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Abstract

As the role of exosomes in physiological and pathological processes has been properly perceived, harvesting them and
their internal components is critical for subsequent applications. This study is a debut of intermittent lysis, which has been
integrated into a simple and easy-to-operate procedure on a single paper-based device to extract exosomal nucleic acid bio-
markers for downstream analysis. Exosomes from biological samples were captured by anti-CD63-modified papers before
being intermittently lysed by high-temperature, short-time treatment with double-distilled water to release their internal
components. Exosomal nucleic acids were finally adsorbed by sol-gel silica for downstream analysis. Empirical trials not only
revealed that sporadically dropping 95 °C ddH,O onto the anti-CD63-modified papers every 5 min for 6 times optimized the
exosomal nucleic acids extracted by the anti-CD63 paper but also verified that the whole deployed procedure is applicable
for point-of-care testing (POCT) in low-resource areas and for both in vitro (culture media) and in vivo (plasma and chronic
lesion) samples. Importantly, downstream analysis of exosomal miR-21 extracted by the paper-based procedure integrated
with this novel technique discovered that the content of exosomal miR-21 in chronic lesions related to their stages and the
levels of exosomal carcinoembryonic antigen originated from colorectal cancer cells correlated to their exosomal miR-21.

Keywords Exosomal nucleic acid extraction - Exosomal biomarker - Intermittent lysis - Silica nanoparticles - Paper-based
device - Human plasma - Chronic wound

Introduction

Existing in virtually all body fluids, exosomes are currently

one of the most studied subjects in liquid biopsy to under-
stand their roles in intercellular communication and disease
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pathogenesis. They are nano-sized extracellular vesicles
(EVs, 30-200 nm) enveloped by a phospholipid membrane
and secreted by living cells, carrying diverse functional
molecules like proteins, nucleic acids, and lipids, which are
abundant sources of biomarkers for numerous diseases, espe-
cially cancers [1-4]. For instance, microRNA-21 (miR-21)
plays a critical role in a plethora of diseases, including can-
cer, wound healing, and inflammation [5—8] while CEA (car-
cinoembryonic antigen, a serologic protein) is universally
ratified and is a sensitive, specific, and accurately categorical
biomarker for the diagnosis and prognosis of colorectal can-
cer [9-11]. Therefore, profiling exosome-delivered nucleic
acids and proteins for early diagnosis and intervention of
intractable chronic diseases has become a highly invested
field with a variety of samples from in vitro (cell culture
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supernatants) to clinics (plasma, saliva, urine, etc.) [12].
However, harvesting exosomal components for downstream
analyses and applications is hindered not only due to the ultr-
asmall sizes and diverse origins of exosomes [13] but also
by the absence of widely recognized and standardized lysis,
although plentiful methods and buffers have been introduced
for this purpose, including urea-thiourea, radioimmunopre-
cipitation assay (RIPA), phenol/guanidine-based buffer, Tris-
based buffer, and so on [14-21]. These commercial buffers
are composed of complex chemicals with organic substances
and proteins that interfere with proteomic analyses and fal-
sify nucleic acid assessments [22, 23].

This study leverages (1) the immunoaffinity technique,
which has emerged as an advantageous tool to obtain
exosomes by targeting their membrane proteins (especially
the tetraspanin family) [24, 25], to capture exosomes; (2)
double-distilled water (ddH,0), a highly purified and easily
accessible source, for exosome lysis; and (3) sol—gel silica,
to adsorbed nucleic acids released from captured exosomes.
Silica, after undergoing a sol-gel process involving hydrol-
ysis and polycondensation, will form an integrated net-
work: the condensation (or polymerization) under high
temperature between the silanol groups or between silanol
groups and ethoxy groups will dehydrate the silica surfaces
and create siloxane bridges (Si—O-Si) that form the entire
silica structure [26]. Nucleic acid adsorption on the surface
of silica particles is influenced by simultaneously various
forces, which has been discussed in previous literatures
[27-29]. The silanol groups generated are, therefore, diver-
gent according to the environment, and their pH values
vary in the range of 5.0-8.0 [30]. Regarding the increase
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Fig. 1 Extracting exosomal nucleic acids by paper-based intermittent
(HTST) lysis procedure. Exosomes in biological samples were cap-
tured by anti-CD63-modified papers before being intermittently lysed

@ Springer

l hot water

of pH value, the level of dissociation and deprotonation
of OH groups on the surface of silica is enhanced, accret-
ing negative surface charges. Haynes et al. proposed the
following mechanisms for manipulating the adsorption of
nucleic acids on the silica surface [31]: (1) intermolecular
hydrogen bond between silica and nucleic acid, (2) elec-
trostatic shielding effect between silica and nucleic acid
molecules, (3) dehydration and interaction between silica
and the nucleic acid surface, and (4) the cationic salt bridge
effect between silica and nucleic acids.

