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Abstract

Based on the hydrogel-AuNP supramolecular sphere (H-Au), a label-free and real-time surface plasmon resonance imaging
biosensor has been developed for highly sensitive and specific determination of prostate cancer cell-derived exosomes. After
integrating the signal amplification effect of the mass cumulative hydrogel and the LSPR effect of AuNPs with high specific
aptamer, the SPRi biosensor for exosome detection exhibited a wide linear range from 1.00 x 10° to 1.00 x 107 particles/mL with
a limit of detection of 1.00 x 10° particles/mL. Most importantly, with a strong correlation between the SPRi signal and the t-PSA
value measured by the clinical chemiluminescence immunoassay, this biosensor displayed excellent practicability for human
serum analysis, which exhibits great potential applications in disease diagnosis and bioanalysis.

Keywords Exosomes - Surface plasmon resonance imaging (SPRi) - Hydrogel-gold nanoparticles (hydrogel-AuNPs) - Tumor

diagnosis - Prostate-specific antigen (PSA)

Introduction

According to the Global Burden of Disease (GBD), there are
more than one-fifth of new prostate cancer cases occurred in
the USA in 2017, the increasing incidence rate makes it a higher
prevalence disease than lung cancer [1, 2]. In addition, prostate
cancer can not only cause complications such as acute seminal
vesiculitis but also easily lead to bone metastasis, fracture,
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paraplegia, and even life-threatening [3]. Nowadays, the detec-
tion of serum prostate-specific antigen (PSA) is widely used in
clinics, which is principally based on chemiluminescence immu-
noassay to test the content of PSA and related factors in patient
serum, providing references for subsequent diagnosis [4]. In spite
of this, the deficiencies of low specificity, sensitivity, and high
false positive make the method full of controversy. What’s
worse, the detection threshold of PSA is also questioned [5].
Under these circumstances, there is no doubt that the introduction
of an alternative approach to overcome the existing shortcomings
and realize effective screening of prostate cancer has become one
of the difficulties to be solved by researchers.

Exosomes are one of the new tumor markers sought after by
researchers in recent years, which has given impetus to the pub-
lication of numerous literature on exosomes and tumors [6-8]. It
is undeniable that the production, content, and function of
exosomes do have a profound impact on the occurrence and
development of tumors [7]. What’s more, the amount of
exosomes secreted by cancer cells far exceeds that of normal
cells, and some exosomes have cancer-specific markers on their
membrane, which explain why it is possible to monitor the oc-
currence of cancer by analyzing exosomes [8].

Currently, several widely used exosome detection methods
include fluorescence [9], flow cytometry (FCM) [10],
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nanoparticle tracking analysis (NTA) [11], surface plasmon
resonance imaging (SPRi) [12, 13], and so on [14]. Among
them, SPRi has attracted much attention because of its unique
characteristics such as monitoring the reaction that happened
on chip by real-time capturing of the resultant refractive index
change [15]. In SPRi detection, DNA probes or antibodies
modified on the gold chip surface can capture the targets
through specific chemical bonds to form polymers with in-
creased mass. A short time later, the change of refractive index
caused by the binding process can be detected by a charge-
coupled detector and in the meantime, the sensing image can
be output [16]. Since the sensitive area of SPRi detection is
within 200 nm on the chip surface [17], particles with a diam-
eter less than 200 nm, just like exosomes, perfectly meet the
requirement of this technology. Also, it is worth mentioning
that as an optical platform, the signal output performance of
SPRi is more stable than that of other platforms, exhibiting
better photostability [15, 16].

