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Abstract

LSPR-based plasmonic biosensors have been interesting candidates for the design of portable 

optical biosensor platforms owing to their integration, miniaturization, multi-parameter, real-time, 

and label-free detection characteristics. Plasmonic biosensor arrays that have been combined with 

microfluidics have been developed herein to label-free detect exosomes. Gold nano-ellipsoid 

arrays were fabricated with low-cost anodic aluminum oxide (AAO) thin films that acts as 

shadow-masks for evaporation of Au. The nano-ellipsoid arrays were integrated with microfluidic 

chip to achieve multi-parameter detection. The anti-CD63 antibody that is specific to the exosome 

transmembrane protein CD63is modified on the surface of the nano-ellipsoids. Exosomes were 

injected into the biosensor platform at different concentrations and detected successfully. The 

detection limit was 1 ng/mL. The proposed plasmonic biosensor array can be universally 

applicable for the detection of other biomarkers by simply changing the antibody on the surface of 

the Au nano-ellipsoids. Moreover, this biosensor platform is envisaged to be potentially useful in 

the development of low-cost plasmonic-based biosensors for biomarker detection and for the 

investigation of exosomes for non-invasive disease diagnoses.

Introduction

Exosomes (ranging in size from 40 to 100 nm) are cell-derived extracellular vesicles types, and 

are present in biological fluids, including blood, urine, cerebrospinal fluid, ascites, and in other 

moieties, and constitute novel biomarkers for the monitoring and prediction cancer diseases.1–4 

Despite their potential for clinical use, the lack of a sensitive detection method for exosomes poses 

a barrier to clinical translation. Traditional methods to isolate exosomes, such as 

ultracentrifugation, density gradient centrifugation, are time-consuming, and are associated with 

increased costs, and require for expensive instruments that ultimately limit their clinical 

applications.5 There are many novel approaches based on microfluidic technology that are used to 

isolate and detect exosomes from liquid samples, such as size-based exosome isolation 6, 

high-throughput and high-specificity immunoisolation,7,8 electrochemical detection using quantum 

dots,9 graphene oxide/ polydopamine (GO/PDA) nano-interface isolation,10 alternating current 

electrohydrodynamically induced nanoshearing detection,11 and Anion-exchange-based 

detection.12 Microfluidic technology could functionalize the biosensor quantitatively, reduce 
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consumption, reduce reaction time during the experiment,13 and detect exosomes in low-sample 

volumes within a few hours.14

Nanoplasmonic-based biosensors, which are of great interest in various application in view of 

their numerous promising features, such as high sensitivity, real-time, and label-free detection,15 N 

have been utilized as an effective platform to quantitatively detect tumor biomarkers, 

deoxyribonucleic acid (DNA), and other biological proteins and molecules.16–21 A biosensor based 

on localized surface plasmon resonance (LSPR) was integrated with a microfluidic chip to form a 

LSPR-based microfluidic platform. It has been established that LSPR-based detection methods are 

excellent candidates for the sensitive, specific, and portable analysis of biomarkers. For example, 

Im et al. developed an nPLEX assay where a periodic nanohole array device was used to analyze 

ascite samples from ovarian cancer patients.22 Thakur et al. developed a LSPR-based biosensor 

with self-assembled gold nanoislands to detect and distinguish exosomes from different cell 

lines.21 Bonyár et al. investigated the performance of gold nanoislands for LSPR application.23 

Although the sensitivities of these methods are much better than those of traditional methods, their 

applications are not widespread owing to their high-costs. Moreover, the fabrication procedure of 

these methods is complex and requires professional training. There has been increasing interest in 

the development of new biosensor platforms with a) lower costs, b) that can be easily fabricated 

and c) have better sensitivity responses suitable that are adequate for the requirements of the 

rapidly expanding exosome research and applications.

