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ABSTRACT

Extracellular vesicles (EVs) have emerged as an invaluable tool for analyzing the physiological processes
and an alternative source of disease diagnostic and prognostic biomarkers in liquid biopsies. Exosomes
are a subset of EVs offer a window into altered cellular or tissue states, and their detection potentially
offers a multicomponent early-stage diagnostic readout. Immunocapture and flow cytometry analysis of
exosomes using micron-sized beads has been reported to be a reproducible technique for analysis of ex-
osome surface markers. Nevertheless, the capture capacity remains poor due to limited available surface
area. In this study, we have proposed a nanocoating strategy using metal-organic framework (MOF) mate-
rials, in particular, Zeolitic Imidazolate Framework-8 (ZIF-8), for highly efficient capturing of low concen-
tration of exosomes from minimally processed samples. In this method, a ZIF-8 thin film was formed on
polydopamine-polyethyleneimine (PDA-PEI) coated polystyrene microbeads to improve antibody immobi-
lization due to the larger surface area provided by the MOF microstructures. This novel coating enabled us
to detect as little as 50 exosomes per 10 pm polystyrene bead functionalized with ZIF-8/PDA-PEI, which is
180 times higher than the previously reported methods using naked microbeads. This coating requires a
lower concentration of antibody to capture exosomes on the surface of microbeads compared to the stan-
dard protocols. More importantly, the higher concentration of exosomes on each bead surface provides
the opportunity (i.e., higher signal intensity) to sort the beads using fluorescence-activated cell sorting,
facilitating molecular analysis of post fractionation exosomes. Additionally, the exosomes can easily be
detached from the coated microbeads using EDTA, limiting the usage of harsh chemicals. The procedure
described here can be easily reproduced and employed regardless of the biological sample used to obtain
exosomes.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

cancer indicators/biomarkers and optimize their isolation and char-
acterization processes facilitating the development of more reliable

Cancer is one of the leading causes of mortality around the
world and is considered to be a global health issue [1]. This ne-
cessitates early-stage detection of cancers with a non-invasive and
targeted therapeutic approach to improve patient’s quality of life
and chances of survival [2]. This coincides with the need to pri-
oritize ongoing scientific research towards the discovery of reliable
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cancer diagnostic platforms [3].

It has been shown that at the early stage of cancer, some
unique compounds that are favorable for early detection of can-
cer, including circulating tumor cells (CTCs), extracellular vesicles
(EVs), and circulating tumor DNA (ctDNA), are released [4-6]. Thus,
platforms for measuring the number of CTCs, protein expression
profiling of EVs, or analyzing the mutations of ctDNA existing in
the biological samples of cancerous patients enables monitoring of
the dynamic cancer development and evaluation of the therapeutic
outcome. These so-called liquid biopsy methods play a pivotal role
in the early-stage cancer detection [4,7-10].
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Among these three classifications of biomarkers, EVs are a
promising category. EVs are lipid bilayer-encapsulated particles re-
leased from most mammalian cells. Exosomes are a type of EVs
formed by inward budding of late endosomes and have a diameter
of 30-150 nm [11]. They carry some biomolecules such as proteins,
DNA species (mitochondrial DNA and nuclear DNA), RNA species
(mRNA, microRNA, and IncRNA), lipids, and metabolites that con-
tain the information of the tissue that they originated from [12].
Emerging evidence has shown that these sources of biomarkers
could be beneficial for the early diagnosis as well as prognosis of
cancers and monitoring the tumor condition [4,13,14]. Exosomes
notably play an essential role in physiological and pathological pro-
cesses, including immune response [15], signal transduction [16],
tumor initiation, progression, invasion, and metastasis [17,18]. De-
spite the broad diversity in origin of exosomes, they are all com-
posed of some common structural and functional proteins, such
as Rab GTPase, N-ethylmaleimide-sensitive factor attachment pro-
tein receptors (SNAREs), annexins, Alix, Tsg101, and tetraspanins
family (CD9, CD81, CD82, and CD63) [19]. With the advancement
of biomedical technology, exosomes as a new type of biomateri-
als have attained important research value; therefore, the isola-
tion of exosomes from a wide range of cell fragments is imperative
[20]. However, despite gaining more attraction for investigating the
composition and function of exosomes, there is still a lack of stan-
dardized methods for the isolation and purification of exosomes
[21].

Some techniques that are employed for the enrichment of ex-
osomes prior to characterization include ultracentrifugation based
separation [22], polymer-based precipitation [23], density gradient
separation, ultrafiltration, size exclusion chromatography, and mi-
crofluidics [24,25]. Each of these techniques has their advantages
and disadvantages in the context of exosome purity and sample
recovery based on potential downstream usage. Among these, ul-
tracentrifugation is one of the most common exosome separation
techniques that relies on the sequential separation of particles by
sedimentation dependent on their size and density using a series
of centrifugal forces and duration [26]. While a number of scien-
tific developments continue to be explored towards the enhance-
ment of exosome isolation, currently ultracentrifugation, even with
its numerous drawbacks, remains to be the gold standard tech-
nique [27].

Another approach to isolate and purify exosomes is the
immunoaffinity-based method, which relies on the separation of
specific exosomes based on the expression of surface proteins, in-
cluding the common exosome surface markers (CD9, CD63, and
CD81) as well as disease-specific markers (chondroitin sulfate pep-
tidoglycan 4, epithelial cellular adhesion molecule (EpCAM)), or
heat shock protein and heparin [28]. This method is usually used
as an additional step combined with ultracentrifuge to increase
the purity of isolated exosomes. Following the immune-affinity
capture, the flow cytometry is regarded as an advantageous tool
for the analysis and characterization of cell-derived particles in-
cluding exosomes that attached to microbeads, owing to its ro-
bust statistical power and its multi-parametric capabilities [29-32].
It has been used effectively to characterize exosomes from mul-
tiple types of cells, including Mel526 melanoma cell lines [33],
K562 human erythromyeloblastoid leukemia cells [34], and PC3
prostate cancer cells [21]. Another approach is a method of using
microfluidic devices to isolate exosomes based on several princi-
ples including immunoaffinity, size, and density [35]. The immuno-
microfluidic technique has also been successfully employed as well
as bead-based microarray platforms to isolate and characterize ex-
osomes derived from multiple human cancer cell lines and pa-
tient’s plasma samples [36-38]. So far, multiple microstructures
were configured to improve exosome capture efficiency; Neverthe-
less, capture capacity in bead-based flow cytometry remains lim-
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ited due to the insufficient surface area on the beads and antibody
immobilization density.