Encouraged by the advantages of SPRi, researchers have
successfully exerted a variety of strategies to detect biomole-
cules such as DNA [18], microRNA [19], and protein [20].
Unfortunately, the weakness of this method is that the sensi-
tivity needs to be improved when exploited to detect trace
target substances in complex samples. Then, the combined
application of different signal amplification strategies, includ-
ing enzyme catalysis [21, 22], nanomaterials [23, 24], and
DNA nanotechnology [25-27], with this technique, has arisen
and thrived. As one of the pioneers and outstanding represen-
tatives of DNA nanotechnology, DNA hydrogel, an aqueous
two-dimensional or three-dimensional cross-linked network
polymer, has shown broad application prospects in the field
of nanotechnology and biomedicine, etc. [25]. Surprisingly,
the structural controllability and variability of hydrogel mate-
rial satisfy the mass-sensitive characteristic of SPRi detection
[26, 27]. Hence, various kinds of hydrogel materials were
investigated and utilized to improve the performance of
SPRi biosensors. For instance, the gradient hydrogel matrix
exhibited excellent properties of reducing nonspecific binding
in SPRi biosensor applications [28]. Thermoresponsive
hydrogels were applied to realize the active control of SPRi
biosensor [29]. And, responsive thin hydrogel layers
prevented the skin barrier effect to obtain a quick responding
of SPRi detection [30]. Most importantly, the self-assembly of
DNA chains to generate multi-layered porous hydrogels sup-
plies the abundant loading sites for AuNPs to improve the
signal response of SPRi detection through the LSPR effect
[18-20]. Benefiting from the porous structure and large spe-
cific surface area of hydrogels, AuNPs are embedded in them
by Au-S bond, which not only avoid agglomeration but also
achieve effective amplification of the SPR signal.

In this study, we conceived a label-free, real-time SPRi
biosensing strategy for sensitive detection of prostate cancer
exosomes based on H-Au assembled by multi-layered porous
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hydrogels and AuNPs. Numerous of AuNPs were orderly and
precisely positioned at the nanoscale grids of hydrogel
spheres, and then, the greatly enhanced SPRi response can
be observed for the mass cumulative hydrogels and LSPR
effect of AuNPs [31]. In particular, we successfully realized
the sensitive detection of exosomes in clinical samples, dem-
onstrating good clinical applicability of this strategy.

Experimental
Reagents and materials

HAuCly4H,0 was purchased from Sinopharm Chem Co.,
Ltd. (Shanghai, China, https://www.sinoreagent.com). 6-
Mercapto-1-hexanol (MCH) was obtained from Sigma-
Aldrich (St. Louis, USA, https://www.sigmaaldrich.com).
Fetal bovine serum (FBS) and Dulbecco’s Modified Eagle
Medium (DMEM) were offered by Gibco (Gaithersburg,
MD, USA, https://www.thermofisher.com). N-
Hydroxysuccinimide (NHS) and N-(3-(dimethylamino) pro-
pyl)-N'-ethylcarbodiimide hydrochloride (EDC) were pur-
chased from Alfa Aesar (Massachusetts, USA, https://www.
alfaaesar.com). Tris(2-carboxyethyl)phosphine (TCEP) was
provided by Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China, https://www.aladdin-e.com). Phosphate
buffer (PBS) and bovine serum albumin (BSA) were supplied
by Thermo Fisher Scientific (Wilmington, USA, https://www.
thermofisher.com). Terminal transferase (TDT) was obtained
from New England Biolabs Co., Ltd. (Beijing, China, https://
www.neb.uk.com). Carboxyl-modified magnetic beads were
offered by Chengdu Organic Chemicals Co. Ltd., Chinese
Academy of Sciences (Chengdu, China, https://www.cocc.
com). GelRed nucleic acid stain was acquired from
SenBeilia Biological Technology Co., Ltd. (Nanjing, China,
https://www.sbjbio.com). All the chemicals used were of
analytical reagent grade and all the HPLC-purified oligonu-
cleotides listed in Table S1 were prepared and purified by
Sangon Biotech. Co., Ltd. (Shanghai, China, https://www.
sangon.com). Tris-EDTA (TE) buffer (10 mM Tris-HCI,
1 mM EDTA, pH 8.0) and TAE-Mg2+ buffer (40 mM Tris,
20 mM acetic acid, 2 mM EDTA, 12.5 mM Mg2+, pH 8.0)
were utilized for the dissolution and hybridization of all oli-
gonucleotides, respectively. Aqueous solutions prepared by
Millipore Milli-Q gradient ultrapure water system were used
(Millipore Co., MA, USA, https://www.merckmillipore.com).