To improve the detection of nanoscale biological analytes, nanostructures fabrication is 

essential during fabrication of the LSPR-based biosensor.24 The regular LSPR nanostructures, 

such as nanoholes,25 nanopillars,26 and nanodisks,27 nanorods,28 and nanoantennas,29 are fabricated 

by electron beam lithographic or mask-assist techniques, and require complex synthetic processes 

and entail increased costs. In prior studies, the random LSPR nanostructures were investigated in 

depth and their costs were reduced by sacrificeing the sensitivity of the biosensor.21,23 It is still 

challenging to obtain ordered arrays on substrates in a facile manner.30 To solve the problems 

mentioned above, low-cost methods used to fabricate metal nanostructures with large areas and 

uniformities are necessary for the application of LSPR-based biosensors. Anodic aluminum oxide 

(AAO) has been extensively used as a template to fabricate nanostructure because the aspect ratio, 

diameter, and length of the core in AAO can be easily controlled by voltage, temperature, 

electrolytes and anodization time. By placing the AAO templates onto different substrates, 

nanodot arrays can be obtained through vapor deposition.30–34 

Herein, a simple, easy to operate, low-cost fabrication process, and sensitive LSPR-based 

biosensor that is integrated with a microfluidic chip to functionalize the sensor substrate 

quantitatively, is presented to detect the exosomes. Highly ordered nano-ellipsoid arrays were 

fabricated on the substrate based on the use of the AAO thin film that acted as a shadow-mask for 

evaporating Au. The nano-ellipsoid arrays were functionalized with an anti-CD63 antibody and 

with an adequate affinity for the detection of exosomes in buffer solutions. With target-specific 

exosome binding, the biosensor displays extinction spectral shifts to different refractive indices. 
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The performance of the LSPR-based nano-biosensor was demonstrated using the detection of 

different refractive index solutions and exosomes in buffer. Atomic force microscopy (AFM), 

transmission electron microscopy (TEM) and scanning electron microscopy (SEM) images were 

used to demonstrate the functionalities of the nano-ellipsoid arrays and the captured exosomes.

Experimental details

Materials and regents

Ethanol, NaCl, glycol and glycerol were purchased from Sinopharm Chemical Reagent Beijing, 

Co. Ltd. AAO filter membranes (diameter: 20 mm, thickness: 100 nm, pore size: 90 nm, and a 

center-to-center hole distance: 125 nm) were purchased from Shenzhen TopMembranes Inc. 

Deionized water was purchased from Solarbio Beijng, Co. Ltd. Polydimethylsiloxane(PDMS) was 

obtained from Dow Corning. Thiolated alkane 10-carboxy-1-decanethiol (HS-(CH2)10-COOH), 

1-ethyl-3-(3-dimethylamino-propyl) carbodiimide-HCl (EDC), sulfo-nhydroxysuccinimide 

(S-NHS) and bovine serum albumin (BSA) were purchased from Sigma–Aldrich. Phosphate 

buffer solution (phosphate buffer solution (PBS): 0.01 M, pH: 7.4, Hyclone) was purchased from 

Thermo Fisher. Anti-CD63 antibody (1 mg/mL) was purchased from Abcam. The lyophilized 

exosome standards which was isolated from COLO1 cell culture supernatants with an 

ultracentrifugation method were purchased from HansaBioMed Life Sciences Ltd.

Nano-epllisoids fabrication

Fig. 1 shows the illustration of fabrication processes of the gold nano-epllisoids based on the AAO 

thin film. The nanostructures were produced on a substrate using electron beam evaporation and 

thermal anneal. First, the substrate (quartz and silicon) wafer (thickness: 1 mm, width: 20 mm, 

length: 20 mm) were cleaned by successive immersion in solutions of acetone, ethanol, and 

deionized water (5 min in each solvent), followed by drying in the presence of clean nitrogen flow 

to enhance the adhesion of the AAO film to the substrate. The substrates were then dipped in a 

piranha solution (30% H2O2–70% H2SO4) for at least 1 h to eliminate the organic residue, rinsed 

with water, and dried with nitrogen gun. The AAO template was transferred to acetone to 

thoroughly dissolve the polymethyl methacrylate (PMMA), and template was then suspended in 

acetone. The substrate wafer was soaked in the acetone. The AAO film was then pulled from 

acetone and was adhered to the substrate (Fig. 1a). A nine-hole Al shadow-mask was then placed 

on the substrate after transfer (Fig. 1b). A 30 nm Au film was deposited using electron beam 

evaporation at the rate of 0.2 Å/s (Fig. 1c). The AAO film was peeled off from the substrate by 

using Kapoton tape. The gold nanoparticle arrays were then annealed at a high temperature to 

cause agglomeration into arrays of elliptical nanoparticles by surface tension force (Fig. 1d). 

