosomes using this double imprinting technique.
3.4. Optimization of experimental conditions

In order to obtain the most excellent performance of the DIP-based sen-
sor, some key experimental conditions were optimized using 50 nm SiO2@
HRP (2.38 × 109 particles/mL) as the template, including the concentra-
tion of MBPA, the ratio of two functionalmonomersMAA and VPBA during
polymerization, pH of the incubation solution and the rebinding time of the
target by DIP film.

As shown in Fig. 6A, the current intensity increases gradually with the
increase of the MPBA concentration in the range of 100–200 μM, and
then decreases as the concentration continues to increase, whichmay be at-
tributed to excessiveMPBA absorbed on the surface of electrode. Therefore,
200 μM MPBA was selected as the optimal modification concentration.

Since the imprinting layer formed by self-polymerization of a single
VPBA monomer exhibits poor hydrophilic, MAA with the carboxyl group
was introduced as another functional monomer to increase the hydrophilic-
ity by the interaction with the amino group on the protein. The molar ratio
of the two monomers directly affects the binding efficiency of the DIP film
to the glycoprotein. It could be observed that when themolar ratio of MAA:
VPBA varies from 2:1 to 1:2 (Fig. 6B), the signal gradually increases, indi-
cating the enhanced binding ability of DIP film towards the target. Then,
the current response decreases as the molar ratio changes from 1:2 to 1:4,
since the content decrease of MAA results in the reduced adsorption ability
of the DIP film. Consequently, the optimal molar ratio of the two functional
monomers was 1:2.

The pH value of the incubation solution could affect the combination of
boric acid and glycosyl cis diol in the prepolymer and then the analytical
performance of the sensor. Thus, it was optimized and the results were
shown in Fig. 6C. Clearly, the current signal increases in the pH range of
5–8, indicating the enhanced adsorption capacity of the DIP film towards
the target. It reaches a maximum at pH= 8, and then it declines gradually,
which reflecting that the slightly alkaline incubation solution facilitates ad-
sorption of the target. Hence, pH 8 was chosen as the optimal value.

The rebinding time of the target by DIP films could also influence the
detection sensitivity. Fig. 6D displays its effect on current response in the
range of 10–50 min. It could be observed that 40 min of the incubation
time generates a peak signal, and then the current reaches a plateau,
SiO2@BSA, SiO2@Chiston and SiO2@HRP (2.89× 107particles/mL) in 0.1 M PBS
m, 100 nm and 150 nm SiO2@HRP (2.89×107particles/mL) in 0.1MPBS (pH 7.4).

Image of Fig. 4
Image of Fig. 5


Fig. 6. Effect of (A) the concentration of MBPA, (B) the ratio of two functional monomers MAA and VPBA, (C) pH of the incubation solution and (D) the rebinding time of the
target by DIP film on the analytical performance of DIP film.
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indicating that the adsorption of the target by the DIP film is saturated. So,
40 min was set as the best rebinding time.

3.5. Analysis of particle size distribution of mimetic exosomes by the DIP films

HRP, a kind of glycoproteins with the advantage of good stability and
easy access, was modified on the surface of SiO2 NPs to construct mimetic
exosomes - SiO2@HRP. It is similar to exosomes, both displaying spherical
nanoparticles coated by large amounts of glycoproteins.Meanwhile, SiO2@
HRP is size-controllable, thus its mixture could be obtained at a PSD similar
to that of exosomes. Besides, it is a kind of solid nanoparticles, and could be
employed as templates to form a series of imprintedfilms to capture the tar-
gets. Exosomes are non-uniform vesicles with about 30–150 nm in diame-
ter, but random PSD [33–35]. According to the PSD of exosomes
extracted from SK-BR-3 cells detected by NTA (Fig. S6), they are mainly
concentrated around 100–150 nm. Considering those smaller particles,
50 nm SiO2@HRP, 100 nm SiO2@HRP and 150 nm SiO2@HRP were se-
lected as the representative NPs to build the PSD analysis model.

In order to investigate the particle size distribution of the mimetic
exosomes, the DIP films were prepared separately with 50 nm SiO2@HRP
(DIP-50 for short), 100 nm SiO2@HRP (DIP-100 for short) and 150 nm
SiO2@HRP as template (DIP-150 for short), followed by recording the cur-
rent responses of DIP-50 to 50 nm SiO2@HRP, DIP-100 to 100 nm SiO2@
HRP and DIP-150 to 150 nm SiO2@HRP at different concentrations. As
shown in Fig. 7A, C and E, the current intensities were enhanced as the tar-
get concentration increases. To eliminate the influence of the nonspecific
absorption, the calibrated currents (ΔI = IDIP - INIP) were employed for
6