Instruments

SPRi measurements were conducted on a surface plasmon
resonance imaging (SPRi) sensing platform built by our own
laboratory. In short, at a fixed incident angle, a parallel p-
polarized light emitted from a light-emitting diode (LED,
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650 nm) passed through the prism/chip/flow cell assembly.
Then, the reflected light was captured by a CCD detector.
And, the change of refractive index caused by intermolecular
interaction on the gold sensor chip was monitored in real time,
accompanied by the output of sensing image for subsequent
analysis. Transmission electron microscopic (TEM) image
was performed with an H-7500 transmission electron micro-
scope (Hitachi High-Technologies Co., Japan, https://www.
hitachihightech.com). The gel electrophoresis was
implemented on the DYY-6C electrophoresis analyzer
(Liuyi Instrument Company, China, http://electrophoresis.
globalimporter.com), followed by imaging on Bio-Rad
ChemDoc XRS (Bio-Rad, USA, http://www.bio-rad.com).
The size and morphology characterization of DNA hydrogel
was processed on an atomic force microscope (AFM) (Hitachi
High-Technologies Co., Japan, https://www.hitachihightech.
com). Nanoparticle tracking analysis (NTA) was supported by
ZetaView (Particle Metrix, Germany, https://www.particle-
metrix.com). UV-Visible absorption spectra were carried out
at a UV-2550 spectrophotometer (Shimadzu, Japan, https://
www.shimadzu.com). The t-PSA values of clinical samples
were measured by Cobas E602 (Roche, Switzerland, https:/
www.roche.com).

Culture of cells and isolation of exosomes

All cell lines were provided by the American Type Culture
Collection (ATCC) (Rockville, USA, https://www.atcc.org).
DMEM (added with 10% FBS, 1% streptomycin, and
penicillin) was used for all kinds of cell culture in a sterile
incubator containing 5% CO,, at 37 °C. Cell passaging was
processed when growth density reached 80%. Ultimately, the
cells were starved with a serum-free medium for 48 h before
the exosomes were extracted.

The exosomes were extracted from the cell culture medium
according to the published literature [32]. Generally, after 48-
h starvation, the cell culture medium was centrifuged
(2000%g, 20 min; 10,000xg, 30 min; 100,000xg, 2 h. All steps
were performed at 4 °C). The precipitate containing exosomes
was suspended by 1x PBS and characterized by NTA. Twenty
clinical samples were collected from the First Affiliated
Hospital of Chongqing Medical University. And, the extrac-
tion procedures of exosomes from clinical samples were as
described above.

Preparation of AuNPs and DNA hydrogel-AuNPs

AuNPs were synthesized by referring to the published litera-
ture [33]. Similarly, the preparation steps of DNA hydrogel
were also learned from predecessors [25]. Subsequently,
DNA hydrogel functionalized AuNPs were synthetized [33].
To begin with, according to the procedure, 200 pL thiol-
modified DNA hydrogel (0.5 uM), 2 uL acetic acid buffer

(500 mM, pH 5.2), and 1.5 uLL TCEP (10 mM) were mixed
at 25 °C for 1 h. Then, the mixture was added to a brown glass
bottle containing 300 L of AuNPs. After reaction in dark for
at least 16 h, 3 uL Tris-acetate buffer (500 mM, pH 8.2) and
30 uL NaCl (1 M) were added dropwise, orderly. Stored in
dark for 12 h later, the compound can be used after centrifu-
gation (15,000 rpm, 10,000xg, 10 min) and PBS dispersion.

Synthesis of aptamer-magnetic bead complex

The preparation process of aptamer-magnetic bead conjugates
was mainly based on previous achievements [33-35]. Firstly,
230 puL carboxyl-modified magnetic beads (particle size:
1.5 pum; concentration: 21.3 mg/mL) were washed with de-
ionized water three times. Then, 115.1 mg NHS and 766.8 mg
EDC were added to activate the magnetic beads (pH 5.5), with
gently shaken at4 °C for 2 h. Thereafter, 70 uL 10 uM amino-
modified aptamer was added (pH 8.0), with gently shaken at
4 °C for at least 12 h to synthesize the aptamer-magnetic bead
complex, after magnetic separation, washing the complex
with 1 mL deionized water for three times to reduce nonspe-
cific adsorption. Then, 3 x 70 uL, 10 uM DNA linkers (DLs)
were added and gently shaken at 4 °C for at least 2 h. After
repeating the above washing steps by deionized water, the
MB-aptamer-DL complex was suspended in 1 mL deionized
water and stored at 4 °C.