Recently, metal-organic frameworks (MOFs) materials have
been proposed as a potent nanocoating strategy for improving the
sensitivity and selectivity in cancer biomarkers detection [39]. The
MOFs structure consists of metal ions and organic linkers, mak-
ing the crystalline structure uniform with tunable porosity. By in-
creasing the surface to volume ratio, this structure provides more
surface area for analytes reaction as well as capturing of biomark-
ers with various structures and reactivity. The efficient immobiliza-
tion of antibodies on the nanoscale surface enhances the capturing
capacity of the target. Moreover, the MOFs also provide room for
capturing analytes inside the framework within their dynamic ge-
ometrical shapes. Their versatile molecular composition offers se-
lective targeting of biomarkers [39]. Owing to the flexible function-
alization of MOFs, tunable pore sizes, high loading efficiency and
biodegradability, they can be considered as potential platforms en-
abling the early detection of cancer [39]. Among the MOFs, Zeolitic
Imidazolate Framework-8 (ZIF-8) shows excellent ability for immo-
bilization of bio-macromolecules, including proteins, enzymes, and
DNA [40,41]. Moreover, its facile degradation under mild conditions
allows easy detachment of immobilized molecules [42]. These fea-
tures make ZIF-8 a suitable candidate for antibody immobilization.

In this study, for the first time we have introduced the appli-
cation of MOF to improve the capture efficiency of exosomes by
flow cytometry. We have described the optimized ultracentrifuga-
tion and immuno-affinity bead-based capture process followed by
flow cytometry analysis for exosome detection and characteriza-
tion based on the presence of CD63, CD81, CD9 proteins as well
as EpCAM and programmed death-ligand 1(PD-L1) biomarkers. By
examining all three exosome biomarkers the potential heterogene-
ity issue in different patient samples (i.e. some samples show just
one marker instead of the other two) would be excluded [43]. This
new antibody immobilization method involves coating the surface
of polystyrene beads with the ZIF-8 as a representative of MOF
to form a stable complex on a polydopamine-polyethyleneimine
(PDA-PEI) pattern. The MOF-based antibody immobilization im-
proved the efficiency of the exosome capturing, demonstrating its
potential to significantly improve current detection methods. This
study aimed to improve the limit of detection (LOD) for exosome
capturing and increasing the sensitivity and specificity of immuno-
capture using beads@ZIF-8/PDA-PEI, thereby allowing FACS/flow
cytometry-based sorting of exosome attached beads (higher signal
intensity), for post fractionation molecular analysis, while consum-
ing minimal amounts of antibody.

2. Materials and methods
2.1. Reagents

10 pm polystyrene beads with a concentration of 1.87 x 108
particles/mL were purchased from Bangs Laboratories Inc (USA).
Primary antibodies including purified anti-human CD63 (Clone
H5C6), purified anti-human CD9 (Clone HI9a), purified anti-human
CD81 (Clone 5A6), anti-human EpCAM (Clone CO17-1A), and anti-
human PD-L1(Clone MIH3), secondary antibody HRP Goat anti-
mouse IgG (405306) and detector antibodies for flow cytome-
try: anti-CD63 APC (353008), anti-CD9-FITC (312104), anti-CD81-
PE (349506), anti-PD-L1-PEcy7(374506), anti-EpCAM-PE/Dazzle™
594 (369818) were obtained from Biolegend (USA). BenchMark™
Pre-stained Protein Ladder (10748010), Novex™ Sharp Pre-stained
Protein Standard (LC5800), RIPA Lysis and Extraction Buffer
(89900, Thermo Fisher, USA), Pierce BCA protein assay kit (Pierce
Biotechnology), 4X Bolt™ LDS Sample Buffer (B0007, Thermo
Fisher), polyvinylidene difluoride (PVDF) membranes (Thermo
Fisher, USA), Bolt™ 4-12% Bis-Tris Plus Gels, (NW04120BOX, In-
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vitrogen, USA) and SuperSignal™ West Dura Extended Duration
Substrate (37071, Thermofisher, USA) were purchased. Phosphate
buffered saline (PBS), 2-methylimidazole, Dopamine hydrochlo-
ride , Polyethyleneimine (PEI, Mw=1000 Da), Tris (hydroxylmethyl)
aminomethane, Bovine serum albumins (BSA), hexamethyldis-
ilazane (HDMS), MES (M3671), N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC, E7750), and zinc nitrate
hexahydrate were purchased from Sigma-Aldrich (USA).

2.2. Cell culture and preparation of conditioned medium (CM)

Three different cancer cell lines (i.e, MDA-MB-231 and MCF-
7 breast cancer cells, HeLa cervical cancer cell) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, UK) sup-
plemented with 10% (v/v) fetal bovine serum (FBS, Gibco, UK),
100 U/mL penicillin and

100 mg/mL streptomycin (Gibco, UK) in a T175 tissue culture
flask (ThermoFisher, USA) and incubated at 37°C in a 5% CO, hu-
midified incubator. Once cells reached 70% confluency, (approxi-
mately 3 x 107 cells), the supernatant was carefully discarded, and
the cells were washed twice with phosphate buffer saline (PBS).
Then, the cells were cultured in an exosome-free medium (DMEM
without FBS) under hypoxic conditions for 48 h at 37°C in a 5%
CO, humidified incubator, and the culture medium was collected
for further experiments.

2.3. Isolation of extracellular vesicles by ultracentrifugation

Media containing released EVs was collected and subjected to
multiple centrifugation steps including 300 x g for 10 min and
2000 x g for 10 min followed by 10,000 x g (R18A rotor, HITACHI
CR22N, Japan) ( for 30 min to remove cells, dead cells and cell
debris, then filtrated through sterile 0.22 pm syringe filter (Merck
Millipore, USA). The conditioned media underwent ultracentrifuga-
tion at 100,000 x g for 120 min (F37L carbon fiber rotor, Sor-
vall WX ultra series, ThermoFisher, USA). The supernatant was re-
moved, and pellets that contained EVs and contaminating proteins
were re-suspended in a separate ultracentrifuge tube in PBS, pre-
viously filtered through 0.22 pm syringe filter, and centrifuged a
second time at 100,000 x g for 120 min. The supernatant was re-
moved, and the exosome pellet was re-suspended in ~100 pL fil-
trated PBS. The exosomes were stored at —80 °C until use. All cen-
trifugation steps were performed at 4°C.

2.4. Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) was performed on a
NanoSight LM14 system (NanoSight Technology, Malvern, U.K.)
equipped with a 532 nm green laser for determining the exosome
concentration and size distribution. 100pL isolated exosome sam-
ples were diluted to 500uL with freshly filtered PBS (0.22 pm fil-
ter) and loaded into the detection chamber by syringe. The cam-
era was manually set and kept the same for all samples with a
slider shutter 650 and slider gain 50. 30 s videos were recorded,
and the number of captures was 5. The detection threshold was set
to 6, and blur and max jump distance were automatically set. The
temperature was maintained at 25°C. The data were processed by
the NTA software (NTA version 3.3; Malvern Instruments, Malvern,
UK).

