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Abstract
Extracellular vesicles (EVs), particularly exosomes, are emerging biomarker sources.
However, due to heterogeneous populations secreted from diverse cell types, mapping EV
multi-omic molecular information specifically to their pathogenesis origin for cancer
biomarker identification is still extraordinary challenging. Herein, we introduced a novel
3D-structured nanographene immunomagnetic particles (NanoPoms) with unique flower
pom-poms morphology and photo-click chemistry for specific marker-defined capture and
release of intact small EVs. This specific EV isolation approach leads to the expanded
identification of targetable cancer biomarkers with enhanced specificity and sensitivity, as
demonstrated by multi-omic EV analysis of bladder cancer patient tissue fluids using the
next generation sequencing of somatic DNA mutations, miRNAs, and the global proteome.
The NanoPoms prepared sEVs also exhibit distinctive in vivo biodistribution patterns,
highlighting the highly viable and integral quality. The developed method is simple and
straightforward, and is applicable to nearly all types of biological fluids and amenable for
scale up and high-throughput EV isolation.
Introduction
Despite the tremendous efforts made in developing cancer biomarkers and liquid biopsy for
past decades, only a few (less than 25) cancer biomarkers have been approved by FDA for clinical
practice(1, 2). Extracellular vesicles (EVs) have been emerging biomarker sources for expanding
the landscape of cancer biomarker discovery in promoting cancer diagnosis(3-5),
immunotherapy(6, 7), drug target and delivery(8). Significant attention has been focused on the
exosome type small EVs (sEVs) and their molecular components (e.g., proteins, DNAs, mRNA and
miRNA), which has been found in association with a variety of physiological functions and
pathological disease states(9). sEV secretion is exacerbated from tumor cells and enriched with a
group of tumor markers, as evidenced by increased presence in plasma and ascites from patients in
variable cancers(10). However, currently there is no standardized purification method for obtaining
pure sEV populations that are specific to their cellular origin and molecular information(11, 12).
EVs are living cell-secreted membrane vesicles in multiple subpopulations, including membrane
shedding microvesicles (100 nm-1000 nm), endosomal multivesicular body released exosomes (30
nm- 150 nm), and apoptotic cellular fragment vesicles (≥ 1000 nm)(13). Due to such large
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heterogeneity and significant size overlap between vesicle populations, the consensus has not yet
emerged on precisely defining EV subtypes, such as endosome derived exosomes(14) which is
highly relevant to the disease pathogenesis. The generic term of EVs is recommended by complying
with 2018 guidelines from the International Society for Extracellular Vesicles (ISEV) proposed
Minimal Information for Studies of Extracellular Vesicles (“MISEV”)(14). Current purification
methods that recover the highest amount of extracellular materials, no matter with the vesicle or
non-vesicular molecules, are mainly the precipitation polymer kits and lengthy ultracentrifugationbased (UC) approach(15, 16). Such isolation approach is not scalable and unable to differentiate
the sEV populations from different cellular origin or other EV subtypes (e.g., microvesicles and
apoptotic bodies), neither free proteins(17) or viruses, in turn, posing a significant concern for
studying cancer biomarkers from tumor cells derived sEVs. The bulk measurement of a mixture of
vesicle populations could potentially mask the essential biosignatures, which severely impairs the
investigations of associated pathological mechanism(18-21). As the perfectly enriched biomarker
sources, using EVs for mapping multi-omic molecular information specifically to their
pathogenesis in cancer biomarker identification is still extraordinary challenging.
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Herein, we introduced a novel approach using 3D-structured nanographene immunomagnetic
particles (NanoPoms), which possesses unique flower pom-poms morphology and photo-click
chemistry for specific marker-defined capture and release of intact sEVs from nearly all types of
biological fluids, including human blood, urine, cow’s milk, and cell culture medium, etc.
Compared to current existing immunomagnetic beads based EV isolation either in small quality or
bound to solid surface/particles(22-24), NanoPoms enable on demand capture and release of intact
sEVs which leads to the expanded identification of targetable cancer biomarkers with enhanced
specificity and sensitivity. The group of enriched biomarkers carried by EVs, including DNAs,
RNAs and proteins, could offer the unmatched possibility to integrate multi-omic data analysis for
expending the landscape of cancer biomarker discovery and precisely defining the onset and
progression of cancer diseases(25). In this paper, we demonstrated such capability by multi-omic
EV analysis of bladder cancer patient tissue fluids (e.g., urine, plasma, and tumor tissue) using the
next generation sequencing (NGS) of somatic DNA mutations, miRNAs, and the global proteome,
for achieving non-invasive, ultra-sensitive diagnosis of bladder cancer. The results showed much
higher specificity and sensitivity for detecting urological tumor biomarkers from NanoPoms
isolated sEVs compared to other ultracentrifugation or bead isolation approaches. We also
identified a few new miRNAs and proteome cancer biomarkers highly enriched in urinary EVs but
was not reported yet, which could expand the landscape for discovering new EV cancer biomarkers
with improved diagnostic accuracy. The highly integral quality of NanoPoms prepared sEVs was
demonstrated by in vivo biodistribution analysis which showed distinctive patterns from different
subtypes of sEVs, implying the great potential for targeted precision therapeutic development.