Fabrication of the SPRi biosensor

In the beginning, the gold sensor chip was cleaned with acetone,
ethanol and deionized water orderly for 3 min each, and then
dried with nitrogen. To further reduce the organic impurities on
the sensing chip, it was necessary to cover the chip surface with
ready-made piranha solution (VH,SO4:VH,0,="7:3) for
10 min, washed with deionized water and dried under nitrogen,
then diluted the capture probe with a prepared solution of
KH,PO,4 (1 M) before modified on the chip, and blocked suc-
cessively (1 mM MCH, 1 h; 2% BSA, 0.5 h). At last, the above
cleaning and drying processes were repeated once again.

Determination of exosomes from prostate cancer cells

Different concentrations of exosomes were added into 50 uL
solution of the MB-aptamer-DL complex to react at 37 °C for
at least 2 h. Soon later, large amounts of DLs were released by
chain replacement and suspended in the supernatant. After
magnetic separation, the supernatant was covered on the sur-
face of the gold chip and DLs hybridized with the pre-fixed
capture probes. Thenceforth, TDT was added and incubated at
37 °C for 2 h to synthesize poly A tails. As soon as the ful-
fillment of this process, carefully washed the chip with deion-
ized water and dried under nitrogen, which was ready for
subsequent SPRi testing.
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Detection process of SPRi

After the installment of the above modified gold sensor chip
on the SPRi instrument, rinsed the injection tubes slowly with
1x PBS to remove impurities. When the stable baseline signal
was output, the sample loading can be started (loading vol-
ume: 200 uL. H-Au nanomaterial, flow rate: 50 puL/min, load-
ing duration: 2 min and 40 s, reaction time: 1.5 h). Following
the reaction, washed the gold sensor chip with PBS for about
15 min to get rid of the nonspecifically adsorbed substances.
The program developed by our laboratory recorded the exper-
imental data in real time and output the signal.

Results and discussion
lllustration of the SPRi sensor design principle

Scheme 1 showed the steps of the SPRi biosensor proposed in
this study to detect exosomes. In Scheme 1a, the X hydrogel
units (X1 and X2) were prepared through the denaturation and
annealing process between DNA chains. Each unit contained
two T, terminals for poly A binding, two strands with thiol
group modification for Au-S interaction, and four overhang
arms for hybridization to form the network hydrogel. As
shown in Scheme 1b, the PSMA (a diagnostic biomarker pro-
tein enriched in LNCaP cell and also highly expressed on the
membrane surface of LNCaP cell-derived exosomes)-specific
aptamer-DNA linker (aptamer-DLs) complexes were
immobilized on the surface of MB [36, 37]. The introduction
of target exosomes changed the structure of aptamer-DL-MB
complexes. When aptamers bound to PSMA, triple DLs were
released and then purified by magnetic separation to hybridize
with capture probes for amplifying the signal in a
concentration-dependent manner. As shown in Scheme lc,
the enzyme TDT catalyzed the formation of poly A tails at
the exposed terminals of DLs, which would hybridize with
synthesized H-Au by base pairing for signal amplification.
Finally, the complex composed of poly A tails and H-Au
would be detected with SPRi instrument. As expected, the
obtained SPRi signal was proportional to the amount of re-
leased DLs, which was in strong correlation with the concen-
tration of target exosomes as well [38]. The high molecular
material H-Au had achieved efficient synergistic signal ampli-
fication in the determination of target exosomes. Therefore,
this developed SPRi biosensor holds great potential in clinical
applications.

TEM and NTA characterizations of exosomes
Figure 1a showed the morphological characteristics of LNCaP

cell-derived exosomes observed by TEM. According to the im-
age, the exosomes were small vesicles with concave surface and
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obvious double-layered membrane structure. Under the field of
vision, the distribution density was moderate with a relatively
uniform particle size of about 100 nm, which was tally with the
descriptions of previous literature [39]. To further analyze the
size distribution of exosomes and quantify the extracted samples,
NTA was performed (Fig. 1b). Accordingly, the concentration of
the purified exosomes was calculated to be 2.75 x 10°
particles/mL, with a size distribution range from 80 to 160 nm.
The characterization of AuNPs also performed by UV-visible
absorption spectra; 520 nm and 525 nm were the typical absorp-
tion peaks of AuNPs and DNA hydrogel functionalized AuNPs,
respectively (shown in Fig. S1C).