Inspired by all the above findings, we developed a proce-
dure for extracting exosomal nucleic acids that was utterly per-
formed on a single paper-based device using ddH,0, avoid-
ing complicated ultracentrifugation and transition stages and
unwanted proteins in commercial buffers which potentially
contaminate the harvested products, to improve the efficiency
of downstream analysis. The procedure has been conducted to
meet the ASSURED criteria for point-of-care testing (POCT)
and to be applicable to diverse clinical samples for early-stage
diagnosis of malignancies and chronic diseases. In our paper-
based procedure, we delineate a novel tactic for exosomes
to be lysed by watering the exosome-captured zones of the
anti-CD63 papers at high temperature (HT, 95 °C) within a
short time (ST), so-called intermittent lysis or HTST lysis,
instead of immersing these devices into hot water within a
long operating time, since exosomes were reportedly sus-
ceptible to damage in HTST (90-95 °C) [32]. Nucleic acids
released from exosomes were then absorbed by sol—gel silica
for downstream analysis. The top half verified and optimized
the regime of intermittent lysis and its integrated paper-based
procedure in extracting exosomal nucleic acids (Fig. 1) while
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to release their internal components. Exosomal nucleic acids were
finally adsorbed by sol-gel silica, and their miR-21 content was ana-
lyzed as a representative target
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the bottom half applied it to extract exosomal nucleic acids
from biological samples for downstream analysis. Empirical
data demonstrated not only the outstanding features of the
deployed system in extracting exosomal nucleic acids from
various biological samples (commercial exosomes, culture
media, human plasma, and chronic wound) with superior effi-
ciency compared to commercial kit and stable operability of
the paper-based device but also the clinical applicability with
successful applications on human-derived samples (plasma
and chronic wounds). Moreover, pioneered evaluation on exo-
somal proteins was achieved when CEA in exosomes puri-
fied from HCT116 cell culture media (HCT116 CCM) was
successfully determined by enzyme-linked immunosorbent
assay (ELISA). The paper-based procedure, which completely
relied on a single paper, not only overcomes the limitations in
investigating exosomes caused by their ultrasmall size but also
exhibits outstanding properties (economy, simple operation,
small input requirement....) that facilitate the POCT and open
further research potential on exosome-transported materials.

Materials and methods
Materials

Sigma-Aldrich delivered Whatman chromatography
papers grade 1, mesoporous silica (0.5 pm particles
and 2 nm pores), (3-Mercaptopropyl)trimethoxysilane
(MPTMS), and bovine serum albumin (BSA). 99.9%
ethanol was from Jingming Chemical, whereas Thermo
Fisher Scientific was the supplier of 4-Maleimidobutyric
acid N-hydroxysuccinimide ester (GMBS), NeutrAvidin,
ddH,O, phosphate-buffered saline (PBS), quantitative
reverse transcription polymerase chain reaction (RT-
gPCR) kit, and mirVana miRNA isolation kit. Lyophi-
lized exosome standards (LESs) from HCT116 and biotin
anti-human CD63 antibody were obtained from HansaBi-
oMed and BioLegend, respectively. The remainder of the
materials included the miRNeasy Mini kit (Qiagen) and
the CEA (Human) ELISA kit (Abnova).

Fabricating paper-based devices

Paper-based devices were fabricated by exploiting the pro-
cedure used in our recent publication to immobilize the anti-
CD63 antibodies onto the Whatman papers [33]. To do this,
circular pieces of 6-mm Whatman paper were incubated in 50
uL of 4% MPTMS (in 99.9% ethanol) and 0.01 ymol GMBS
(in 99.9% ethanol) for 30 min and 15 min, respectively. These
pieces were then exposed to 50 uL. NeutrAvidin (10 pg/mL in
PBS) at 4 °C for 60 min. In the next step, 20 uL of 1% BSA
in PBS (w/v) was dropped onto the papers for 3 times every

10 min to block the unreacted sites and prevent nonspecific
absorption. Lastly, 20 uL of 20 ug/mL biotinylated anti-CD63
antibody (in PBS containing 1% w/v BSA) was dispensed
onto the modified zones for 3 times every 10 min, and the
unbound molecules were disposed of by PBS droplets for 3
times. All steps were performed at room temperature, unless
otherwise stated.