the analysis. The linear correlations between the current intensity and the
logarithm of the concentration were deduced as ΔI50 =
−1.52 + 0.50 × lgc50 (R2 = 0.998 in the range of 2.38 × 104–
2.38 × 109 particles/mL), ΔI100 = −1.61 + 0.48 × lgc100 (R2 = 0.998
in the range of 2.89 × 104–2.89 × 109 particles/mL) and ΔI150 =
−1.54 + 0.49 × lgc150 (R2 = 0.998 in the range of 5.75 × 104–
5.75 × 109 particles/mL) with the limit of detection of 1.44 × 103 parti-
cles/mL, 5.68 × 102 particles/mL and 7.70 × 102 particles/mL, respec-
tively (Fig. 7B, D and F). Using these calibration curves, the particle size
distribution of mixed SiO2@HRP were analyzed. The mixing ratio was se-
lected as 50 nm:100 nm:150 nm = 5.0%:42.5%:52.5%, referring to the
particle size distribution of exosomes from SK-BR-3 breast cancer cells de-
tected by NTA. Thus, the mixed SiO2@HRP could be regarded as mimetic
exosomes. Then, the detection was performed with DIP-50, DIP-100 and
DIP-150, respectively, obtaining a ratio of 50 nm:100 nm:150 nm =
3.6%:43.0%:53.4% (Fig. 7G). The relative concentration errors between

DIP and NTA were calculated according to the equation of R=
CDIP−CNTA

CNTA

�100% [36], obtaining 1.7%, 7.6% and 6.7%, for 50 nm, 100 nm and
150 nm SiO2@HRP, respectively (Fig. 7H). Clearly, this similarity reveals
that the DIP film has the excellent performance in determining the particle
size distribution of mixed particles.

The analytical performance of the DIP film was further compared with
other reported methods in terms of the capability to determine the particle
size distribution (PSD), morphology (including the shape and surface ultra-
structure) and concentration of nanoparticles, which are the main physical
and structural information of exosomes, and also the measurement time

Image of Fig. 6


Fig. 7.DPV curves and the corresponding linear correlations between the current intensity and the logarithm of the concentration of (A and B) 50 nm SiO2@HRP in the range
of 2.38 × 104–2.38× 109 particles/mL, (C and D) 100 nm SiO2@HRP in the range of 2.89 × 104–2.89× 109 particles/mL, and (E and F) 150 nm SiO2@HRP at differen
concentrations in the range of 5.75× 104–5.75× 109 particles/mL, detected by DIP-50, DIP-100 and DIP-150, respectively. (G) Ratio of mimetic exosomes detected by DIP
film and NTA method (n = 3). (H) Relative concentration errors between DIP and NTA for 50 nm (black diamond), 100 nm (red triangle) and 150 nm SiO2@HRP (blue
triangle).
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Fig. 8. (A) DPV curves SiO2@HRP (2.89 × 107 particles/mL) at seven DIP-100-modified electrodes; (B) Peak current of SiO2@HRP (2.89 × 107 particles/mL) detected by
DIP-100-modified electrode per 7 days.
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(Table S1). Clearly, this developed DIP film displays an excellent perfor-
mance, and could provide all the information of particle size distribution,
concentration and morphology. Besides, it does not need too much mea-
surement time.
3.6. Reproducibility and stability of DIP films

The DIP-100-modified electrodes (n=7) prepared under the same con-
ditions were used to investigate the reproducibility of DIP film with the de-
tection of 100 nm SiO2@HRP (2.89 × 107 particles/mL, Fig. 8A). The
relative standard deviation (RSD) of the current responses was calculated
as 8.2%, indicating the excellent reproducibility. To test the stability of
DIP film, the DIP-100-modified electrode was stored at 4 °C for 3 weeks
and used to detect 100 nm SiO2@HRP (2.89 × 107 particles/mL)
every week. It could be found that the current signal remains 90.7% of
the initial value after 3 weeks (Fig. 8B), presenting the superior stability
of DIP films.
4. Conclusions

In summary, double imprinting films were developed to analyze the
particle size distribution of mimetic exosomes – SiO2@HRP at mixed sizes
(50 nm, 100 nm and 150 nm), depending on both the size of SiO2 NPs
and the morphology of protein – HRP modified on the surface. Using
SiO2@Ag/MPBA as signal tag, the DIP film could recognize 50 nm,
100 nm and 150 nm SiO2@HRP in linear ranges of 2.89 × 104–
2.89 × 109 particles/mL, 2.89 × 104–2.89 × 109 particles/mL and
5.75 × 104–5.75 × 109 particles/mL with the limit of detection of
1.44 × 103 particles/mL, 5.68 × 102 particles/mL and 7.70 × 102 parti-
cles/mL, respectively. Based on the deduced linear correlations, the particle
size distribution ofmimetic exosomeswith themixing ratio referring to that
of exosomes from cells detected by NTA was analyzed, obtaining a similar
result with small relative concentration errors of 1.7%, 7.6% and 6.7%,
for 50 nm, 100 nm and 150 nm SiO2@HRP, respectively. Moreover, the
DIP film exhibited excellent reproducibility and stability.

Using this the double recognition-based method, the interference of li-
posomes and protein aggregates with similar size and shape could be elim-
inated in the real analysis. It could be applied to the separation and
detection of exosomes in the future, and the further analysis of exosomes
for early diagnosis of cancers by varying the modified proteins on the sur-
face of the nanoparticles. Besides, this fabricated DIP film could be inte-
grated in the portable devices, facilitating point-of-care testing and home
healthy diagnosis.
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