Feasibility of the developed biosensor

The hybrid products of DNA chains were verified by 3%
agarose gel electrophoresis. As we can learn from Fig. 2A,
the X1 (lane 3) and X2 (lane 6) hydrogel structural units were
effectively synthesized by the hybridization of sub-chains.
Ultimately, the network hydrogel nanostructure (lane 7) was
successfully synthesized with the slowest mobility, which was
in line with the expected results. In addition, we further char-
acterize the morphology of hydrogel through AFM image
(Fig. 2B) and again confirmed that the formation of DNA
hydrogel was successful.

In subsequent experiments, we chose native polyacryl-
amide gel electrophoresis (PAGE) (see Fig. 2C) to demon-
strate the formation of aptamer-DL complexes and TDT cat-
alytic products, thereby further validating the feasibility of this
research. As we can see from Fig. 2C, lanes 7 and 8, the
aptamer-DL complexes migrated more slowly than single
strands of DL1, DL2, DL3, and aptamers (lanes 1, 4, 5, and
6), accounting for the formation of aptamer-DL complexes.
Additionally, lane 3 represented DLs-poly A after incubating
the TDT with DLs, and lane 2 referred to capture probes/DL-
poly A duplex, both of them moved much slower than others,
denoting the successful formation of poly A tails. Except for
that, SPRi experiments of different loading materials were
performed to confirm the amplification efficacy of H-Au. As
shown in Fig. 2D, after the addition of different signal ampli-
fication materials, corresponding response signals were ob-
tained by the formation of different compound structures.
Compared with the SPRi biosensor loaded with hydrogels
(curve b), the one loaded with ssDNA-AuNPs (curve c)
showed a clear increase in the response signal because of the
LSPR effect of AuNPs could greatly enhance the signal.
Notably, the signal increased much more significantly (curve
d) when the SPRi biosensor was loaded with hydrogel-
AuNPs, suggesting the signal amplification ability of
hydrogel-AuNPs was much stronger than simply used
ssDNA-AuNPs or hydrogels. Compared with hydrogels or
ssDNA-AuNPs, the signals were amplified 8 times and 5
times, respectively. This interesting phenomenon revealed
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Scheme 1 Schematic illustration for the detection of tumor exosomes. a The synthesis of H-Au. b The recognition and combination of aptamers and

exosomes. ¢ The detection process of the released DLs by SPRi instrument.

that the SPRi sensor loaded with hydrogel-AuNPs had the
most efficient signal enhancement capability because of the
cooperative signal response ability of AuNPs and hydrogels. It
was self-evident that H-Au exemplified a significant signal
amplification effect in the sensitive detection of exosomes
based on the SPRi platform.

Optimization of experimental parameters

In pursuit of ideal experimental results, we explored the opti-
mal setting values of the parameters such as concentrations of
capture probes (Ccp), hydrogel-AuNPs (Cy_au), and reaction

Fig. 1 The TEM image (a) and a
NTA characterization (b) of
LNCaP cell-derived exosomes

time of H-Au/DLs-poly A (see Fig. S4). The capture probes
fixed on the gold sensor chip will hybridize with DLs to ex-
pose the forming sites of poly A tails, which had a non-
negligible impact on the sensing signal of SPRi. Therefore,
it was essential to optimize the concentration of capture
probes. As shown in Fig. S4A, SPRi response rose with the
increased concentration of capture probes. However, the im-
proved spatial hindrance weakened the hybridization efficacy,
and the signal decreased to a certain extent when the concen-
tration was further raised after 2.0 uM. Hence, the concentra-
tion of capture probes was set to 2.0 uM. Next, the concen-
tration of H-Au was also optimized in the range from 0.2 to

b

Concentration
(particles / mL e+6)

0 100 200 300 400
Diameter (nm)
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Fig. 2 (a) 3% agarose gel electrophoretic characterization of the DNA
hybrid products. Lanes 1, 2, and 3 were the hybrid products of 2, 3, and 4
sub-chains of the X1-shaped unit, respectively. Lanes 4, 5, and 6 were the
hybrid products of 2, 3, and 4 sub-chains of the X2-shaped unit, respec-
tively. Lane 7 represented hydrogel. (b) AFM image of the hydrogel
nanostructure. (¢) 12% native PAGE gel of different samples. Lanes 1,
4, and 5: DNA linkers 1, 2, and 3, respectively; lane 2: duplex of capture