Fabrication of the PDMS microchannel has been described in detail in a previous study.16 The 

basic steps included the silicon mould fabrication (Fig. 1e), the pouring of PDMS (Fig. 1f), and 
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the peeling of PDMS (Fig. 1g). Finally, oxygen plasma treatment using a plasma cleaner 

(PDC–32G, Harrick Scientific Products, Inc.) was used to bond the PDMS microchannel to the 

sensor substrate irreversiblythat resulted in the complete LSPR-based biosensor (Fig. 1h).

Figure 1. Fabrication process of the localized surface plasmon resonance (LSPR)-based LSPR-based biosensor. (a) 

Anodic aluminum oxide (AAO) film was transferred onto the quartz substrate. (b) Al mask with multi-hole was 

covered on the AAO film. (a’) is the partially enlarged view of (a). (c) Gold was then deposited on the substrate. (d) 

The Al mask and the AAO film were peeled off, and the substrate of LSPR-based biosensor was completely 

fabricated. (d’) Partial enlarged view of (d). (e) Silicon mould was fabricated by photolithography and an etching 

process. (f) Polydimethylsiloxane (PDMS) mixture was poured into the silicon mould and was cured using heating. 

(g) PDMS was peeled off from the silicon mould. (h) Inlet and outlet holes were punched and the chip was bonded 

to the substrate of the biosensor.

LSPR-based biosensor functionalization

To achieve label-free detection of exosomes, anti-CD63 antibody was used to functionalize the 

biosensor. A schematic of the exosome detection procedure using the LSPR-based biosensor is 

shown in Fig. 2. The LSPR-based biosensor was functionalized with thiolated alkane 

10-carboxy-1-decanethiol (HS-(CH2)10-COOH) through ligand exchange, and was subsequently 

activated using EDC/NHS coupling chemistry, as noted in a previous study.35 The sensor was then 

functionalized with the CD63 antibody. Specifically, a stock solution of HS-(CH2)10-COOH was 

diluted to 1 mM in 100% ethanol, and was loaded into the biosensor at room temperature for 1 h. 

The stronger affinity of the thiol anchor group with the gold nano-ellipsoids surface can serve as a 

linker to the antibody (Fig. 2a, b). A mixture comprising 0.4 M EDC and 0.1 M NHS at a 1:1 

volume ratio in a water solution was then loaded into the biosensor and activated the carboxyl 

moiety on the gold nanoparticles. After surface activation, the CD63 antibody (concentration of 10 

μg/mL) was loaded into the biosensor (Fig. 2c). The functionalized LSPR-based biosensor was 

stored at 4°C in a refrigerator before use.
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Exosomes capture and detection

The concentration of exosomes in the buffer solution was determined by the commercial protocol. 

Lyophilized exosomes were dissolved in ultrapure water and were diluted with a PBS solution to a 

concentration of 10 μg/m. The samples were then prepared by spiking designated volumes of 

exosomes in PBS (1 mM, pH 7.0) to obtain the desired sample dilutions (1:10 to 1:1×105). All the 

samples were stored at -80°C until further use. All the exosomes samples were loaded into the 

previously functionalized LSPR-based biosensors for detection. When the testing process was 

executed, a certain volume of exosomes samples was injected into the biosensor to capture the 

exosomes (Fig. 2d). The transmission spectra of the sample were detected on the LSPR platform 

and the spectra was read by the spectrometer and were displayed on the computer (Fig. 2e and Fig. 

S1). 