Collecting biological samples
Commercial exosomes

LESs from HCT116 were stored at 4 °C and reconstituted
with proper volumes of deionized water in accordance with
the desired concentrations before use.

HCT116 cell culture media

HCT1116 CCM was centrifuged to eliminate cells, cell
debris, and unwanted contaminants (Fig. S1). The settings
of culturing HCT116 cells and centrifugation used in this
study were identical to the ones described and employed in
a recent publication on exosome extraction by our paper-
based devices [33]. The samples of concentrated HCT116
exosomes (HCT116-exo) were then diluted in PBS at differ-
ent ratios (1:6, 1:10, 1:20, 1:40) to vary their concentration.

Platelet-poor plasma and chronic lesions

Samples of platelet-poor plasma (PPP) and exudate from
chronic wounds (or chronic wound fluid—CWF) with their
information about sampling time were provided by Dr. Shin-
Chen Pan at the National Cheng Kung University Hospital and
stored at—20 °C until used. Informed consent was written by
all patients, and the study protocol was conducted in accord-
ance with the Declaration of Helsinki and approved by the Eth-
ics Committee of National Cheng Kung University Hospital
(IRB no. B-ER-110-506). All experiments were performed in
accordance with relevant procedures and regulations.

PPP was subjected through a membrane system consist-
ing of 200- and 30-nm-layers as a preliminary filtration pro-
cess to sequester exosomes (Fig. S2). The samples retained
between the two filters (Retentate) and the samples passed
through the second filter (Filtrate) were then resuspended in
PBS. All three plasma-derived samples (original PPP, Reten-
tate, and Filtrate) were analyzed by NTA before experienc-
ing exosomal nucleic acid extraction (Fig. 1).

Preparing sol-gel silica

Sol—gel silica was obtained from a 2-step preparation. First, 0.5 g
silica powder was dispersed in 15 mL DI water at 60 °C for
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10 min. Second, 1 g silica powder and 50 L. 70% HNO; were
co-dispensed into the mixture and heated at 80 °C for 30 min.

Capturing exosomes from biological samples

Exosomes from biological samples (reconstituted LESs,
concentrated HCT116-exo, PPP samples, and CWF) were
captured by incubating the active zones of the paper-based
devices with a volume of 20 pL analyte for 20 min before
the unwanted materials were removed by PBS.

Extracting exosomal nucleic acids by intermittent
lysis on paper-based devices

LESs reconstituted at the desired concentration were cap-
tured by paper-based devices before being intermittently
lysed for their nucleic acids to be released and adsorbed
by silica particles. This process was experimented with by
slowly dropping 95 °C ddH,O onto the capturing-exosome
zones at different volumes and time interval following with
a 20 uL silica droplet to identify the regime which can maxi-
mize the content of extracted nucleic acids. 20 uL ddH,O
was then dropped onto the experimental devices for 3 times
to remove unwanted materials before incubating the devices
in ddH,O at 55 °C for 45 min for nucleic acid elution (the
volume of ddH,0 was equal to the originally used volume
of the samples). The content of extracted nucleic acids was
finally estimated by RT-qPCR of miR-21 as a representa-
tive target. The settings of intermittent lysis were varied
(Table 1) to establish the regime which could maximize the
extracted amount of nucleic acids. The optimal regime was
then identically employed for denaturing exosomes captured
from different biological samples (concentrated HCT116-
exo, PPP, and exudate of chronic lesions) and extracting
their exosomal nucleic acids (Fig. 1).

SEM imaging

The paper-based devices were observed by S-3000H Scan-
ning Electron Microscopes (Hitachi) after capturing LESs
for their morphological analysis.