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Results
Nano pom-poms enable specific capture and on-demand release of intact sEVs. In this work,
we introduce a novel 3D-structured nanographene immunomagnetic particles (NanoPoms) with
unique flower pom-poms morphology and photo-click surface chemistry for specific markerdefined capture and release of intact sEVs (Fig. 1). Conventionally, the non-covalently assembled
nano-graphene suffers from the instability in buffer solutions over time(26). Our method interfaces
Fe3O4/SiO2 core-shell particles (~800 nm) with graphene nanosheets via carboxamide covalent
bonds, which leads to substantially improved stability in the aqueous samples. The flower pompoms morphology produces the unique 3D nano-scale cavities in between for affinity capture of
only nano-sized vesicles (Fig. 1 and Fig. s1). The dense nano-graphene hydrophilic sheet layers
provide much larger surface area(27-30) for immobilization of affinity capture entities (e.g.,
antibodies, aptamers, and affinity peptides) as shown in Fig. 1b right panel in contrast to
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conventional beads. Most importantly, the conjugated photo-click chemistry on bead surface allows
the release of intact, captured sEVs on demand, which further ensures the specificity for harvesting
marker-defined sEV subpopulations. Fig. 1c TEM imaging demonstrated the capture of sEVs which
exhibit much narrower size distribution than ultracentrifugation (UC) prepared EVs (Fig. 1d). We
observed the dense and round-shaped sEVs (~100 nm) completely covering the surface of
NanoPoms and subsequently restoring the pom-poms surface morphology after light release (Fig.
1e). The fluorescence binding analysis was also performed to evaluate sEV capture performance
and capacity (Fig. s2 and s3). This NanoPoms method is applicable to nearly all types of biological
fluids, including human blood, urine, cow’s milk, and cell culture medium, etc (Fig. s3). The
operation protocol is simple and cost-effective, amenable for scaling up, sterilization settings, and
GMP operations (see Table s1).

Fig. 1 Nano pom-poms fabrication for highly specific sEVs isolation and multi-omic
biomarker analysis.
(A) Schematic illustration of the fabrication of Nano pom poms. (B) TEM and SEM images
showing the unique 3D nano-scale flower pom-poms morphology compared to commercial
immunomagnetic beads. (C) TEM imaging of captured sEVs fully covering Nano pom-poms
surface. The captured EVs are confirmed by antiCD63 gold nanoparticle immune TEM imaging.
The insert shows the captured single EV in the size range of ~100 nm with three gold nanoparticles
bound (~10 nm). (D) Nanoparticle tracking analysis of NanoPoms isolated sEVs with much
narrower size distribution in comparison with UC isolated EVs. (E) SEM images showing the dense
sEVs are captured on Nano pom-poms, and can be completely released via on-demand photocleavage. After release, intact sEVs can be harvested for downstream multi-omic analysis including
next generation sequencing of DNAs, RNAs, western blotting and proteomic analysis, as well as
the in vivo study.
NGS analysis of somatic DNA mutations carried by urinary EVs. Detecting DNA mutations
carried by urinary tumor EVs is emerging, yet challenging, due to the needs of highly pure sample
preparation for sensitive detection. We analyzed the bladder cancer (BC) patient urine samples
prepared by both NanoPoms, UC, and commercial bead approaches for isolating urinary EVs, with
control group from healthy individuals. The NGS GeneRead AIT panel was used to identify the
most cancer relevant 1,411 variants. UC preparation was found insensitive to cancer relevant
variant detection, as it requires much larger urine sample input (4 mL) with more than 100 ng EV
DNAs to give detectable variant signals (Fig. 2a). We suspect that UC isolated EV DNAs contain
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more genes which are not specific to cancers. The PDGFRA variant (c.1432T>C, p.Ser478Pro)
with 56.8% frequency was detected from a healthy individual in the control group using UC
preparation, but not from NanoPoms preparation. In the BC disease group, NanoPoms prepared
sEV enabled much enhanced detection sensitivity and specificity to BC relevant mutations
including KRAS, PIK3CA, and ERBB2, which only consumed 1 mL urine sample with using about
10-50 ng sEV DNAs. However, commercial bead isolated EVs using the same urine sample input
did not yield sufficiently enriched DNAs for sensitive detection of cancer relevant variants (Fig.
2a). In order to validate whether the gene mutations found in urinary EVs are from the urological
tumor, we evaluated the matched patient tumor tissue. The NGS GeneRead analysis of tumor tissue
cells showed the consistent mutations of KRAS and ERBB2 which also were presented in the urinary
EVs from the same BC patient. Although as one might expect, more mutations were detected in the
tumor tissue, including MTOR and BRCA1; however, the pathogenic PDGFRA variant
(c.1939A>G, p.Ile647Val) was found in the urinary EVs from both UC and NanoPoms
preparations, but not in the tumor tissue cells (Fig. 2b). It is worth mentioning that the PDGFRA
variant (c.1939A>G, p.Ile647Val) has been recognized as the tumor marker from the bladder
urothelial carcinoma and the gastrointestinal stromal tumor(31, 32), which indicates that urinary
sEVs could be a good biomarker resource and surrogate for tumor cells.
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Fig. 2 The NGS analysis of somatic DNA mutations from bladder cancer patient urinary EVs.