2.5. Western Blot

In order to evaluate the purity of the exosome preparations
and to demonstrate the absence of cellular contaminants from cell
lysate in our exosome preparation, the isolated exosomes and the
corresponding cells were lysed by adding an equal volume of RIPA
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Lysis and Extraction Buffer (89900, Thermo Fisher, USA). The pro-
tein concentration of the exosomes and cell lysates were measured
using a Pierce BCA protein assay kit (Pierce Biotechnology), accord-
ing to the manufacturer’s instructions. For Western Blot analysis,
exosome proteins (2 x 108 particles; ~5 pug) and cell lysate (5 ng)
were resolved using Bolt™ 4-12% Bis-Tris Plus Gels (NW04120BOX,
Invitrogen, USA). Samples were diluted in 4X Bolt™ LDS Sample
Buffer (BO007, Thermo Fisher) and heated up at 70°C for 10 min,
then transferred on to polyvinylidene difluoride (PVDF) mem-
branes (Thermo Fisher, USA). The PVDF membrane was blocked
for 30 min at room temperature with 5% non-fat powdered milk
in PBS-T (PBS and 0.5% Tween-20) and incubated overnight at
4°C with the following primary antibodies separately: anti-human
CD63 (353039 Biolegend, USA), anti-human CD9 (312102 Biole-
gend, USA), and purified anti-human CD81 (349502, Biolegend,
USA) (1:500 in PBS-T). In the next step, the blots were incubated
with appropriate HRP-conjugated Goat anti-mouse IgG secondary
antibody (1:2000) in PBS-T for 1 h at 37 °C. The blots were washed
three times with PBS-T buffer for 10 min after each incubation step
then visualized using with a SuperSignal™ West Dura Extended
Duration Substrate (37071, Thermofisher, USA). The mentioned pro-
teins were resolved under non-reducing conditions.

2.6. Transmission electron microscopy (TEM)

To investigate the morphology of the exosomes isolated
by ultracentrifugation, transmission electron microscopy (TEM)
was used. Briefly, 5 ul of exosome sample was fixed with
2.5% formaldehyde and applied to 300-square mesh copper grids
coated with a thin formvar carbon film. The grids were subse-
quently negatively stained with 1% UAR-EMS Uranyl acetate re-
placement stain and incubated for 30 min. Grids were washed
with PBS and dried with filter paper. The exosome sample was ob-
served using a TEM Tecnai T20 microscope operating at 180 kV and
equipped with Gatan 894 2k x 2k camera to get high-quality digi-
tal images.

2.7. PDA-PEI coating of 10 um polystyrene beads

10 pm polystyrene beads were coated with a thin layer of PDA-
PEI based on a previously published protocol [44]. A PDA film can
form on organic/inorganic surfaces through self-polymerization of
dopamine under alkaline conditions [45]. PEI in the dual poly-
merization of PDA-PEI, endures Michael addition or Schiff-base re-
actions with a catechol group in PDA to produce a strong bio-
adhesive layer on the surface of the substrate. Therefore, the role
of PEI was as a crosslinking agent with PDA [46]. Briefly, 1 mL of
polystyrene beads (1.87 x 10% beads) was treated with 5 mL of
freshly prepared solution of dopamine hydrochloride (2 mg/mL),
PEI (1000 MW, 2 mg/mL) in Tris-buffer solution (0.05 M, pH 8.5),
then sonicated for 5 min and left in solution with mild stirring
overnight at room temperature. The beads were washed three
times with Milli-Q® water through the centrifugation steps at
3000 x g for 5 min. For each experiment, a fresh dopamine hy-
drochloride solution was used to prevent premature polymeriza-
tion of dopamine.

2.8. ZIF-8@PDA-PEI coating of 10 um polystyrene beads

In this study, ZIF-8 was used as a representative MOF structure.
ZIF-8 was synthesized through a self-assembly process, as previ-
ously described [44]. Briefly, the ZIF-8 precursor solution was pre-
pared from zinc nitrate hexahydrate, Zn(NOs3),*6H,0, (0.027 g) and
2-methyl imidazole, (0.566 g) in 10 mL Milli-Q® water. The ZIF-8
solution was gently added to beads@PDA-PEI and incubated for 2 h
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at room temperature without agitation. The resultant beads@ZIF-
8/PDA-PEI were washed three times with PBS following the cen-
trifugation at 3000 x g for 5 min and used for highly efficient
capturing of exosome biomarkers.

2.9. Surface characterization

The structure of the beads@ZIF-8/PDA-PEI and beads@PDA-PEI
was characterized using microscopy imaging techniques. Scanning
electron microscopy (SEM, ZEISS SUPRA55VP, USA) was used to
probe the surface morphology of the modified polystyrene beads.
In order to achieve a good conductivity, the modified surface of
polystyrene beads was sputter-coated with a 20 nm Au/Pd coat-
ing under vacuum. SEM images were taken with an accelerat-
ing voltage of 15 kV. The chemical composition of the modified
polystyrene beads@PDA-PEI and polystyrene beads@ZIF-8/PDA-PEI
was analyzed by Fourier-transform infrared spectroscopy (FT-IR)
(MIRacle 10, Shimadzu, USA). FT-IR spectra were acquired in the
range of 4000-400 cm~! with a resolution of 4 cm~! and aver-
aging 16 scans for each spectrum for three times. Furthermore,
powder X-ray diffraction (XRD) (D8 Discover BRUKER) was per-
formed to identify the ZIF-8 crystalline structure on the surface
of the PDA-PEI-coated polystyrene beads. Crystallographic data of
the antibody@ZIF-8/PDA-PEI patterns was obtained by scanning the
sample through a 26 range of 5-40° with a step size of 0.019°
and 1 s per step. The XRD data analysis was performed using High
Score Plus software and compared with the database from the In-
ternational Center for Diffraction Data.

2.10. Preliminary titrations of capture antibodies on polystyrene
beads and beads@ZIF-8@PDA-PEI

Titrations were set up in two separate set of microtubes;
the first set included 1 mg (1.87 x 10%) carboxylate polystyrene
beads in each microtube and the other set with constant amount
of beads@ZIF-8/PDA-PEL. Each set of above mentioned micro-
tubes were co-incubated with 1.5, 0.75, 0.35 pg of anti-CD63-APC
(353008), anti-CD9-FITC (312104), anti-CD81-PE (349506), anti-PD-
L1 -PEcy7 (374506), and anti- EpCAM-PE/Dazzle™ 594 (369818)
antibodies separately at 37°C for 90 min to find out the best flu-
orescent signal intensity of immobilized antibody as well as the
optimal concentration of antibodies for saturating the whole sur-
face of microbeads and prevent the nonspecific antibody binding.
After incubation, the beads were washed 3 times with PBS contain-
ing 0.05% Tween 20 through the centrifugation step. Finally, 1 ml
of PBS was added to each sample and subjected to flow cytometry
analysis (CytoFLEX LX, Beckman Coulter, USA). A histogram overlay
was drawn using FlowJo V10 software for all mentioned antibodies
in the polystyrene beads versus polystyrene beads@ZIF-8/PDA-PEIL
After the determination of optimal capture conditions for antibod-
ies, they were routinely implemented in following experiments.