Quantifying captured LESs by ELISA
on a paper-based device (P-ELISA)

After capturing LESs, both anti-CD63 papers and unmodi-
fied papers were alternately contacted with 5 uL. of 1 pg/
mL anti-CD9 (in PBS) for 1 min and 20 uL of PBS for 3
times. This step was repeated with 5 uL. of HRP-conju-
gated anti-rabbit antibody before adding a 5 pL mixture
of 3,3',5,5'-tetramethylbenzidine (TMB) and hydrogen

@ Springer

Table 1 Various regimes of intermittent lysis

Name Regime

15%2 Add 15 pL 95 °C ddH,0 every 15 min for 2 times
15%3 Add 15 pL 95 °C ddH,0 every 10 min for 3 times
15x4 Add 15 pL 95 °C ddH,O every 10 min for 4 times
10x6 Add 10 pL 95 °C ddH,O every 5 min for 6 times
10x4 Add 10 pL 95 °C ddH,0 every 10 min for 4 times
10x3 Add 10 pL 95 °C ddH,O every 10 min for 3 times
30x1 Add 30 pL 95 °C ddH,0 and wait for 30 min

peroxide (1:1 v/v) for color development. All the paper
pieces were finally photographed, and their color intensity
was analyzed by ImagelJ software.

Nanoparticle tracking analysis

All the PPP and CCM-derived samples were diluted for 120
times before being analyzed by NanoSight NS300 (Malvern
Panalytical) equipped with a green laser and the NTA 3.4
software.

Analyzing miR-21 by RT-qPCR

Exosomal miR-21 extracted from all the samples (reconsti-
tuted LESs, concentrated HCT116-exo, PPP samples, and
CWF) by the paper-based procedure was analyzed by RT-
gPCR using identical probes and primers (Table S1), chemi-
cals, and settings described in our recent publication [33].

Quantifying CEA by ELISA

This study employed two kinds of ELISA for the purposes
of quantifying exosomal CEA and proving that the modi-
fied papers hardly capture free-circulating exosomes in bio-
samples. The former was achieved using an Abnova CEA
(Human) ELISA kit whereas P-ELISA on the anti-CD63
papers was designed for the latter.

On the one hand, paper pieces containing isolated
exosomes were incubated in 50 pL lysis buffer from the mir-
Vana miRNA Isolation kit for 5 min and an additional 10 uL.
Chloroform for 2-3 min to lyse exosomes for detection of
exosomal CEA by the CEA (Human) ELISA kit. Briefly, 50
pL of samples were dispensed to the antibody-coated wells
and incubated with 100 pL of enzyme conjugate reagent
(goat anti-CEA antibody conjugated to horseradish peroxi-
dase) for 60 min. One hundred microliter of TMB as a col-
orimetric reagent was added after the wells were emptied
and rinsed 5 times with DI H,O. After incubating for 20 min,
100 pL of Stop solution (1N HCI) was finally added to the
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wells, and the color absorbance at 450 nm was evaluated by
BioTek Synergy H1 Hybrid Multi-Mode Monochromator
Fluorescence Microplate Readers (Thermo Fisher Scientific)
within 15 min. The entire process was carried out at room
temperature, as illustrated in Fig. S3.

On the other hand, different concentration of non-exo-
somal CEA solutions was dispensed to the anti-CD63-
modified zones, and P-ELISA was performed by treating
with anti-CEA-conjugated HRP (goat antibody) and TMB.
The final state of the papers was captured to be analyzed by
ImagelJ software. All the reagents used in this ELISA were
also supplied in a CEA (human) ELISA kit (Abnova).

Results and discussion
Intermittent lysis to extract exosomal nucleic acids

In this study and our previous publication [33], high-tem-
perature ddH,O was used for exosome lysis because it is an
ultra-purified and conveniently accessible buffer, which not
only meets the criteria for a POCT but also avoids product
contamination and interference in subsequent analysis com-
pared to protein-containing lysis buffers. However, in our
previous publication [33], the paper-based devices after cap-
turing exosomes were immersed in 95 °C ddH,O for 30 min,
which is necessary to destabilize exosomes and their mem-
brane proteins but also accidentally degrade their extracted
components. To subdue this dilemma, we delineated a novel
strategy for exosome lysis by sequentially dropping 95 °C
ddH,O onto paper-based devices, so-called intermittent
lysis, instead of immersing them in such a high temperature
for a long operation time. There were 3 variables experi-
mented in our survey to determine how they dominate the
lysis, including the total volume of 95 °C ddH,0 (30, 40,
45, and 60 pL), the interlude of dropping 95 °C ddH,0 (5,
10, and 15 min), and the total lysis time (30 and 40 min)
(Table 1). A glance at RT-qPCR data of miR-21 lysed by
varied regimes (Fig. 2) demonstrated that lysing exosomes
by periodically dropping 10 pL 95 °C ddH,O onto the paper-
based devices every 5 min over the course of 30 min (10X 6)
provided the optimal condition for the release of nucleic
acids with the most extracted miR-21 content (the lowest Ct
value of 25.67 £ 0.25). Contacting exosome-captured papers
with 15 pL HT water for 4 times over the course of 30 min
(15x4) also can improve the extracting efficiency at a cer-
tain level, although it was still far from the result achieved
by 10X 6 regime. Since both regimes used the equal volume
of 95 °C ddH,0 (60 pL), it is feasible to conclude that while
lengthening the operation time of the lysis process does
not guarantee an improvement in the extracted amount of
nucleic acids, raising the number that the HT water dropped
onto the exosome-captured papers during this period is an