(A) The DNA NGS analysis of 11 BC patient urine samples with 4 healthy individuals as the control
group using GeneRead AIT panel. The EVs were prepared in parallel by UC, NanoPoms, and
commercial bead approaches to extract total DNAs shown in the bar graphs. The most frequent
1,411 cancer relevant variants were sequenced. (B) The NGS GeneRead analysis of tumor cell
DNAs from the matched BC patient tumor tissue, compared with urinary EV DNAs prepared by
UC, NanoPoms, and commercial beads. (C) The droplet digital PCR analysis of EGFR
(Thr790Met) extracted from purified EVs using both NanoPoms (pink dots) and UC (blue dots)
approaches from 30 bladder cancer patient urine samples with 10 healthy individuals as the control
group. (D) Receiver operating characteristic (ROC) analysis of ddPCR detection of EGFR showing
significant diagnostic performance from NanoPoms approach compared with UC preparation. The
a.u.c (Area Under the Curve) for NanoPoms preparation is 0. 78 with p =0.01. The a.u.c. for UC
preparation is 0.71 with p =0.04.
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We also analyzed urinary EV-derived DNA mutations using droplet digital PCR (ddPCR) from
both UC and NanoPoms preparations. A total of 30 bladder cancer patient urines were analyzed
with 10 healthy individuals as the control group. With the same EV DNA input (10 µg), EGFR
(Thr790Met) and TERT (C228T and C250T) were detected. We observed much higher signal
amplitudes from NanoPoms prepared EV DNAs than that from UC approach (Fig. 2c). The average
patients’ EGFR Wt copy number is 3185.4 ± 468.3 from NanoPoms approach, which is 12.8-fold
higher than that from UC approach (248.9 ± 46.4) with 3-fold higher mutation detection efficiency
(Fig. s4). The overall detection signal to base ratio from patient group is statistically higher than
that from control group (Fig. 2c), indicating the significant diagnostic value (Fig. 2d) for developing
liquid biopsy and non-invasive diagnosis of BC using urinary sEVs from NanoPoms preparation.
In contrast, UC-based EV preparation is unable to differentiate patient group from the healthy
control group (p >0.05, Fig. 2c).
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Interestingly, we also observed EGFR heterozygous mutations in three BC patients while
conducting ddPCR analysis of NanoPoms prepared urinary sEV DNAs (Fig. s5). In contrast, UC
isolates from the same patients 2 and 3 did not show such heterozygous mutation (Fig. 3a and Fig.
s5). In order to further validate this observation, we obtained the matched patient plasma and buffy
coat with white blood cells (WBC) as the control. NanoPoms preparation allows to pull out marker
specific sEV populations based on the exosomal surface markers (CD9, CD63, and CD81) to match
urinary EV populations, which avoids the interferences from other microvesicles or non-disease
associated vesicles. Afterwards we used Sanger sequence to confirm the presence of the EGFR
heterozygosity for three patients. Results were consistent with ddPCR analysis from NanoPoms
preparation. As expected, the EGFR heterozygosity was not detected from matched patient WBCs
wide-type control. These results clearly support that marker specific capture and release enabled by
NanoPoms method can significantly enrich tumor-associated sEVs for sensitive mutation detection.
Although the UC preparation yields larger numbers of vesicle particles, their specificity and purity
to tumor-associated sEVs are much less than NanoPoms preparation.
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Fig. 3 NanoPoms prepared sEVs enable highly sensitive detection of heterozygosity using
ddPCR.
(A) The ddPCR detection of EGFR (Thr790Met) from NanoPoms prepared urinary sEVs in three
BC patients, compared with UC preparation. (B) Sanger sequence validation of EGFR
heterozygosity from NanoPoms prepared plasma sEV in matched patients in Fig. 3A. Genes from
the corresponding patients’ white blood cells (WBC) are the wild-type control.
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NGS analysis of urinary EV small RNAs. Analyzing RNAs within urinary EVs has been
emerging with needs for non-invasive, early detection, and timely medical checkup of BC(33, 34).
EV long non-coding RNAs (lncRNAs) PVT-1, ANRIL and PCAT-1 have been reported as the novel
biomarker in BC diagnosis(35-38). However, NGS profiling of microRNA from tumor derived
urinary EVs has not been exploited. In this study, we analyzed urinary EV microRNA NGS profiles
from both BC and healthy individuals. The distribution of EV small RNA categories from
NanoPoms preparation showed more lncRNAs in both the BC group and healthy control group
(42% from NanoPoms vs. 18.9% from UC) (Fig. 4a, Table s2). In contrast, UC preparation leads
to the higher percentage of tRNA. Although the exact role of EV lncRNAs is not well understood
yet, several studies have showed exosomal lncRNAs are novel biomarkers in cancer diagnosis and
are highly associated with cancer progression and cellular functions(39-41). Currently, only a small
number of lncRNAs has been investigated which partially due to the variation and uncertainty
imposed by EV preparation methods(42). We further look into the top 100 miRNAs expression
profiles as shown in Fig. 4b. The heatmap clustering analysis indicates the clear differentiation
between BC group and healthy control from NanoPoms sEV preparation, in contrast to UC
preparation. We also investigated the influence of photo cleavage process on the integrity of overall
EV miRNAs (Fig s6), and did not observe significant differences in heatmap profiles with and
without photo cleavage process. The NanoPoms sEV preparation leads to the significant
differentiation ability between BC and healthy control groups, in contrast to UC approach.
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Fig. 4 The NGS analysis of small RNAs from bladder cancer patient urinary EVs.