1.0 uM, as depicted in Fig. S4B. The SPRi response increased
continuously and reached the maximum when the concentra-
tion of H-Au was 0.8 uM, supporting 0.8 1M to be chosen as
the optimal concentration. Finally, the study about the opti-
mum hybridization time of H-Au and DLs-poly A was shown
in Fig. S4C. It was found that the signal ascended synchro-
nously with the prolongation of reaction time and reached the
plateau at 2 h. For that reason, the optimal reaction time was
set as 2 h.

Analytical performance of SPRi biosensor

For further improvement, we took the analytical ability of this
strategy into consideration. The SPR response gradually in-
creased at an exosome concentration-dependent manner, im-
plying the cumulative formation of the H-Au/DL-poly A du-
plexes (Fig. 3a). As shown in Fig. 3b, when the concentration
of exosomes increased from 1.00 x 10° to 1.00 x 107 particles/
mL, the corresponding SPRi signal continued to rise as well,
and there was an obvious linear relationship between them.
The regression equation was Y =4.834 X—16.03 with a cor-
relation coefficient of 0.9952, where Y and X denoted the SPR
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probes/DNA linkerl-poly A; lane 3: DNA linker 1-poly A; lane 6:
aptamer; lanes 7 and 8: hybridization complex of aptamers and DNA
linkers at different temperatures (4 °C, 37 °C). (d) SPR sensorgrams of
different materials (0.8 uM), (a) blank, (b) hydrogels, (c) ssDNA-AuNPs,
(d) hydrogel-AuNPs. All data expressed as mean * standard variation
(n=3)

signal and the concentration of exosome, respectively. The
limit of detection was calculated according to the 3o rule to
be 1.00 x 10° particles/mL, which was much lower than some
reported articles (see Table 1). The high sensitivity of this
assay was attributed to the combination of the surface mass
of hydrogel and the LSPR effect of AuNPs, which perfectly
matched with the detection feature of SPRi.

Specificity of SPRi biosensing strategy

Reflected on the fact that exosomes secreted by different cells
may overlap to a certain extent in content and function, the
demand for the specificity of detection methods arises accord-
ingly. As a result, this assay was used to detect the exosomes
from five different cancer cells to test whether its specificity
was satisfactory. Figure 4 showed the output SPR responses
of five kinds of exosomes at the concentration of 2.00 x 10°
particles/mL. Apparently, only LNCaP cell-derived exosomes
caused significantly higher signal, while others led to much
lower signals. The appearance of such a big signal disparity
was not only due to the high specificity of aptamers to target
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Table 1 An overview on recently reported nanomaterial-based methods for the determination of exosomes
Detection platform Amplification Linear range LOD Refs.
strategy (particle/mL) (particle/mL)

Surface plasmon resonance (SPR) Antibody capture 8.28 x 10°-3.31 x 107 8.28 x 10° [40]

Surface-enhanced Raman scattering (SERS)  Gold nanostar@raman reporter 4.00 % 10°-4.00x 10" 2.70x 10* [41]
@nanoshell structures

Electrochemical Gold-loaded nanoporous ferric 1.00x 10>-1.00x 10’ 1.00x 10° [42]
oxide nanozymes

Colorimetric Alternating current induced nanoshearing ~ 2.76 x 10°~4.15 x 107 276 % 10° [43]

Fluorescence Graphene oxide-DNA aptamer 3.00 x 10-6.00 x 10° 2.10x 108 [44]

Electrochemical Integrated microfluidic 1.00 x 10°-1.00 x 10° 1.00 x 10° [45]

Electrochemiluminescence (ECL) Ti3C2 MXenes aptamer 5.00 x 10°-5.00 x 10° 125%10° [46]

Surface plasmon resonance imaging (SPRi) ~ Hydrogel-AuNP supramolecular sphere 1.00 x 10°-1.00 x 107 1.00x 10° This work

exosomes but also the excellent signal amplification of H-Au,
which highlighted the meaning of this SPRi biosensor.