efficient strategy for this aim. In addition to that, a com-
parison between two regimes (10 x4 and 15x4) in which
the exosome-captured papers were contacted with various
volumes of HT water (40 pL and 60 pL) for identical 4 turns
and total lysis times of 40 min revealed that using a greater
volume of HT water also contributes to the lysis efficiency.
These results inferred that the lysis process of exosomes
can be optimized by maximizing the number of dropping
HT water onto the exosome-captured papers and its volume,
whereas lengthening the operation time is optional.

Since intermittent lysis at different regimes expressed the
superiority in lysing exosomes captured by the paper-based
devices, their impact on exosome morphology was further
investigated and characterized by SEM (Fig. 3). A compari-
son among the images displaying the surfaces of exosome-
captured papers before (Fig. 3A) and after being treated with
95 °C ddH,O0 at different regimes (Fig. 3B—-D) suggested
that exposing exosomes to HT ddH,O altered their shape
and dimension. To be more details, an initial observation in
Fig. 3A discovered tiny particles with round shapes of about
100 nm, which belongs to the reported range of exosome
dimensions [3, 4]. It is also evidence that the anti-CD63-
immobilized papers succeeded in capturing exosomes since
the samples used in this section were commercially purified
exosomes. Their diameter was then remarkably bloated to
the range of 200-600 nm (Fig. 3B, C) after being treated
with 95 °C ddH, O at different regimes (Fig. 3B-D), with the
maximally bloated dimension up to more than 800 nm after
the paper was added 10 pL of 95 °C ddH,O 6 times every
5 min (Fig. 3D). These results were consistent with previ-
ously reported that exosomes were unstable when incubated
for 30 min at 90 °C when membrane proteins were virtually
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Fig.2 Ct values of exosomal miR-21 extracted by different regimes
of intermittent lysis
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degraded [32]. Considering this outcome and the one above,
we hypothesize that exposing exosomes to HT ddH,0 for a
certain period denatured its lipid bilayer structure so that
the internal components can be favorably released. Based
on the available results, adding 10 pL 95 °C ddH,0O 6 times
every 5 min was chosen to intermittently lyse exosomes
captured from biological samples to extract their internal
nucleic acids.

Before applying the optimal setting of intermittent
lysis to extract exosomal components of biological sam-
ples, it is crucial to verify that the RT-qPCR data were
exclusively from exosomal miR-21. To do this, (1) LESs
captured by the paper-based devices were quantified by
ELISA (P-ELISA) and (2) free-circulating miR-21 which
was non-specifically adsorbed by the paper-based devices
was determined by RT-qPCR. On the one hand, the Agrey
values of the unmodified papers performed in Fig. S4A

4

KV X6000 1um . WD9.4mm

100

\ ].

A

SEI 10.0kvV  X6,000 Tum WD 9.3mm

after the ELISA procedures were approximately equal,
indicating that these papers barely captured exosomes
despite being incubated with them at different levels. In
contrast, the Agrey outputted by ELISA for anti-CD63-
coated papers capturing various amounts of exosomes
not only obviously discriminated from that value of the
control samples (no exosome particles) but also linearly
intensified with the increasing amounts of exosomes (Fig.
S4B), demonstrating the presence of exosomes on the
modified papers. These data also presented a significant
distinguishability between non-modified and antibody-
modified papers. Given the above results, different exo-
some concentration could be distinguished, and exosome
concentration in unknown samples could be estimated. On
the other hand, a comparison among Ct values of 1 pM
miR-21, 1 pM miR-21 and several DNase-, RNase-, and
exosome-free solutions (1 X PBS, 6 ng/mL CEA, and