Figure 2. Schematic of the LSPR-based biosensor. (a) Fabrication of gold nano-ellipsoid arrays on the quartz 

substrate. (b) HS-(CH2)10-COOH was assembled onto the gold nano-ellipsoids with the Au-S bond. (c)The sensor 

was functionalized with human anti-CD63 antibody after it was activated with EDC and NHS. (d) Exosomes were 

injected into the microchannel and captured on the sensor substrate. (e) Transmitted spectra were detected using 

the LSPR detecting platform.

FDTD simulations

The limit of detection of LSPR-based biosensor measurement was theoretically estimated by 

performing a finite difference time domain (FDTD) simulation that predicted the scattering 

efficiency on the gold nano-ellipsoids. We have determined the nano-ellipsoids characteristics 

(radius and height) that led to the best theoretical LSPR response. Additionally, we conducted 

simulations with different substances and different refractive indices (air, water, 1 M glucose, 

ethanol, and NaCl solution (5%, 10%, 15%, 20%, and 25%)), and the outcomes were referred to 

the experimental results.
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LSPR-based biosensorCharacterization

The morphologies of the gold nano-ellipsoid arrays were characterized by AFM, TEM, and 

SEM. The exosome standard was fixed with 4% paraformaldehyde, and was then transferred onto 

an EM grid and absorbed for 15 min. The exosomes were then treated with contrast staining with 

uranyl oxalate and methylcellulose mixture. Finally, the exosomes were imaged with a TEM after 

air drying. The exosome standard was fixed with Karnovsky’s fixative and washed with PBS three 

times. The exosome standard was then dehydrated in a series of increasing ethanol concentrations 

and analyzed with SEM with an accelerating voltage of 5 keV after gold sputtering.

Results and discussion

Simulated LSPR spectra of gold nano-ellipsoids

To understand the properties of gold nano-ellipsoids, the transmission spectra and sensitivities of 

gold nano-ellipsoids with different sizes were simulated and measured. According to the Mie 

theory, the LSPR wavelength depends on the interparticle gap size and on the size of nanoparticles 

in air.16 Larger particle sizes and shorter interparticle the gaps can lead to higher LSPR 

sensitivities.23 Previous studies have reported that different nanoparticle center-to-center distance 

pitches nanoparticles have minor effects on the position of the LSPR peak.36 Therefore, the 

nano-ellipsoids characteristics with different radii (r) and heights (h) (Fig. 3a–f) were simulated 

using the FDTD method. These calculations showed that the r and d values of the nano-ellipsoids 

are crucial parameters. Indeed, when r increases, the position of the peak is red-shifted, and its 

intensity increases significantly (Fig. 3a). For an r = 25 nm, the spectra are too low to correctly 

determine the peak wavelength. The sensitivity of the gold nano-ellipsoids is increased with the 

increase of radius (Fig. 3b). The spectra of gold nano-ellipsoids were simulated at different heights 

when r = 35 nm and r= 45 nm. Results showed that the values of h of the gold nano-ellipsoids 

substantially affected the peak position and intensity but ha d minor effects on the widths of the 

spectra (Fig. 3c and Fig. 3e). The results showed that increases of the gold nano-ellipsoids 

diameter resulted in a red shift of the peak and increased both the intensity and width of the LSPR 

spectra. Reducing the thickness of the gold nano-ellipsoids resulted in a red shift of the peak of the 

LSPR spectra, which became narrower and higher in intensity. These results are consistent with 

similar results in previous reports.36,37 Thus, the heights of the gold nano-ellipsoids were chosen to 

be equal to 30 nm in the conducted experiment. The sensitivity of the gold nano-ellipsoids 

decreased when the height increasedf (Fig. 3d and Fig. 3f). When h = 30 nm and r = 35 nm, the 

sensitivity of the gold nano-ellipsoids was 173 nm/ refractive index unit (RIU), but when h = 30 

nm and r = 45 nm, the sensitivity of the gold nano-ellipsoids was 240.9 nm/RIU. The sensitivities 

of the gold nano-ellipsoids with a radius of 45 nm are higher than those of nano-ellipsoids with a 

radius of 35 nm. 
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Figure 3. Simulated results of gold nano-ellipsoids with different structural parameters. (a) Extinction responses as 

a function of wavelength. The height of the gold nano-ellipsoids are set to 30 nm and their radii change from 25 to 

55 nm. (b) Sensitivity cartogram of gold nano-ellipsoids with constant height and different radius. (c) Extinction 

responses as a function of wavelength. The radius is 35 nm and the height changes from 30 to 90 nm. (d) 

Sensitivity cartogram of gold nano-ellipsoids with a radius of 35 nm radius at different heights. (e) Extinction 

responses as a function of wavelength. The radius is set to 45 nm and the height changes from 30 to 90 nm. (f) 

Sensitivity cartogram of gold nano-ellipsoids with a radius of 45 nm and different heights.