(A) The distribution of small RNA categories from both NanoPoms and UC prepared urinary EVs
in BC patients and healthy individuals. (B) Heatmap with dendrogram clustering analysis depicts
the top 100 highly expressed miRNAs from urinary EVs isolated from both BC patient and healthy
individual using UC, NanoPoms, and NanoPoms without light release process. Red color indicates
a higher expression z-score. Hierarchical clustering was performed, using the Spearman correlation
method. NanoPoms isolation approach with or without light release processes have been clustered
together due to higher similarities in their transcript expressions. (C) Volcano plot analysis depicts
the most biologically significant urinary EV miRANs with large fold changes identified by using
NanoPoms preparation compared to UC preparation. Top 5 highly significant miRNAs are labeled
in plot, which are from NanoPoms preparation.
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In order to further interpret urinary EV miRNA profiles and characterize the influences imposed by
EV sample preparation steps, we used the volcano plot to analyze the statistical significance (P
value) versus fold-gene expression changes from both UC and NanoPoms EV preparations. It is
interesting to note that top 10 miRNAs were highly enriched from the NanoPoms preparation,
including hsa-miR-3168, hsa-miR-92b-5p, hsa-miR-891a-5p, hsa-miR-934, and hsa-miR-6785-5p
(Fig. 4c and Table s3). We searched the reported miRNA functions and found those miRNAs were
reported as the cancer relevant markers specifically sorted into exosomes (Table s3). For instance,
hsa-miR-3168 has been reported to be enriched in exosomes via a KRAS-dependent sorting
mechanism in colorectal cancer cell lines(43) and is known as the melanoma mature miRNA(44).
The miR-92b-5p has been found to play a critical role in promoting EMT in bladder cancer
migration(45). The hsa-miR-934 is an essential exosomal oncogene for promoting cancer
metastasis(46). NanoPoms sEV preparation offered much higher molecular relevance for
identifying tumor associated biomarkers, which is crucial for exploring more specific targetable
cancer biomarkers.
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Proteomic analysis of urinary EV proteins. The urinary protein biomarkers could enable highly
significant clinical values for the cystoscopic evaluations in BC diagnosis. EDIL-3 (Epidermal
growth factor (EGF)-like repeat and discoidin I-like domain-containing protein 3) and mucin 4
(MUC 4) both have been reported in EVs purified from BC patient urines(47, 48). We selected
generic EV markers CD9, CD63, and TSG101, as well as the EDIL-3 and MUC4 for Western
blotting analysis of urinary EV proteins prepared by UC and NanoPoms approaches, with the
human bladder carcinoma cell line HTB9 as the control (Fig. 5a). The generic EV markers CD9,
CD63, and TSG101 were consistently expressed in urinary EVs, HTB9 cells and their EVs, which
indicates consistent isolation of EVs. There is no significant difference between two preparation
methods. The expression level of EDIL-3 is significantly higher in BC patients than healthy
individuals, but not in the tumor cell line or their EVs from conditioned media. MUC4 protein
marker was only observed in the human urinary EVs and HTB9 EVs, but not in HTB9 cells. This
observation supports the previous report that EDIL-3 and MUC 4 are highly promising biomarkers
in developing urinary EV-based BC diagnosis and prognosis tests(47).
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The proteomic profiling of urinary EVs from NanoPoms preparations was shown in Fig. 5b, and
identified proteins were compared with the ExoCarta Exosome Protein Database and the Urinary
Exosome Protein Database. Several proteins associated with exosome biosynthesis were observed,
such as proteins PIGQ and PAPD7 involved in Golgi apparatus, the cytosol protein S100-A7 and
A9 found within the exosome lumen which is engaged with natural membrane budding process
during multivesicular body formation. We also observed a diverse group of cytosolic enzymes
(glyceraldehyde-3-phosphate dehydrogenase) and cytoskeletal constituents (actin, Beta-actin-like
protein 2 ACTBL2, and myosin-9). Although the majority of proteins are shared identifications
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within BC patient and healthy control groups (~65%), as well as the databases we used,
interestingly, we found 10 proteins which are uniquely identified only from BC patient using
NanoPoms preparation (Table s4). Those proteins have previously been reported to be associated
with bladder cancer metastases, including IRAK4(49), KRT23(50), and RALGAPA2(51) (full list in
Table s4). Also 4 proteins were found uniquely in the healthy group using NanoPoms preparation,
but not reported by ExoCarta and Urinary Exosome Protein Databases. From the Human Protein
Atlas database (https://www.proteinatlas.org/), those proteins are intracellular and associated with
vesicles, Golgi apparatus, and secreted pathway. The identifications are broadly consistent with that
expected for exosomes and compatible with other researchers’ investigations(52). Approximately
35% of proteins do not overlapped between the BC patient and the healthy control, which further
support the utility of NanoPoms prepared sEVs for aiding the diagnosis of BC.
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Fig. 5 The proteomic analysis of bladder cancer patient urinary sEVs.
(A) Western blotting analysis of urinary EV proteins prepared by both NanoPoms and UC
approaches. Two BC patients and one healthy individual urine samples were used with HTB9 cells
and their EVs from conditioned media as the control. Protein loading amount is applied consistently
between samples (~5 µg). (B) Venn diagram illustrates the relationship of proteomes from BC and
healthy urinary sEVs prepared by the NanoPoms approach, with references from ExoCarta
Exosome Protein Database and the Urinary Exosome Protein Database. (C) Gene Ontology
enrichment analysis of differently expressed proteins from NanoPoms prepared BC urinary sEVs.