2.11. Comparison between the efficiency of ZIF-8/PDA-PEI and EDC in
antibody immobilization

In brief, covalent coupling was done using EDC (2.5 mg/mL)
that incubated with 1 mg of polystyrene beads in MES buffer (pH
5.7) at 37°C for 30 min. After incubation, beads were washed
with PBS using the centrifugation step and the supernatant was
discarded. Next, quenching solution with primary amine source
and 0.05-1% (w/v) blocking molecule was added and mixed gen-
tly for 30 min. Following the washing step, the 1.5 ng of fluores-
cent antibodies including anti-CD63-APC (353008), anti-CD9-FITC
(312104), anti-CD81-PE (349506), anti-PD-L1-PEcy7 (374506), anti-
EpCAM-PE/Dazzle™ 594 (369818) were co-incubated with 1 mg
of polystyrene beads for 90 min at 37°C. Then, the beads were
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washed 3 times with PBS containing 0.05% Tween 20 using the
centrifugation step and 1 mL of PBS added to each sample for flow
cytometry analysis. The Mean Fluorescent Intensity (MFI) was de-
tected using FlowJo V10 software and the histogram overlay was
drawn for all mentioned antibodies in the polystyrene beads versus
polystyrene beads@ZIF-8/PDA-PEI and the polystyrene beads func-
tionalized with EDC.

2.12. Evaluation of antibody immobilization using protein binding
measurement

To evaluate the sensitivity of the MOF for antibody immobi-
lization on polystyrene beads, three platforms were tested includ-
ing carboxylate polystyrene beads , carboxylate polystyrene beads
coated with EDC and polystyrene beads@ZIF-8/PDA-PEL They were
all co-incubated with a constant concentration of the anti-CD63,
anti-CD81, anti-CD9, anti-EpCAM and anti-PD-L1 antibodies (1.5 pg
per 1.87 x 106 particles) for 90 min at 37 °C. After incubation, the
beads were centrifuged for 5 min at 3000 x g and the supernatant
were collected to measure the protein concentration. A Pierce BCA
protein assay kit (Pierce Biotechnology) was used to measure the
protein concentration of unbound antibodies in the sample.

2.13. Determination of exosome capture efficiency in polystyrene
beads and beads@ZIF-8/PDA-PEI

For quantitative detection of exosome-associated surface pro-
teins, an on-bead direct immunoassay was employed, as illustrated
in Fig. 1. The exosomes were captured on the polystyrene beads
and on the bead@ZIF-8/PDA-PEI that was previously functionalized
with anti-CD63, anti-CD81, anti-CD9, anti- EpCAM and anti-PD-L1.
The concentration of antibodies and the number of beads was kept
constant in all steps [1.5 pg antibody per 1 mg (1.87 x 106) beads].

To test the sensitivity of the MOF for exosomes capture effi-
ciency, the serial dilution of exosomes isolated from each men-
tioned cell line was used in two separate set of microtubes- one
containing beads and the other set contain beads@ZIF-8/PDA-PEIL
In this sense 200, 100, 50, and 25 exosomes per bead and for
50,000 beads equal to 1 x 107, 5 x 108, 2.5 x 10%, and 1.25 x 106
particles (corresponding to 250 ng, 125 ng, 62.5 ng and 31.2 ng)
were co-incubated with above mentioned beads for 18 h at 4°C
without agitation and in a control group BSA was used instead of
exosomes. After incubation, the tubes were subjected to centrifu-
gation at 3000 x g for 5 min to remove excess reacted exosomes
by washing twice with PBS/0.05% Tween 20. The complexes con-
taining bead/antibody/exosome were then co-incubated with the
labeled detection antibodies, including anti-CD63-APC (353008),
anti-CD9-FITC (312104), anti-CD81-PE (349506), anti-PD-L1-PEcy7
(374506), anti-EpCAM-PE/Dazzle™ 594 (369818) for 90 min at
37°C. Next, the complexes were washed 3 times with PBS using
centrifugation at 3000 x g for 5 min and were re-suspended in
1 mL of PBS for flow cytometry analysis. Samples were run for ap-
proximately one minute and 10,000 events were acquired. Gates
were set on the bead fraction visible in the FSC/SSC light scat-
ter. The percentage of positive beads was measured, and the his-
togram overlay was drawn for all the polystyrene beads versus
polystyrene beads@ZIF-8/PDA-PEI using FlowJo V10 software. To
better visualize the beads with attached exosomes , one droplet
of beads/exosome complex was mounted on fluorescent micro-
copy slides. For fluorescent imaging, the MCHE and FITC channels
were used (OLYMPUS IX73, Japan), and to set the treshold line, the
polystyrene beads containing BSA instead of exosomes and with
detector antibodies were used as a control. Images were analyzed
with the Image] software.
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Fig. 1. The workflow of detecting pre-enriched exosomes using surface modification of polystyrene beads with ZIF-8/ PDA-PEI platform following the flowcytometry. The
10 pm polystyrene beads coated with thin layer of ZIF-8/PDA-PEI (beads@ZIF-8/PDA-PEI) incubated with the 1.5 pg of capture anti-CD9, anti-CD63, anti-CD81 as well as
anti-EpCAM and anti - PD-L1 antibodies. Following the addition of certain concentrations of pre-enriched exosomes and incubation for 18 h at 4°C, the detector antibodies
of anti-CD63-APC, anti-CD9-FITC, anti-CD81-PE, anti-PD-L1 PEcy7, anti-EpCAM-PE/Dazzle™ 594 were added to the mentioned platform and subjected to flowcytometry. The
efficacy of antibody immobilization was evaluated in carboxylate polystyrene beads, the carboxyl polystyrene beads functionalized with EDC and the beads@ZIF-8/PDA-PEI

platform.

2.14. SEM images of polystyrene beads with exosomes

The isolated exosomes were immobilized on 10 um polystyrene
beads that were previously functionalized with one of these spe-
cific capture antibodies (i.e., anti-CD81, anti-CD9 or anti-CD63)
through immunoassay process and one droplet of the mixture
was mounted on coverslip fixed with 2.5% glutaraldehyde and 2%
paraformaldehyde in 100 mM PBS for 30 min. The dehydration
process was performed using 50%, 60%, 70%, 80%, 90% and 100%
ethanol for 20 min following the addition of hexamethyldisilazane
(HDMS, Sigam, USA) in ratio of 1:2 with 100% ethanol into fixed
samples for 20 min. Next, a ratio of 2:1 HDMS with 100% ethanol
was added to samples and incubated for another 20 min. Finally,
the samples were incubated with 100% HDMS for 20 min and dried
overnight. The fixed samples were sputter-coated with a 20 nm

Au/Pd coating under vacuum. SEM images were taken with an ac-
celerating voltage of 15 kV.