To test the refractive index sensing capabilities of the nano-epllisoids, extinction spectra of 

the nano-epllisoids were also simulated for various solutions air, water, 1 M glucose, ethanol, and 

NaCl (5%, 10%, 15%, 20%, 25%)) with different refractive indices, and the outcomes are referred 

to the experiment results. The results show ed that increasing the refractive index of the sample 

resulted in a red shift of the extinction spectra. The structural parameters of the gold 

nano-ellipsoids were h = 30 nm, r = 35 nm and r = 45 nm. When the radius was 45 nm, the 

position of the peak was red-shifted compared to the case at which the radius was 35 nm (Fig. 4a 

Page 7 of 18

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



and Fig. 4c). The sensitivity of the gold nano-ellipsoids with a 45 nm radius was higher than that 

of the 35 nm radius (Fig. 4b and Fig. 4d). The above results illustrate that the best LSPR responses 

should be obtained with gold nano-ellipsoids with r = 45 nm and h = 30 nm.

 

Figure 4. Extinction spectra of various solutions at different refractive indices. (a, b) Extinction responses as a 

function of wavelength and peak wavelength as a function of the refractive index for the case at which the radius is 

35 nm and the height is 30 nm. (c, d) Extinction responses as a function of wavelength and peak wavelength as a 

function of the refractive index for the case at which the radius is 45 nm and the height is 30 nm.

Characterization of the LSPR-based biosensor

The morphology of the prepared gold nano-ellipsoids was investigated by SEM. Fig. 5 displays 
the SEM image of gold nano-ellipsoid arrays on the substrate. The gold nanocylindricals had a 
larger in-plane size (Fig. 5a). However, each nanocylindrical shape pattern became 
nano-ellipsoidal after annealing owing to the surface tension (Fig. 5b). The arrangement of the 
gold nano-ellipsoids was the same as that of the AAO mask. The gold nano-ellipsoids had an 
average diameter of 90 nm. The size, density, and shape of the gold nano-ellipsoids depended on 
the characteristic of the AAO mask. By using AAO films with different pore sizes and thickness 
values, gold nano-epllisoids with different radii and heights could be synthesized. What calls for 
special attention is that the thickness of the Au film was recommended to be equal to 30 nm, 
otherwise the holes of the AAO mask would be easily blocked. A cross-sectional view of the 
arrays without the removal the AAO template is shown in Fig. 5c. This figure displays clearly the 
arrangement of gold nanoellipsiods and the excellent adhesion between the AAO mask and the 
substrate. The AFM characteristics of the gold nano-ellipsoids are shown in Fig. 5d. The SEM 
image shows highly ordered gold nanoellipsoid arrays with a large area in excess of 3000 μm2 
with no observable aggregation (Fig. 5e). By using this biosensor, nine different samples could be 
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detected simultaneously. During the fabrication of the biosensor, a nine-holes Al mould can be 
used repeatedly. Thus, it is easy to use this method to fabricate gold nano-ellipsoids using the 
AAO mask given that it is a low-cost, it is fast, and can be used for large-scale applications. Using 
this approach, the AAO film and the substrates, the AAO film was transferred onto the substrates 
following the simple hydrophilic treatment of an AAO film and the substrates. Subsequently, the 
nano-ellipsoid arrays were deposited on the substrates without any expensive and tedious process, 
such as electron beam evaporation, that constitutes a simple, inexpensive, and robust method for 
the fabrication of nanoparticle arrays.