Most abundant items are listed in biological process, cell component and molecular function,
respectively.
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Identified proteins were classified by encoding genes which indicate the majority are located within
membranous vesicles, cytosol, cytoplasm, and the cytoskeleton, and some are located in Golgi (Fig.
5c). The biological processes associated proteome revealed significant associations with regulation
of biological process, metabolic process, response to stimulus, cell organization and biogenesis,
transport, and the cell death. The protein binding molecular function from this proteome is
dominant. Results exhibit good specificity to exosomal proteome, indicating NanoPoms
preparation could provide a pure and high-quality exosome type sEVs, which facilitates the
important research area in EV proteomics and multi-omics.
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In vivo biodistribution study of NanoPoms prepared sEVs. The NanoPoms preparation of sEVs
via marker specific capture and release is able to collect intact, pure and homogenous sEV subtypes.
Due to the on-demand, light-triggered release process, the molecular engineering, such as the
surface modification, drug loading, or dye labeling, can be implemented to immunomagnetically
captured EVs before washing and releasing. This protocol avoids the redundant post purification of
small molecules from isolated sEVs, which is often challenging and causes contaminations. For
instance, the remaining free dye during in vivo tracking of EVs could cause false signals with longer
distribution half time, unspecific staining or tissue accumulation(53). In this study, we prepared
sEVs from bladder tumor HTB9 cells and non-malignant HEK cells with DiR labeling for
intravenous tail injection into BALB/cJ mice. The buffer solution from beads washing step (without
EVs) was used as the negative control. From these representative images in 24, 48, and 72 hr time
intervals post injection, the fluorescent whole mouse imaging is not be able to provide enough
precision to describe the levels of sEV distributions in tissue organs (Fig 6a). Thus, the organs were
harvested and imaged ex vivo in the time intervals of 48 and 72 hr to minimize signal interference
(Fig. 6 b and c). To rule out of the signal originating from the blood in the organs or from the free
dye, we normalized the EV tracking signal with the negative control signal to affirm the in vivo EV
tacking. In fact, the negative control images did not show much detectable signals indicating no
remaining free dye background signal during in vivo tracking of sEVs. By further observing the
harvested organs, HTB9-derived sEVs exhibit different biodistribution profile in lung, liver,
kidney, spleen, heart, and brain, as compared to sEVs isolated from the non-malignant HEK293
cells. sEVs prepared from the HTB9 tumor cells were more concentrated in the liver and spleen
with gradually increased intensity from 48 hrs to 72 hrs post injection. In contrast, non-malignant
HEK293-derived sEVs tend to spread from liver to lung and spleen after 48 hrs post injection.
Although HTB9 sEV biodistribution profile has not been reported elsewhere previously, the
HEK293 sEV biodistribution profile is consistent with reported study in C57BL/6 mice(53). Fig.
6c provides the repetitive and quantitative analysis of biodistribution pattern over time. The results
potentially indicate the distinctive biodistribution profile from cancer-associated sEVs which could
be very important for understanding tumor cell-mediated communications within the
microenvironment. Currently, substantial efforts have been made for using sEVs as therapeutic
agents or delivery vehicle in vivo. Thus, being able to reproducibly prepare pure and homogenous
sEVs is critical for maintaining consistent biodistribution patterns.
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Fig. 6 In vivo biodistribution analysis of NanoPoms prepared sEVs.
(A) Representative IVIS images at 24 hours, 48 hours, and 72 hours post-injection of live mice.
The HTB9 tumor cell derived sEVs and non-malignant HEK cell derived sEVs with DiR labeling
(2.0 ×109 particles/ml) were prepared by NanoPoms approach for intravenous tail injection into
BALB/cJ mice. The buffer solution without EVs was used as the negative control. (B)
Representative IVIS images of harvested organs (lung, liver, kidney, spleen, heart, and brain) at 48
hours and 72 hours post injection from mice. (C) The fluorescence signals normalized with negative
control from IVIS images in each organ harvested at 48 hours and 72 hours post injection (n=2,
mean ± SD).
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Discussion
All living cells secret extracellular vesicles (EVs) which are diverse populations with heterogeneous
molecular functions(54-56). Recent and substantial researches have shown the heterogeneity of
EVs(17, 57-61) in terms of density, molecular cargos, and morphology, which are even released by
a single cell type(62-64). Our recent study also observed that molecular packaging of secreted EVs
or exosomes is highly variable upon the change of cellular culture environment as well as
surrounding community(65). Thus, the more advanced analytical methods are urgently needed to
be able to decipher such heterogeneity in precision. Additionally, for therapeutic delivery, the welldefined molecular components from the homogenous EV population is also critical to precisely
maintain controllable biodistribution pattern and delivery behavior(66). Due to the unique 3D nano
pom poms structure and specific marker defined capture-release process, our developed isolation
approach can prepare pure and homogenous sEV subpopulations which enrich tumor associated
biomarkers.
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The NGS analysis in our study demonstrated that DNAs isolated from NanoPoms prepared sEVs
are enriched for tumor-associated DNA mutations which are highly relevant to the bladder cancer
and comparable to matched patient tumor tissue cells (Fig. 2). The ddPCR analysis also confirmed
such performance with significantly higher detectable copy numbers (Fig. 2c and Fig. s4 and s5).