3. Results
3.1. Surface characterization

The structure of the polystyrene beads@ZIF-8/PDA-PEI was char-
acterized using microscopy imaging and spectroscopic techniques.
SEM images showed the distinct morphologies of polystyrene
beads with and without the ZIF-8 precursors (Fig. 2A, 2B) as
well as the polyhedral morphology of pristine ZIF-8 in beads@ZIF-
8/PDA-PEI platform. Self-polymerization of dopamine under al-
kaline conditions contributes to forming a PDA film on or-
ganic/inorganic surfaces [45], and PEI was used as a crosslink-
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Fig. 2. SEM images of (A) 10 um polystyrene bead, (B) beads@ZIF-8/PDA-PEI, (C) beads@PDA-PEI at 5000x magnification (Scale bar: 2 pm). (D) FT-IR spectra of polystyrene
beads@ZIF-8/PDA-PEI with antibody, polystyrene beads@ZIF-8/PDA-PEI, PDA-PEI coated polystyrene beads and polystyrene beads. Measurements were done from 4000 to
400 cm~! and PDA-PEI showed intensive peak at 1650cm~' whilst ZIF-8 showed important peak at 426¢cm~!. (E) XRD patterns of polystyrene beads@ZIF-8/PDA-PEI with
antibody, polystyrene beads@ZIF-8/PDA-PEI, PDA-PEI coated polystyrene beads and polystyrene beads. The intensive peaks at 7.3, 10.3, 12.7, 16.5, and 18, which are specific
for ZIF-8 crystalline structure prove the dense formation of ZIF-8 crystalline layer on the surface of polystyrene beads.

ing agent of PDA [46]. The SEM image showed that the PDA-PEI
coating formed a thin, uniform, and dense film on top of the
polystyrene beads (Fig. 2C). The SEM images indicated that the
polystyrene beads were successfully coated with a PDA-PEI and
ZIF-8 layer. The conditions used to achieve a dense coating of PDA-
PEI and ZIF-8 on the surface of polystyrene beads were obtained
from our previous study [47]. The FT-IR provides useful informa-
tion about the functional groups present in the structures of PDA-
PEI and ZIF-8 (Fig. 2D). Sharp peak detected at 426 cm~! was at-
tributed to Zn-N stretching vibration band, which confirmed the
formation of an imidazolate through the chemical combination of
zinc ions and nitrogen atoms of the methyl imidazole groups [48].
The FT-IR spectrum of the polystyrene beads coated with PDA-PEI
showed a sharp peak in the 1510-1560 cm~! range, which was
attributed to N-H vibrations. The FT-IR spectrum with stretches
at 1530 cm~! in the polystyrene beads@ZIF-8/PDA-PEI with anti-
body confirms the presence of antibodies that corresponded with
the characteristic amide II band (mainly from a combination of NH
bending and CN stretching modes). Moreover, strong interactions
between the antibody and the ZIF-8, due to the coordination be-
tween the Zn cations and the carbonyl group of the protein, could
be concluded by shifting the amide vibrational mode for the an-
tibodies to a higher wave number. The FT-IR results for ZIF-8 and
polystyrene beads@ZIF-8/PDA-PEI were consistent with the results
of our previous study on coating the ELISA wells with ZIF-8/PDA-
PEI [47].

The XRD pattern of polystyrene beads@ZIF-8/PDA-PEI consisted
of a broad peak owing to the presence of amorphous PDA-PEI and
sharp peaks displayed by simulated ZIF-8 patterns [49]. Addition-

ally, for polystyrene beads@ZIF-8/PDA-PEI with antibody, the dis-
crete peaks recognized were at 26 of 18.02°, 12.7°, 10.3°, and 7.3°,
corresponding to 222, 211, 200, and 110, orientations, respectively
(Fig. 2E). These results prove the existence of the crystal structure
of ZIF-8.

3.2. Exosome characterization

There are two important components for exosome characteriza-
tion, which include particle size and concentration. To this end, ex-
osomes were characterized by NTA and complemented with West-
ern Blot and TEM (Fig. 3A-C). The size distribution of exosomes
using NTA showed a sharp peak at 144, 163, and 173 nm, and ma-
jority of the exosomes had a mean size of 130.2 +/- 1.9 nm (Mean
+/-Standard Error; Standard Deviation: 82.8 nm). The concentra-
tion of 5.85 x 108 +/- 121 x 107, 542 x 108 +/- 4.02 x 107,
and 1.8 x 108 +/- 2.34 x 107 particles/mL was determined for
MDA-MB231, MCF-7, and HelLa cell lines derived exosomes, respec-
tively (Fig. 3A-C). The presence of common exosome markers such
as CD63, CD81, and CD9 in extracted exosomes from MDA-MB231,
MCF-7 and Hela cell lines as well as the correspondent cell lysate
was detected using the Western Blot (Fig. 3D). The TEM image
of enriched exosomes showed that the expected size range and
morphology of them are consistent with NTA results (Fig. 3E I)
and they are round shape without aggregation. The SEM images
of 10 pm polystyrene beads in comparison to the ones covered
with exosomes confirmed the size distribution of exosome and
demonstrated the characteristic round-cup morphology (Fig. 3EIl,
II). The SEM images of beads@ZIF-8/PDA-PEI covered with exo-
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Fig. 3. Characterization of cancer cell-derived exosomes. (A) Nanoparticle tracking analysis (NTA), of exosomes isolated from MDA-MB231, (B) MCF-7 and (C) HeLa cell
culture supernatant. For NTA, average size and concentration were obtained in a Nanosight equipment capturing 30 s videos and the number of captures were 5 and camera
level was set manually. (D) Western Blot analysis of exosomes and cell lysates from MDA-MB231, MCF-7 and Hela cell lines. The exosomes as well as the cell lysates were
loaded on SDS-PAGE and immunoblotted for antibodies against tetraspanins [anti-CD9, -CD63 and -CD81]. A gel was run under non-reducing conditions with 5 pg cell
lysate and 2 x 108 exosome particles; ~5 pg, for CD9, CD63 and CD81 detection. The exposure time was 35 s. (E) Microscopic image of exosomes (I)TEM images of isolated
exosomes from cell culture supernatant (Scale bar: 100 nm). SEM images of (II) 10 um polystyrene bead, (IlI) 10 pm polystyrene bead covered with exosome at 13000x
magnification (Scale bar: 2 pm). (F) Fluorescent image of 10 um polystyrene beads coated with CD9, CD81, CD63, EpCAM and PD-L1 positive exosomes. The polystyrene
beads were functionalized with anti-CD9, anti-CD81, anti-CD63, anti-EpCAM and anti-PD-L1 antibodies as capture antibodies respectively, and anti-CD9-FITC, anti-CD81-PE,
anti-CD63-APC, anti-EpCAM-PE/Dazzle™ 594 and anti-PD-L1-PE Cy7 antibodies were used as detector.In this experiment; 800 exosomes per 10 um polystyrene beads were
used for capturing CD81, PD-L1, EpCAM positive exosomes using fluorescent microscopy and 100 exosomes per 10 pm polystyrene beads were used for capturing CD63 and
CD9 positive exosomes.The polystyrene beads containing BSA instead of exosomes and with detector antibodies were used as a control.
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somes were not shown in this paper due to the smaller size of exo-
somes, compared to ZIF-8 crystals. The fluorescent images showed
the presence of CD81, CD9, CD63, EpCAM and PD-L1 positive ex-
osomes captured on polystyrene beads (Fig. 3E). It is worth men-
tioning that the ZIF-8 platform showed auto-fluorescent character-
istics, which was not beneficial in fluorescent imaging (data not
shown).