Figure 5. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) images of gold nano-ellipsoid 

arrays with Au deposited with electron beam evaporation. (a) Before thermal annealing. (b) After thermal 

annealing. (c) A 45° side view of the gold nanoellipsiod and AAO film. (d) AFM images of the gold nano-ellipsoid 

arrays. (e) A large area of gold nanoellipsiods on the substrate. (e’) is the partially enlarged view of (e).

Functional test of the LSPR-based biosensor

To verify the sensitivity of the LSPR-based biosensor, we first tested the refractive index 

sensitivities of different solutions. The plasmonic performance of the prepared samples was 

measured with optical spectrophotometry by changing the medium above the nano-ellipsoids 

between different refractive index solutions. Fig. 6a shows the extinction spectra of the gold 

nano-epllisoids for different refractive indices for different solutions. Increasing the refractive 

index of the sample causes the extinction spectra to be red-shifted. The peak wavelength of the 

extinction spectra increases as a function of the increased refractive index. Additionally, the 

refractive index sensitivity of the LSPR-based biosensor is approximately 306 nm/RIU 

((625.57-610.25)/(1.38-1.33)) (Fig. 6b). Results show that the biosensor has a good response as a 

function of therefractive index. 

Functional tests wereLSPR-based biosensor carried out using the LSPR-based biosensor 

based on tests of the a) modification process of the anti-CD63 antibody and b) the reaction 

between the anti-CD63 antibody and exosomes. Exosomes detection utilized common exosome 

markers, such as tetraspanins (CD63, CD9, and CD81),38–40 and the membrane transport and 

tumor-specific gene 101 (tsg101).41 Among these markers, anti-CD63 has been extensively used 

for exosome capture owing to its expression on the exosome surfaces, and has been accepted as a 
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general exosome marker.42 Exosomes can react with the anti-CD63 antibody in the biosensor and 

induces a shift of the LSPR wavelength of the underlying gold nano-ellipsoids. Fig. 6c illustrates 

that the combined reaction during the modification process can cause the extinction spectra to be 

red-shifted. Additionally, we utilized human immunoglobulin G (IgG) to demonstrate the specific 

capture and detection of CD63-positive exosomes. In a typical assay, human IgG was injected into 

the channel and the wavelength shift was recorded by the spectrometer. Fig. S2 shows that a few 

spectral shifts of the gold nano-ellipsoids as a function of the LSPR wavelength. The TEM image 

shows the sizes and morphologies of the exosomes before detection (Fig. 6c’) and the SEM image 

shows exosomes after their detection and uniform capturing on the gold nano-ellipsoids (Fig. 6d). 

Overall, the sensing performance of our biosensor is highly comparable to the current 

state-of-the-art in reference to the LSPR platform.21,23 

 

Figure 6. Testing results of the LSPR-based biosensor. (a) Normalized extinction spectra as a function of the 

refractive index for different solutions. (b) Peak wavelengths as a function of the refractive index for different 

solutions. (b’) The biosensor with nine channels on the LSPR detection platform. (c) Normalized extinction 

spectral changes during the functionalized process. The inset image is a high-magnification transmission electron 

microscopy of exosomes before detection. (d) Scanning electron microscopy image of exosomes captured by the 

functionalized LSPR-based biosensor.

Performance of the LSPR-based biosensor

To test the performance of the LSPR-based biosensor, different binding times between the 
anti-CD63 antibody and the exosomes and different exosome concentrations were detected using 
the LSPR-based biosensor. Figs. 7a and 7b show the extinction spectra and peak wavelength at 
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different binding times between the anti-CD63 antibody and exosomes. These results illustrats that 
the peak wavelength of the extinction spectra increases as the binding time increases. The binding 
process between the anti-CD63 antibody and exosomes has reached saturation at approximately 50 
min (Fig. 7b). Fig. 8 shows the extinction spectra under at concentration of exosomes (1 ng/mL, 
10 ng/mL, 1×102 ng/mL, 1×103 ng/mL, and 1×103 ng/mL). Results illustrate that the peak 
wavelength of the extinction spectra increases as the concentration of exosomes increases. After 
the capture of the exosomes, 1× PBS buffer solution at a volume of 1 mL was injected to rinse the 
biosensor channel and verify the capture of the exosomes on the gold nano-ellipsoids. The evoked 
responses of these five concentrations were utilized to test the ability to conduct exosome 
detection with the LSPR-based biosensor, as shown in Fig. 8. The limit of detection was analysed 
according to the reported study43. The peak wavelength of the exosomes was 620.98 nm when 
their concentration was 1 ng/mL. The peak wavelength of the anti-CD63 antibody was 619.44 at 
an exosome concentration of 1 ng/mL approximately. In addition, a wavelength shift of 1.54 nm is 
a weak response which is closed to the negative control for human IgG. The testing concentration 
limit of the exosomes was approximately 1 ng/mL. This indicated that the exosomes were 
immobilized onto the gold nano-ellipsoids and caused the extinction shift.