SEI 10.0kV  X6,000 Tpum WD 9.6mm

Fig. 3 Morphology of LESs captured by the paper-based device A before and B-D after being treated with different intermittent lysis regimes of

B30x1,C10x3,and D 10x6
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non-template control) as negative controls after undergo-
ing the described exosomal nucleic acid extraction pro-
cess endorsed that most of the nucleic acids obtained from
our extraction process were originated from exosomes
(Fig. S5). Not only was the Ct value of the 1 pM miR-21
that underwent the paper-based extraction process con-
siderably higher than that value of the untreated sample
(15.57 £0.55), which was consistent with the one reported
in the literature [34] but also it was on par with those of
the exosome-free solutions and NTC (no template con-
trol), supporting the argument that the antibody-immobi-
lized papers hardly captured free nucleic acids. However,
it is also worth noting that the nonspecific adsorption of
nucleic acids onto the paper-based devices is not trivial,
since there was a visible distinction between the Ct value
of the miR-21 sample and negative control samples (PBS,
CEA, and NTC) after all of them underwent the whole
procedure on the papers. This adsorbate was eluted in the
subsequent steps and resulted in a visibly lower Ct value
of miR-21 samples compared to the non-miR-21 ones.

Operability of the paper-based procedure
in extracting exosomal nucleic acids

This section is a further examination of the workability
of the whole system by testing the function of the fabri-
cated paper-based devices after being preserved at differ-
ent conditions in terms of time and temperature, as well
as comparing its working efficiency with miRNeasy Mini
kit, a popular commercial miRNA extraction tool which
is universally applicable for various of culture media and

cell types (humans, plants, and animals) (Fig. 4). On the
one hand, the former was implemented by employing
the anti-CD63 papers, after storing them under room
temperature at 4 °C for 1, 2, 3, and 4 weeks to extract
the nucleic acids derived from the same amount of LES
samples. It is obvious to realize from the Ct values of
the extracted miR-21 that storing the fabricated papers
at ambient temperature rapidly deteriorates their func-
tion within less than 7 days. Conversely, the immunoaf-
finity of the paper-based devices will be consistent for
more than a fortnight if they are maintained under cold
condition of 4 °C (Fig. 4A), which is very promising for
mass-production and transportation to the areas far from
the manufacturing site or specialized laboratory. On the
other hand, the latter was completed by evaluating Ct val-
ues of miR-21 in the nucleic acid solution extracted from
the LESs using the novel strategy developed in this study
and miRNeasy Mini kit. Empirical data indicated that
extracting nucleic acids by our method yielded higher
content of miR-21 despite consuming only half of the
sample required by the kit (Fig. 4B), feasibly commer-
cialized to replace this kit as a low-cost and environ-
mental-friendly for miRNA extraction. In summary, it
is possible to conclude from the results in this section
and the previous section that the technology developed
in this study is applicable for point-of-care applications
since it fulfills the ASSURED criteria (affordable, sen-
sitive, specific, user-friendly, rapid and robust, equip-
ment-free, and deliverable to end users) proposed by the
World Health Organization (WHO) for the development
of POCT applications in areas with limited resources.
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Fig.4 A Exosomal miR-21 extracted by paper-based intermittent
lysis procedure after preserving the anti-CD63 papers at room tem-
perature and 4 °C for different periods. B Exosomal miR-21 extracted

by paper-based intermittent lysis procedure and miRNeasy Mini kit.
All the samples used were LESs
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Extracting exosomal nucleic acids from biological
samples by paper-based intermittent lysis