3.3. Efficient immobilization of capture antibody on
beads@ZIF-8/PDA-PEI

In order to achieve the optimized and highly sensitive condi-
tions for exosome immune-capturing, three parameters should be
considered carefully: (A) the total number of immune-captured
beads acquired for the experiment, (B) the number of exosomes
with a specific marker used for capture, and (C) optimal concen-
tration of antibody required to get the best signal to noise ratio
performance in a flow cytometer.

In this study, we used fluorescence labelled antibodies of the
tetraspanin family (CD9, CD63, and CD81) as common exosome
markers, as well as EpCAM (an epithelial marker enriched in car-
cinoma cells), and PD-L1 (Immune checkpoint inhibitor) [50] to
evaluate and compare antibody immobilization efficiency between
MOF coated beads and beads without MOF coating. To calculate
the optimal concentration of anti-CD63, anti-CD81, anti-CD9, anti-
EpCAM, and anti-PD-L1 capture antibodies sufficient for complete
saturation of a 10 pm polystyrene bead, the following equation was
implemented:

S=— xC (1)

in which S is the required amount of protein for saturation of sur-
face (mg protein/g of microspheres), C is the microsphere surface
capacity for a given protein (mg protein/ m? of polymer surface),
6/pD is the surface area/mass (m?/g) for microspheres of a known
diameter (p is the density of microspheres, which for polystyrene
is 1.05 g/cm3), and D is the diameter of the microspheres, in mi-
crometers. For IgG, C ~ 2.5 mg/m?, and by comparing the MW of
our ligand to that of IgG, surface saturation was approximated;
1.5 pg antibody needed for saturation of 1 mg 10 pm polystyrene
beads, which in this experiment contains 1.87 x 10 beads.

The results indicated that the beads@ZIF-8/PDA-PEI showed
higher MFI when 1.5 pg of anti-CD63-APC, anti-CD81-PE, anti-
CD9-FITC, anti-EpCAM PE/Dazzle™ 594 and anti-PD-L1-PEcy7 an-
tibodies per 1 mg beads were used. The detected MFI for
1.5 pg anti-CD63-APC, anti-CD81-PE, anti-CD9-FITC, anti-EpCAM-
PE/Dazzle™ 594 and anti-PD-L1-PEcy7 antibodies immobilized on
beads@ZIF-8/PDA-PEI platform was 15.2, 4.2, 2.1, 7.4 and 7.7 times
higher respectively than the same amount of mentioned antibod-
ies immobilized on polystyrene beads (Fig. 4A-E). Additionally, the
detected MFI for 0.35 pg of anti-CD63-APC, anti-CD81-PE, anti-
EpCAM-PE/Dazzle™ 594 and anti-PD-L1-PEcy7 antibodies immo-
bilized on beads@ZIF-8/PDA-PEI platform was 6.8, 3.1, 3.5 and 3.5
times higher respectively than 1.5 pg of the anti-CD63-APC, anti-
CD81-PE, anti-EpCAM-PE/Dazzle™ 594 and anti-PD-L1-PEcy7 im-
mobilized on polystyrene beads (Fig. 4A-E).

To evaluate the efficiency of the MOF in the immobiliza-
tion of antibodies and consequently the capturing of exosomes,
a constant number of bead@ZIF-8/PDA-PEI,polystyrene beads, and
EDC functionalized polystyrene beads was coated with a con-
stant concentration of anti-CD81-PE, anti-CD9-FITC, anti-CD63-
APC, anti-EpCAM-PE/Dazzle™ 594 and anti-PD-L1-PEcy7 antibod-
ies and subjected to flow cytometry. As our polystyrene beads were
rich in carboxyl functional groups on the surface, these groups
could conjugate antibodies through passive adsorption. EDC was
used for covalent functionalization of the capture antibodies to the

Applied Materials Today 23 (2021) 100994

carboxylate polystyrene beads through amide bond formation be-
tween the carboxyl groups on the surface of polystyrene beads
and the primary amine groups of the protein. According to flow
cytometry results for 1.5 pg anti-CD81-PE, anti-CD63-APC, anti-
EpCAM- PE/Dazzle™ 594 and anti-PD-L1-PEcy7 immobilization on
beads@ZIF-8/PDA-PEI platform, the detected MFI was 4.1, 8.1, 3.1
and 4.3 times higher respectively than the antibody immobilized
on EDC-coated beads (Fig. 5A) which proves the better antibody
immobilization on the surface. It is worth mentioning that the
detected MFI for anti-CD9-FITC immobilized on the EDC-coated
polystyrene beads versus beads@ZIF-8/PDA-PEI platform was simi-
lar.

Moreover, the measurement of the unbound antibody concen-
tration presented in the supernatant showed that if 1.5 pg anti-
body per mg bead was used (in this experiment using 1.8 x 10°
beads and 150 ng antibodies), more than 10-30 ng of the anti-
bodies in the MOF platforms were redundant and were released
in the supernatant (Fig. 5B). This means by decreasing the con-
centration of antibody in beads@ZIF-8/PDA-PEI platform, the spe-
cific antigen will be detected in flowcytometry. This proves that
the platform not only provided the specific orientation for immo-
bilized antibodies owing to the reduction of steric hindrance and
tight confinement of the antibodies, but also inhibited the ran-
dom and upside down orientation of the antibody, thus increas-
ing the exposure of the antibody’s antigen binding fragment to
a higher amount of antigens. On the other hand, for both the
polystyrene beads and beads functionalized with EDC, the concen-
tration of the unbound antibodies were similar to each other and
much lower than that of beads@ZIF-8/PDA-PEL In this experiment,
100 ng of antibodies was sufficient to completely block the bind-
ing of 1.8 x 10° beads@ZIF-8/PDA-PEI which was much lower than
polystyrene beads and beads coated with EDC.

3.4. Higher exosome capture efficiency in beads@ZIF-8/PDA-PEI
compared to polystyrene beads

Here, we describe a facile and highly sensitive method for im-
munocapturing of exosomes followed by conventional flow cytom-
etry detection to characterize small amounts of exosomes. Accord-
ing to Eq. (2) [21] the maximum number of exosomes captured per
bead was calculated.