 

Figure 7. Performance of the LSPR-based biosensor at different binding time of the anti-CD63 antibody and 

exosomes. (a) Normalized extinction spectra as a function of the wavelength, and (b) peak wavelength response as 

a function of detection time.

Figure 8．Performance of the LSPR-based biosensor at different exosome concentrations.

Targeted therapy of cancer is becoming increasingly popular. However, chemotherapy is still 
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the main treatment owing to the lack of an adequate number of specific targets.44 Accordingly, the 

identification of the new noninvasive biomarkers for cancer is a key issue for cancer diagnosis and 

therapy.45 Exosome detection hasled to increased attention in the field of biomedical and 

biological detection. Numerous studies have shown the potential use of circulating exosomes as 

novel biomarkers for monitoring and predicting a number of complex diseases, including cancer.46 

Unlike cells, for which the viability after isolation also needs to be considered, exosomes are 

known to be more actable against environmental change.1,5,47 For this reason, the ribonucleic acid 

(RNA) contained in exosomes could be released using lysis buffers. Our proposed approach is an 

option to find new exosome biomarkers for cancer. 

The LSPR-based biosensor is a platform technology with four key innovative aspects over 

the commonly used methods. (i) Fabrication of the nano-ellipsoids is easy, fast, and large-scale, 

based on the use of AAO films as the templates to for the evaporation of gold. The robust 

fabrication method of the biosensor saves consumables, and leads low device failure rates. (ii) 

Gold nano-ellipsoids prepared by this method are uniform and perform better than those prepared 

by evaporation and annealing. (iii) The biosensor detects exosomes using as little as 50 μL 

aliquots in < 4 h, whereas ELISA requires > 200 μL sample volumes and twice of time.48 The 

ability to detect exosomes from small volumes is highly advantageous in the case where the 

sample is limited. (iv) Exosomes are allowed for downstream analyses after they are captured on 

the biosensor. In future experiments, we will expend efforts to study additional exosome 

characteristics using different types of bodily fluids (e.g., blood, cerebrospinal fluid, urine, ascitic 

fluids) in cooperation with biomedical laboratories.

Conclusions

A simple, inexpensive, and robust LSPR-based biosensor was proposed to detect exosomes in 

buffer solutions. The fabrication method of the biosensor was optimized based on a simple 

annealing process and the use of an AAO film as a gold evaporation template. Overall, the method 

is low-cost, time-saving, and applicable to large areas. The gold nano-ellipsoid arrays fabricated 

with this method were ordered compared with simple annealing. The functionalization of the 

biosensor was easily achieved following the integration of the sensor with microfluidics. 

Exosomes could be uniformly absorbed on the surface of gold nano-ellipsoids after the functional 

modification of the anti-CD63 antibody on the biosensor. Different refractive index solutions were 

used to test the responses of the biosensor. In addition, exosome samples at five different 

concentrations were utilized to test the detection ability of the biosensor. A sensitive biosensor 

was built to successfully detect exosomes in buffer solutions with approximate concentrations of 1 

ng/mL. In conclusion, this biosensor, which is simple to use and fabricate, has the ability to detect 

minute exosome concentration. In the future, this LSPR-based biosensor could provide a useful 

platform to facilitate clinical investigations of exosomes for non-invasive disease diagnoses.
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