HCT116 cell culture media

After optimizing the intermittent lysis and verifying the work-
ability of the designed procedure on commercial exosomes, the
whole system was deployed to extract exosomal nucleic acids
from CCM, PPP, and CWF as biological samples, which con-
sist of not only exosomes but also miscellaneous components.
Initially, exosomes secreted by HCT116 were concentrated
by centrifugation to remove cells, cell debris, and unwanted
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Fig.5 A Size distribution of particles in HCT116-exo 1:40. B Cali-
bration line presented a linear relationship between exosome concen-
tration and Ct values of exosomal miR-21 extracted by paper-based
intermittent lysis procedure from different HCT116-exo samples,
y=30x—0.8. C Calibration line presented a linear relationship
between exosomal CEA concentration and Ct values of exosomal
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contaminants, before being diluted to different ratios of 1:6,
1:10, 1:20, and 1:40 in PBS. These diluted samples were then
subjected to the developed system for extracting exosomal bio-
markers. Our previous publication has demonstrated that the
immunoaffinity paper-based devices are capable of captur-
ing and quantifying exosomes from cells cultured in different
environments [33]. In this study, the particle concentration and
particle size distribution of these HCT116-ex samples were
determined prior to their exosomal biomarker contents (CEA
and miR-21) being evaluated (Table S2 and Fig. 5). Obvi-
ously, a majority of the particles detected in Fig. SA belonged
to the reported range of exosome dimensions [3, 4] with high
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miR-21 extracted by paper-based intermittent lysis procedure from
different HCT116-exo samples, y=31.6x—0.1. D Quantification of
non-exosomal CEA non-specifically absorbed on anti-CD63 papers
by ELISA (P-ELISA) after incubating the modified papers with dif-
ferent CEA concentration
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concentrations (Table S2), essentially guaranteeing that the
concentrated exosomes were not damaged by the pretreatment
steps, and they were intact for exosomal biomarker extraction,
as well as the data used to evaluate exosomal biomarker con-
tents (CEA and miR-21) were from the HCT116 exosomes. It
also can be inferred from the calibration line in Fig. 5B, which
presented an inversely proportional relationship between the par-
ticle concentration of captured exosomes and corresponding Ct
values of miR-21, that the extracted exosomal miR-21 was pro-
portional to the captured HCT116-exo. In addition to those, we
also conducted quantitative assays for exosome-derived proteins
and investigated the correlation between exosomal protein, with
exosomal CEA as a representative target and exosomal miR-
21 as an extension for downstream analysis. Since CEA has
been ratified as a biomarker for colorectal cancer [9—11] and
miR-21 has been found to increase in patients with this chronic
disease [35, 6], discovering the correlation between these cancer-
ous cell-derived exosomal biomarkers can benefit in diagnosing
and monitoring it for appropriate intervention and treatment. A
graph delineating the relationship between the exosomal CEA
concentration (horizontal axis) and the exosomal miR-21 Ct
value (vertical axis) performed an inversely proportional rela-
tionship between these values (Fig. 5C) with the concentration
of CEA in exosomes derived from colorectal cancer cells is sig-
nificantly higher than the normal concentration of CEA plasma
(5 ng/mL) [9], despite low content of exosomes (0.758x 10!
particles/mL), raising the question of whether exosomal CEA
levels might become a more effective biomarker than free-circu-
lating CEA in plasma for cancer diagnosis and prognosis. These
discoveries were concreted by the fact that the non-specific CEA
were hardly retained on the paper surface after washing steps, as
the Agrey values analyzed by Image] indicated that there was no
difference between the papers incubated with 3, 6, and 12 ng/
mL CEA, whereas the paper incubated with 30 ng/mL without
washing exhibited a superior intensity of Agrey compared to
the paper which was washed after incubating with 30 ng/mL

CEA (Fig. 5D). Since the interest of this experiment is exosome-
derived CEA, it is critical to prove that the anti-CD63 papers did
not nonspecifically adsorb free-circulating CEA in the samples.
In summary, these results confirmed that our deployed system
not only could harvest exosomal nucleic acids from exosomes
released by HCT116 cells at various concentration but also sup-
ports an in-depth analysis of the relationship between exosome-
originated components.

Platelet-poor plasma

Encouraged by a successful trial on cell culture samples
under the assistance of centrifugation, we applied the inter-
mittent lysis to extract exosomal nucleic acids from human
blood, which is not only the most popular sample in clinical
diagnosis but also the source containing the most exosomes.
In this experiment, PPP was first undergone a dual-layer
membrane system constituted of 200- and 30-nm layers to
collect Retentate and Filtrate samples, which theoretically
retained exosomes and filtered plasma proteins and nucleic
acids, respectively. On the one hand, the whole procedure
was then applied to extract exosomal nucleic acids from
three plasma-derived samples (PPP, Retentate, and Fil-
trate), and the Ct values of these samples were evaluated
with the non-template control (NTC) (Fig. 6A). Obviously,
there was a considerable distance between the Ct data of
two groups, with the values of PPP and Retentate samples
were significantly lower than the ones of Filtrate and NCT
samples, evidencing a more abundant amount of miR-21 in
the former group than in the latter group. It is also observed
from this figure that the Ct value of the PPP was slightly
lower than the Retentate sample, and so are the Ct values
of Filtrate and NTC. Although these phenomena were sup-
posedly a consequence of non-specific adsorption of plasma
miR-21 onto the papers during the extraction process, which
has been noted in the “Intermittent lysis to extract exosomal
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nucleic acids” section, they were also a demonstration that
the whole procedure could independently extract exosomal
nucleic acids without sample pretreatment. This conclusion
was, on the other hand, also concreted by the NTA data,
which was used to measure the particle concentration and
outputted approximately equal numbers between PPP and
Retentate (Table S3).