Sbead
N= 2
Cexo ( )

Where S;,,q shows the surface of a sphere and Cex, shows the
number of exosome circle surface that could fit in that area (the
average diameter of exosome was considered 150 nm). A 10 um
polystyrene bead could attach to a maximum of 18,470 EVs. In our
flow cytometry experiment, we used 50,000 beads for each run; a
sample with 9.2 x 108 exosomes would saturate the beads. These
calculations are based on the potential direct contact of the exo-
somes with the beads in the mix; because beads and exosomes
have different physical behavior in solution owing to differences
in their size and density, the beads would precipitate much faster
than exosomes, which could remain in suspension longer. There-
fore, the fluorescence intensity should be detected even if only half
of the available surface of the bead was covered by exosomes, that
is approximately 9000 exosomes. On the other hand, based on our
previous results using ZIF-8/PDA-PEI platform which improved the
LOD of ELISA by 225 times [47], the starting point for detecting
the LOD of beads@ZIF-8/PDA-PEI for exosome markers was set at
1 x 107 followed by 5 x 106, 2.5 x 106 and 1.25 x 10% exosome
particles (~ 250 ng, 125 ng, 62.5 ng and 31.2 ng of exosomes) en-
riched by ultracentrifugation from HeLa, MCF-7 and MDA-MB231
cell lines, which should provide a good signal for capture with
50,000 beads. A gating strategy was used to exclude bead ag-
gregates and debris by forward scatter/side scatter (FSC/SSC) and
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Fig. 4. Histogram overlay and detected MFI of capture antibody titration for evaluating the efficiency of ZIF-8/PDA-PEI on the immobilization of capture antibody on the
surface of 10 um polystyrene beads. (A) The concentrations of 1.5 pg, 0.75 pg and 0.35 pg of anti-CD63-APC antibody, (B) anti-CD81-PE antibody (C) anti-CD9-FITC antibody,
(D) anti-EpCAM-PE/Dazzle™ 594 antibody and (E) anti-PD-L1-PE Cy7 antibody were immobilized on 1 mg of polystyrene beads and polystyrene beads@ZIF-8/PDA-PEL (F)
The chart of detected MFI for 1.5 pg, 0.75 pg and 0.35 g of the anti-CD9-FITC, CD81-PE, CD63-APC, EpCAM-PE/Dazzle™ 594 and PD-L1- PE Cy7 antibodies immobilized on
beads@ZIF-8/PDA-PEI platform versus polystyrene beads. In all experiments, the isotype control was used as a control and 50,000 beads were used for each run. (Ab stands

for: antibody).

select the acquisition number in the region of PE, FITC, APC, PE
Cy-7 and PE-Dazzle 594-positive microbeads. The strongest sig-
nal was detected when 200 exosomes per bead (1 x 107 parti-
cles, ~ 250 ng) was used in the beads@ZIF-8/PDA-PEI platform. The
MFI detected for 200, 100, 50 and 25 PD-L1 positive exosomes of
MDA-MB231 cell line per bead (corresponding to 250, 125, 62.5
and 31.2 ng) in beads@ZIF-8/PDA-PEI platform was 115, 348, 700
and 33 times higher than the MFI detected for the similar num-
ber of PD-L1 positive exosomes in non-coated polystyrene beads.
Similarly, the MFI detected for 200 CD81, CD9 and CD63 positive
exosomes per bead (~ 250 ng) in beads@ZIF-8/PDA-PEI platform
was 2.1, 17 and 12.2 times higher than the MFI detected for the
similar number of CD81, CD9 and CD63 positive exosomes in non-
coated polystyrene beads. Additionally, the MFI detected for 200
EpCAM positive exosomes derived from MCF-7 cell line per bead
(~ 250 ng) in beads@ZIF-8/PDA-PEI platform was 5.2 times higher
than the MFI detected for the similar number of EpCAM positive
exosomes in non-coated polystyrene beads (Fig. 6A-E). Results of

exosome titration confirmed the high sensitivity of the assay with
a positive signal detected when as little as 62.5 ng (2.5 x 108 par-
ticles) of exosomes were incubated with the beads, whereas ~5 pg
(2 x 108 particles) was required for the detection of antibodies by
Western Blotting.

The results indicated that coating the polystyrene beads with
MOF increased the exosome capture efficiency 180 times compared
to the conventional polystyrene bead immune affinity-based meth-
ods. In this way, we can detect as low as 50 exosomes per 10 pm
polystyrene bead@ZIF-8/PDA-PEI, compared to 10 pm polystyrene
beads that enable us to detect 9000 exosomes per bead. The min-
imum number of exosomes per bead that could be captured with
bead@ZIF-8/PDA-PEI was 50 exosomes which could be attributed
to the loss of large portion of exosomes in the polystyrene beads
without MOF coating, so it has lower fluorescence signal. Results
indicated that in our study the capture efficiency of MOF plat-
form in three tetraspanins was not the same and CD63 showed
higher expression (fluorescent intensity) in flow cytometry com-
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Fig. 5. The effect of ZIF-8/PDA-PEI coating on antibody immobilization. (A) The detected MFI of the immobilized anti-CD63-APC, anti-CD81-PE, anti-CD9-FITC, anti-EpCAM-
PE/Dazzle™ 594 and anti-PD-L1-PE Cy7 antibodies on the surface of 10 um polystyrene beads versus carboxylate polystyrene beads functionalized with EDC and polystyrene
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PEI and carboxylate polystyrene beads functionalized with EDC, was done by measuring the unbound antibody concentration presented in the supernatant. The anti-CD63,
anti-CD81, anti-CD9, anti-EpCAM and anti-PD-L1, antibodies with the concentration of 150 ng, was co-incubated with 1.8 x 10> of 10 um polystyrene beads.

pared to the CD9 and CD81 markers in exosmes derived from
MDA-MB231, MCF-7 , and Hela cell lines (Fig. 6F).

4. Discussion

Exosomes regarded as a promising component of the liquid
biopsy methods, offering higher sensitivity and accuracy levels, and
prompting continuing development of exosome capture and detec-
tion platforms. Recently, immunocapture methods for the charac-
terization of exosome composition have gained increasing atten-
tion and several companies have commercialized kits to perform
such assays [36]. The advantage of using antibodies for binding to
a specific marker allows distinguishing between different exosome
and other vesicle subpopulations generated from cells and facili-
tates the study of these diverse subpopulations selectively. How-
ever, currently there are no standardized immunocapture strate-
gies and thus the sensitivities of these assays vary markedly. Stud-
ies have shown that the sensitivity for immunocapture aided flow
cytometry (using microbeads) detection and characterization of
exosomes relies on the relative size, number of microbeads and
other related factors (e.g. surface area) of the exosomes in anal-
ysis [21,51]. Towards this, we proposed a novel nano-coating strat-
egy based on MOFs to efficiently improve the LOD of current bead-
based immunoaffinity assays for exosome detection using flow cy-
tometry. This is the first time that a MOF coating has been used to
improve the LOD for enhancing exosome captur efficiency through
flow cytometry. This nano-coating strategy enabled us to detect as
little as 50 exosomes per 10 pm polystyrene bead functionalized
with ZIF-8/PDA-PEI, which is 180 times higher than the previously
reported methods using naked microbeads [21,34]. The main fac-
tors that contributed to the improvement of the assay sensitivity,
were increased surface area and hydrophilicity of the microbeads
using the MOF platform. The platform also allowed the detec-
tion and characterization of exosome subpopulations by using both
general exosome markers (tetraspanins) as well as EpCAM (marker
for epithelial cancer cells) and PD-L1 (cancer biomarker). The re-
sults of this study are consistent with the study of Campos-Silva
et al. [21], who could detect 30 ng of exosome in a streptavidin-
biotin platform using 6 pum polystyrene beads. However, in this
study we improved the LOD, while implementing the use of big-
ger polystyrene beads (10 pm size); also, in their platform 3200

10

EVs per bead were used for detection, while this platform enables
us to detect as low as 50 exosomes per bead@ZIF-8/PDA-PEIL Ac-
cording to Eq. (2) and the flow cytometry data, we predict that by
decreasing the diameter of the beads to 1 pm, we would be able
to detect as low as five exosome per bead. However, this hypoth-
esis needs to be confirmed by further experiments. The platform
enabled us to develop a ready to use and cost-effective platform
to measure the expression of low-expressed antigens in exosomes
with much higher sensitivity.