The heterozygosity also can be readily detected from very low level of copy numbers in NanoPoms
prepared sEV DNAs, as confirmed by Sanger sequencing with matched patient plasma and buffy
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coat (Fig. 3 a and b, Fig. s5). The NGS analysis of sEV RNAs prepared by NanoPoms is able to
reveal the distinctive profiles between BC patient and healthy individual, in terms of RNA types
and miRNA levels, in contrast to UC preparation (Fig. 4 a and b, Table s2). Most importantly, the
top 10 miRNAs identified from NanoPoms sEV preparation are highly relevant as the important
cancer markers specifically sorted into exosomes (Fig. 4 c and Table s3). This evidence further
supports that specific cancer-associated biomarker are enriched in exosome type urinary sEV and
can serve as surrogates for tumor cells.
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The miRNAs represent the most dynamic nucleic acid cargos in EVs, which is relatively sensitive
to external stimulus and changes. Thus, in order to gauge the impact of light release process on sEV
isolation via NanoPoms approach, we compared miRNA profiles with or without light release
process, which did not show statistically significant differences based on dendrogram clustering
analysis (Fig. 4b and Fig. s6). The light release process also is able to ensure the specificity via
releasing captured sEVs only to get rid of non-specific binders. This data supports the quality and
integrity of NanoPoms prepared sEVs as a novel, rapid, and easy-to-use method. Currently,
although urinary miRNA profiling is highly essential for BC diagnosis, such study and relevant
database have not been fully established yet. NanoPoms based sEV sample preparation could
potentially speed up this research direction by offering much simple and specific sEV preparation.
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The urinary sEV cargos at the protein level from our study reveals the consistent expression of
exosomal proteins CD9, CD63, and TSG101 from both patient urinary EVs and cell lines using UC
and NanoPoms preparations. In contrast, EDIL-3 levels have been observed much higher in BC
patient urinary EVs compared to healthy individuals which is consistent with reported
literature(47), indicating the high quality preparation of exosome type sEVs using NanoPoms
approach (Fig. 5a). Further, the proteomic profiling also supports that NanoPoms prepared urinary
sEV proteins can be used to differentiate BC disease from healthy status (Fig. 5 b and c, and Table
s4) with unique identification of pathogenesis relevant EV proteins, suggesting a promising avenue
using NanoPoms prepared sEVs to develop non-invasive bladder cancer diagnosis.

378
379
380
381
382
383
384
385
386
387
388

In order to further prove the integrity and biological activity of NanoPoms prepared sEVs, in vivo
biodistribution study exhibits distinctive distribution patterns between tumor-associated sEVs and
non- malignant sEVs (Fig. 6). This result may indicate that different subtypes and sources of EVs
could have impact on the performance of drug delivery while using EVs as the carrier. To date, the
therapeutic potential of different subpopulations of EVs is not well known. It has been discussed
that possibly only a small fraction of the EVs from a cell can mediate the therapeutic effects (62).
Thus, the reproducible isolation of specific sEV subpopulations are essential to support the
development of EV-based therapeutic delivery. However, current existing EV isolation strategies
are still unable to reproducibly differentiate sEV subpopulations. Our NanoPoms approach for
enriching exosome type sEVs with marker definition could open a new avenue for preparing pure
and homogenous sEVs with improved diagnostic and therapeutic efficacy.
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Materials and Methods
Fabrication and Characterization of Nano Pom Poms. The proprietary bead fabrication follows
the protocol of Fe3O4/SiO2 core-shell-based particle method with surface anchored graphene oxide
nanosheets via carboxamide covalent bonds and EDC/NHS chemistry, and further modified with
(3-aminopropyl) triethoxysilane (APTES), polydopamine, and streptavidin (Vector Laboratories,
SA-5000). Beads were washed with PBST then resuspend in 1 ml PBST and 0.09% NaN3 solution
for storage at 4 ℃. In this study we used the pan capture with a mixture of CD9, CD63, and CD81
antibodies for bead-conjugation. For in vivo biodistribution study, we used CD9 antibody
conjugated NanoPoms to prepare HTB9 and HEK cells derived sEVs. After bead fabrication and
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conjugation, XPS analysis was used (PHI 5000 VERSA PROBE II) with an Al anode of the x-ray
source (46.95 eV) and 100 µ X-ray beam size for operating at 23.2 W. The power of the source was
reduced to minimize X-ray damage for analyzing EVs on bead surface.
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The EV isolation from patients’ plasma, urine, or cow milk and conditioned cell culture media were
performed by incubation of 100 ul antibody-beads complex with 1 mL of samples at 4 ℃ overnight.
After washing, the photorelease was performed using Analytikjena UVP 2UV Transilluminator
Plus at 365 nm wavelength at 4 ℃ for 15 min (~6 mW/cm2). The UC isolation of EVs followed the
well-documented protocols published previous(65). Briefly, to remove any possible apoptotic
bodies and large cell debris, the supernatants were centrifuged at 10,000g for 30 mins, then
transferred to ultracentrifuge tube (Thermo Scientific, USA) for ultracentrifugation at 100,000g for
70 min (Sorvall™ MTX150 Micro-Ultracentrifuge, USA), with second ultracentrifugation
(100,000g for 70 min) for finally collecting EV pellets. The size characterization of EVs was
performed using the nanoparticle tracking analysis (NTA) Nano-Sight LM10 (Malvern
Panalytical). Post-acquisition parameters were adjusted to a screen gain of 10.0 and a detection
threshold to 5. Standard 100 nm nanoparticles were used for calibration. Appropriate sample
dilution in 1x PBS was evaluated before every measurement with five repeats for each
measurement.