Analysis of exosomes from clinical serum

For the sake of assessing the analytical performance of this
proposed method in a complex matrix, we detected cancer
cell-derived exosomes in clinical samples from ten patients
with prostate cancer (P1~P10) and ten healthy control subjects
(H1~H10) (Fig. 5a, the blue bars). As a control, these clinical
samples were tested by using the same volume under the same
condition. The most worthwhile result obtained was the
strongly correlated detection signals and clinical diagnostic
values of the specific tumor marker t-PSA of these samples
(Fig. 5a, the red bars). In contrast, the SPR signals and t-PSA
detection results of the patient group were significantly higher
than those of the healthy control, demonstrating that the bio-
sensor still displayed outstanding analytical performance in
serum. In other words, prostate cancer patients could be dis-
tinguished from healthy control subjects by significantly dif-
ferent detection signals. As shown in Fig. 5b, the calibration
plot of exosome concentrations was in good linearity with the
t-PSA test results of the collected serum samples. The

Fig. 3 SPR detection

[\

regression equation was Y = 1.8472 X'+ 9.0183, with a corre-
lation coefficient of 0.9593, where Y and X represented the
concentrations of exosome and the clinical test results of t-
PSA, respectively since the clinical samples contain a lot of
impurities, which will cause great interference in the detection
of exosomes, leading to large standard deviations in experi-
mental results. Moreover, Fig. 5c is a line graph of the SPRi
signal and the t-PSA value, which more intuitively showed
that the changing trend of the two is consistent. Furthermore,
the calibration curve could be simulated with a typical 4-
parameter model sigmoidal (Hill model): Y =bottom + (top-
bottom)/(1 + 10" ((LogEC50-X)* HillSlope)) (bottom: 8.384,
top: 79.93) (Fig. 5d). Hence, the proposed method was qual-
ified to distinguish prostate cancer patients from healthy con-
trol subjects and monitor the occurrence of tumor.

Last but not least, other than good photostability, the gold
sensor chip utilized in this scheme is reusable. The analyte can
be washed off the chip surface by chemical immersion, which
not only increase experimental flexibility but also reduce the
cost. Previous researches of our group have confirmed that
unless the same chip is reused for more than 30 times, the
resulting signal differences are negligible [47]. Although the
advantage of this method lies in sensitive detection, there is
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Fig. 4 SPR detection a 1600 b 550
sensorgrams (a) and signal -
responses (b) of exosomes —_ f = 4401
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still room for improvement. Therefore, in subsequent re-
search, we will focus on shortening the detection time to fur-
ther improve its clinical practicability.

Conclusion

A label-free, real-time SPRi biosensing strategy has been de-
veloped for highly sensitive and specific detection of LNCaP
cell-derived exosomes based on the hydrogel-AuNP supramo-
lecular sphere. The high sensitivity of this method is mainly
attributed to the mass cumulative multilayer hydrogels and the
LSPR effect of AuNPs. What’s more, the developed assay has

a 500 65
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Fig. 5 a Analysis of exosomes of clinical samples from prostate cancer
patients (P1~P10) and healthy control subjects (H1~H10) by the SPRi-

based method (the blue bars) and the clinical t-PSA test results (the red
bars). b The calibration plot of exosome concentrations with the
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been effectively employed for the analysis of exosomes in the
clinical serum of prostate cancer patients. Most significantly,
there is a strong correlation between the SPRi signals and the
t-PSA values measured by clinical chemiluminescence immu-
noassay. Benefit from that, our method is qualified to distin-
guish the patient group from the healthy control group, hold-
ing great potential in exosome detection based early cancer
diagnosis and treatment monitoring. On this basis, we antici-
pate this study can provide a new alternative avenue for early
screening of prostate cancer. Moreover, the integration of self-
assembled DNA hydrogels with AuNPs will shed light on the
development of supramolecular material-based SPRi biosens-
ing techniques in future work.
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corresponding t-PSA test results of the collected samples. ¢ Line chart
of the SPRIi signal and the t-PSA value of the clinical samples. d The
calibration curve simulated with 4-parameter model sigmoidal (Hill mod-
el). All data expressed as mean + standard variation (n = 3)
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