The results of this study showed similar sensitivity compared
to the results of Sun et al., who used Zr-MOFs encapsulated with
methylene blue to detect the concentration of exosomes by moni-
toring the electroactive molecules inside [52]. Their platform could
be used to detect exosomes ranging from 9.5 x 103 to 1.9 x 107
particles/uL with a detection limit of 7.83 x 103 particles/uL,
which is comparable to our platform. Several other methods, such
as alternating current electrohydrodynamic induced nanoshearing
[53], an integrated magneto-electrochemical sensor [54], aptasen-
sor DNA-capped single-walled carbon nanotubes [55], Zirconium-
mediated signal amplification [52] and Copper-mediated exosome
detection have been developed to improve the LOD of exosomes
[56]. Comparatively, in our study the beads@ZIF-8/PDA-PEI had a
higher sensitivity and facile performance [57].

Exosome detection techniques have also been explored with the
aid of microfluidic technology. Towards this, Zhang et al. [58], in-
troduced an ExoProfile chip that was constructed of 3D porous ser-
pentine nanostructures to provide enormous reaction sites and im-
proved biosensing efficiency of exosomes. The device was validated
with purified exosomes from SKOV3 cells, which yielded a LOD
of 21 exosomes per mL within 3 h. Bai et al. used a bead-based
microarray platform using quantum dot probes, to facilitate multi-
plexed detection of exosome (derived from lung cancer cells) sur-
face protein markers [37]. Fang et al. also developed a microfluidic
device to perform on-chip exosome immunocapture and specific
marker detection from both cell culture medium and plasma of hu-
man breast cancer-derived samples [36]. Despite the ongoing de-
velopment of microfluidic technology [59], the statistical limitation
of small sample sizes using this technology, limits the potential for
these techniques to be scaled up for clinical and diagnostic appli-
cations [60]. Several attempts have been made to improve the LOD
and the sensitivity of exosome detection methods, as summarized
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Fig. 6. Histogram overlay of exosome titration for evaluating the efficiency of ZIF-8/PDA-PEI on the detection of exosomes using flow cytometry. (A) Histogram overlay and
MEFI detected in exosome titration process, using 200, 100, 50 and 25 exosomes per polystyrene bead labeled with 1.5 pg of anti-CD63 capture and anti-CD63-APC detector
antibody, (B) anti-CD81 capture and anti-CD81-PE detector antibody, (C) anti-CD9 capture and anti-CD9-FITC detector antibody, (D) anti-EpCAM capture and anti-EpCAM-
PE/Dazzle™ 594 detector antibody and (E) anti-PD-L1 capture and anti-PD-L1-PE Cy7 detector antibody per 1 mg of polystyrene beads versus polystyrene beads@ZIF-8/PDA-
PEL In all experiments, the isotype control was used as a control and 50,000 beads per test were used. (F) The chart of LOD detected for 200,100, 50 and 25 CD63, CD81,
CD9, EpCAM and PD-L1 positive exosomes (~ 250 ng, 125 ng, 62.5 ng and 31.2 ng) captured on the surface of each beads@ZIF-8/PDA-PEI platform versus polystyrene beads.
For detecting EpCAM and PD-L1 positive exosomes, the MCF-7 and MDA-MB231 cell lines were used, respectively. In all experiments, beads coated with BSA was used as a

control and 50,000 beads per test were used. (Exo stands for: Exosome).

by Wang et al. [57] and there are numerous commercial immuno-
affinity beads for exosome detection, which we name here few
of them. The CD63 Exosome Capture Beads (ab239686) could de-
tect 2.4 x 10° exosomes, while using our platform, we are able
to detect 1.25 x 10° particles. Another example is the Exosome -
Human CD63 Isolation/Detection Invitrogen (10606D), which could
detect 25 pg of total protein.

In this study, we have introduced a facile, reproducible, highly
sensitive, and affordable method for the detection of exosomes by
using MOFs to achieve a higher antibody immobilization density.
The results indicated that coating beads with MOF increased the
capture efficiency since the coated MOFs have large surface area
(typically ranging from 1000 to 10,000 m2/g) that increases in-

1

teractions between the substrates and analytes, leads to higher
absorption and sensitivity of detection. Furthermore, in this plat-
form, a higher antibody immobilization density could be achieved
to promote greater physical adsorption of the antibody onto the
polystyrene surface owing to an increase in the surface rough-
ness and providing a larger surface area.. More importantly, due
to the characteristics of ZIF-8 MOFs, the exosomes could eas-
ily be detached from the beads (within 30 min in EDTA (pH
5.0)) without the use of harmful chemicals [40]. These advan-
tages cumulatively make the MOFs an ideal candidate to achieve
high fluorescent intensity in the detection of exosome markers by
flow cytometry, while consuming a much lower concentration of
antibodies.
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5. Conclusions

In this study, we demonstrated a new approach for exosome
immunocapture and flow cytometry analysis using ZIF-8 as repre-
sentative of MOF in the beads@ZIF-8/PDA-PEI platform that pro-
vides much higher sensitivity and capture efficiency than commer-
cial microbeads. The proposed platform also improved the LOD for
CD63, CD81, CD9, EpCAM, and PD-L1 exosome and cancer mark-
ers by 180 times compared to conventional detection of exosome
based on microbeads and allowed the detection of 50 exosome
particles per bead. The implication of flow cytometry using MOF
functionalized beads for the study of multiple exosome markers
using combinations of several fluorescent antibodies provided the
advantage of facilitating highly sensitive detection and characteri-
zation of exosome markers. This platform can perform highly ef-
ficient detection of exosomes in most laboratories with access
to conventional flow cytometry. The bead@ZIF-8/PDA-PEI platform
can be used to sort subpopulations of exosomes from the het-
erogeneous bulk samples effectively, using a FACS cell sorter ma-
chine. Additionally, the proposed platform enabled us to release
exosomes from the bead@ZIF-8/PDA-PEI platform without the use
of harmful chemicals that could potentially destroy the exosomes.
The MOF platform enjoys several advantages over most current
exosome detection and characterization techniques, most notably
achieving significantly enhanced LOD from samples containing low
exosome amounts. Based on the results of this study, future exper-
iments of the group will further explore exosome detection from
samples containing even fewer exosome amounts.
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