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sEV DNA extraction and NGS sequencing. Frozen urine samples were thawed overnight at 4 °C
and pre-centrifuged at 4 °C 10,000g for 30 min to remove cell debris. By using NanoPoms isolation,
the extracted sEVs were treated with DNase I before DNA extraction. The QIAamp DNA Mini Kit
(Qiagen, 51304) was utilized to extract DNA from all EV samples. The addition of 1 μl of an
aqueous solution containing 10 μg of carrier DNA (poly dA) to 200 μl Buffer AL was used to ensure
binding conditions are optimal for low copy number DNA according to the manufacturer’s
protocols. DNA was Eluted in 20 μL Buffer AE. DNA concentrations were measured using a
Nanodrop platform at an absorbance at 260 and 280 nm subtracted by the background value of
carrier ploy dA only.
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The library preparation by targeted enrichment using Qiagen GeneRead QIAact AIT DNA UMI
and GeneRead clonal Amp Q Kits, was subjected to next-generation sequencing (NGS) to generate
FASTQ files (text-based format for storing nucleotide sequences). This test is a targeted NGS Panel
that encompasses 30 genes and 1411 variants (AKT1, ALK1, BRAF, CTNNB1, DDR2, EGFR,
ERBB2, ERBB3, ERBB4, ESR1, FBXW7, FGFR1, FGFR2, FGFR3, FLT3, GNA11, GNAQ, HRAS,
KIT, KRAS, MAP2K1, MAP2K2, MET, NOTCH1, NRAS, PDGFRA, PIK3CA, RAF1, SMAD4,
STK11) with variable full exon or partial region. The reads are mapped to the
Homo_sapiens_sequence hg19 reference and variants identified using QIAGEN QCI-Analyze
pipeline.
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The extracted DNAs were amplified by PCR to detect the EGFR (P00533:p.Thr790Met) mutation.
The sequences of primers for PCR were as follows: Primer F, 5'‑ATGCGTCTTCACCTGGAA‑3';
primer R, 5'‑ATCCTGGCTCCTTATCTCC‑3'. Primers were designed by Primer3Plus online. The
PCR assay was performed with Promega GoTaq Flexi DNA Polymerase kit in a 50‑μL mixture
containing 10μL of 5× PCR buffer, 0.25μL GoTaq Flexi DNA Polymerase, 10 μM of each primer
(IDT, USA) and 20 μL of DNA in an ABI PCR instrument (Applied Biosystems). The PCR
conditions were as follows: Initial denaturation at 95˚C for 2 min, followed by 35 cycles at 95˚C
for 15 sec, 54˚C for 30 sec and 72˚C for 40 sec, then a hold at 72˚C for 5 min and a final permanent
hold at 4˚C. The 319 bp DNA size of PCR products were clarified by 1% agarose gel electrophoresis
using 5 μL PCR products and remained DNA were purified by QIAquick PCR Purification Kit
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(Qiagen, 28104). The purified PCR products were sequenced by Sanger Sequencing approach
(GeneWiz, USA) using the same primers above.
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sEV RNA extraction and NGS sequencing. The miRNeasy Mini Kit (Qiagen, 217004) was used
to extract total RNA from all EV samples per manufacture’s protocols. The amount of 700 μL
QIAzol lysis reagent was adapted according to the manual. To achieve a higher RNA yield, the first
eluate of 30 μL was applied to the membrane a second time. Isolated RNAs were quantified by
High Sensitivity RNA ScreenTape Assay using Agilent TapeStation 2200 (Agilent, 5067-5579,
5067-5580). Total RNA was stored at -80 °C until small RNA Library preparation. The QIAseq
miRNA Library is prepared for Single Read 75bp sequencing, with UMI tag per manufacture’s
protocols. After small RNA sequencing using Illumina MiSeq system, the Qiagen specific UMI
analysis per the kit instruction was performed with details in supplementary information.
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Droplet digital PCR. A pair of probes and a pair of primers were designed to detect EGFR and
TERT mutation respectively. Due to the short size of the probe, in order to increase the hybridization
properties and melting temperature, Locked Nucleic Acid (LNA) bases were introduced on the
bases indicated with a “+”. One probe was designed to recognize wildtype (5′TET/T+CATC+A+C+GC/ZEN/A+GCTC/-3′ IABkFQ). The second probe was designed to
recognize
the
EGFR
(P00533:p.Thr790Met)
mutation
loci,
(5′6FAM/T+CATC+A+T+GC/ZEN/A+GC+TC/-3′ IABkFQ). Primers were designed to cover both
side of detection loci. For TERT, a probe was designed to detect both C228T and C250T mutation
as both mutations result in the same sequencing string(67), with (TERT Mut:/56FAM/CCC+C+T+T+CCGG/3IABkFQ/). A second probe was designed to recognize the C228 loci,
also containing LNA bases, (TERT WT, /5HEX/ CCCC+C+T+CCGG/3IABkFQ/). Probes and
primers were custom synthesized by Integrated DNA Technologies (IDT). Amplifications were
performed in a 20 μL reaction containing 1 × ddPCR Supermix for Probes (No dUTP),( Bio-Rad,
1863024), 250 nM of probes and 900 nM of primers and 8 μL EV DNA template. Droplets were
generated using the QX200 AutoDG Droplet Digtal PCR System (Bio-Rad). Droplets were
transferred to a 96-well plate for PCR amplification in the QX200 Droplet Reader. Amplifications
were performed using the following cycling conditions: 1 cycle of 95°C for 10 minutes, then 40
cycles of 94 °C for 30 seconds and 60 °C for 1 minute, followed by 1 cycle of 98°C for 10 minutes
for enzyme deactivation. Keep all ramp rate at 2°C/sec. QuantaSoft analysis software (Bio-Rad)
was used to acquire and analyze data.