Chronic lesions

In this section, the established procedure was further
employed to extract exosomal nucleic acids from CWF
as a clinical without pretreatment by centrifugation nor
membrane. Since miR-21 has been shown to be intimately
involved in multiple stages of wound healing, such as play-
ing a role of an inhibitor of phosphatase and tensin homolog
(PTEN) and an activator of many cell-survival and prolif-
erative pathways [5, 6, 34], monitoring and determining the
expression of this biomarker is crucial to evaluate the treat-
ment efficiency. On the one hand, there was no difference
among Ct values of the samples simultaneously collected
from distinct positions of a patient (who was coincidentally
injured in the left leg, right leg, and left elbow), suggesting
that the amount of exosomal miR-21 in one person is inde-
pendent from the injured location with the same physiologic
and treatment conditions (Fig. 6B). On the other hand, the
exudate from chronic lesions of several patients (ciphered
as W58, W87, W103, W121, W134) was harvested before
and after a fortnight to extract the exosomal miR-21 for treat-
ment evaluation (Table S4). It can be inferred from Fig. 6C
that the miR-21 level in the fluid exudated from the same
chronic wounds greatly reduced after a 2-week treatment
since their Ct values remarkably rose. This finding was not
only in line with the previously mentioned that exosomal
miR-21 plays an important role in the wound healing process
[7, 8] but also in agreement with our recent discovery that
exosomal miR-21 level starts depleting after 1-week treat-
ment [33]. Notably, its depletion was more substantial in
the wounds which were intervened for less than 2 months (2
and 7 weeks) than in the wounds with longer treatment (6, 7,
and 11 months). Based on these discoveries, we conjecture
that exosomal miR-21 content experienced 3 phases during
the healing process: (1) an initial rise to trigger the process,
(2) a dramatic decline in the next stage, and (3) a gradual
depletion with the prolongation of the healing process. This
hypothesis proposes that miR-21-targeted therapy is poten-
tially applicable in the treatment of chronic wounds.

In summary, downstream analysis of exosomal miR-21
contents extracted from HCT116 cell culture media, PPP, and
chronic wounds demonstrated the capability of our strategy in
independently extracting exosomal nucleic acids from vari-
ous biological samples, both independently and in combina-
tion with other exosome isolation methods (centrifugation and

@ Springer

ultrafiltration), for diagnostics and therapeutics without elabo-
rate sample pretreatments. Challenges to widely apply it in
clinical settings include regulatory approval and standardiza-
tion of the whole procedure, and solutions to develop sample-
to-result paper-based systems (closed systems) for exosomal
nucleic acid biomarker quantification.

Conclusion

This study engineered the intermittent lysis method to
extract exosome-originated nucleic acids for downstream
analysis and applied it to biological samples from cancer
cell culture media, human plasma, and wound exudate. Our
novel strategy has been evidenced to specifically extract
exosomal nucleic acids both in vitro (culture media) and
in vivo samples (plasma and wound fluids) without absorb-
ing unwanted impurities. The technique and the paper-based
procedure presented in this study not only overcomes the
barriers in exosome purification due to their ultrasmall size
but also possesses outstanding features (low budget, easy-to-
operate steps, small volume sample, better performance than
conventional kit, and applicable at low resource setting areas
and locations far from specialized laboratories) that facilitate
the POCT and pave the way to further analysis of exosome-
transported genetic materials. Additionally, experimental
results on exosome-derived components manifested that
exosomal miR-21 levels in chronic wound fluid are strongly
associated with wound recovery and have enormous poten-
tial as a therapeutic target for chronic injuries discovered a
relevance between the content of exosomal miR-21 and exo-
somal CEA in colorectal cancer cells, as well as proposed a
more pertinent role of exosomal CEA in this chronic disease.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-024-06566-z.
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