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Western blotting and Proteomic analysis. The 5 mL of each urine sample for two patients and
one healthy control were used for EV isolation and subsequent Western blot analysis. 40 mL of
HTB-9 conditional cell culture media and 40 mg cell pellets were also used as controls in this study.
Samples were lysed in 1× RIPA buffer supplemented with protease inhibitors for 15 min on ice.
Only cell sample were ultrasonicated for 1 min. Protein concentration was quantified using Micro
BCA Protein Assay Kit (Thermo Fisher, 23235). The absorbances were read at 562 nm on a
Synergy H1 reader (BioTek). All sample concentration were adjusted to 0.1 μg/μL. Western
blotting was performed under reducing conditions (RIPA buffer, β-mercaptoethanol and Halt
Protease Inhibitor Cocktail, EDTA-Free) at 95 °C for 5 min. 20 μL of protein lysate, each, were
loaded onto 4-20% Mini-PROTEAN TGX Precast Protein Gels (BioRad, 4561093). The separated
proteins were transferred to a PVDF membrane (BioRad, 1620218). After blocking the membrane
in Intercept (PBS) Blocking Buffer (LI-COR, 927-70001) for one hour at room temperature, it was
incubated over-night with the primary antibody at 4 °C, followed by another incubation with the
secondary antibody for half hour at room temperature. The following primary antibodies were used,
all diluted in blocking buffer (1:1000): anti-CD9 (Thermo Fisher, 10626D), anti-CD63 (Thermo
Fisher, 10626D), anti-EDIL3 (Abcam, ab88667), anti-MUC4 (Abcam, ab60720), anti-TSG101
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(Invitrogen, PA5-86445), anti-ANXA7 (LSBio, LS-C387129-100). The secondary anti-mouse and
anti-rabbit IRDye 800CW antibodies (LI-COR, 926-32210 and 926-32211) were applied in
1:15,000 dilution. Imaging were performed by LI-COR Odyssey CLx system.
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Urinary EV pellets resultant from ~2 mL of urine from both bladder cancer patients and healthy
individuals were reconstituted in 400 µL of M-PER Mammalian Protein Extraction Buffer
(Thermo) supplemented with 1× Halt Protease Inhibitors (Thermo) and sonicated in an ultrasonic
water bath for 15 min. Lysates were exchanged into ~40 µL of 100 mM triethylammonium
bicarbonate using Amicon Ultra-0.5, 3 k columns (Millipore). Lysate were digested overnight with
Trypsin Gold, Mass Spectrometry Grade (Promega) for subsequent HPLC-MS detailed in the
supplementary material.
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SEM and TEM. sEV-particle complex was resuspended in 200 μL cold PBS solution. For electron
microscope evaluation, EV-particle complexes were washed with pure water followed by the
fixation in a 2% EMS-quality paraformaldehyde aqueous solution. 5 μL of sEV-particle mixtures
were added to cleaned silicon chips and immobilized after drying EVs under a ventilation hood.
Samples on silicon chips were mounted on a SEM stage by carbon paste. A coating of goldpalladium alloy was applied to improve SEM image background. SEM was performed under low
beam energies (7 kV) on Hitachi SU8230 filed emission scanning electron microscope. For TEM,
~5 μL of each sEV-particle complex was left to adhere onto formvar carbon coated copper Grid
200 mesh (Electron Microscopy Sciences) for 5 mins followed by 5 mins of negative staining with
2% aqueous uranyl acetate. Excess liquids were blotted by filter papers. Total grid preparation was
performed at room temperature till totally air-dried under a ventilation hood for 25 mins. Images
were acquired on the same day at 75 kV using Hitachi H-8100 transmission electron microscope.
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In vivo biodistribution analysis. The human bladder cancer cell line HTB-9 (ATCC, 5637) and
the negative control of human embryonic kidney epithelial cell line HEK293(ATCC, CRL-1573)
were cultured in DMEM and MEM respectively, supplemented with 10% normal FBS and 1%
penicillin/streptomycin. Once the cell cultures reached ~70% confluency, the media was replaced
with fresh media containing 10% exosome-depleted FBS (Thermo Fisher, A2720803). The cells
were cultured for an additional 72 h before the conditioned media were collected.
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sEVs were isolated using NanoPoms approach. sEVs were incubated with 1 mM fluorescent
lipophilic tracer DiR (1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide) (Invitrogen,
D12731) at room temperature (RT) for 15 minutes. DiR-labelled sEVs or free DiR dyes were
segregated using Amicon Ultra-15 Centrifugal Filter method. The 2.0 ×109 particles/ml of isolated
sEVs measured via NTA were used for each mouse injection. The 6- to 8-week-old female
BALB/cJ mice were used. The animal IACUC protocols have been approved by the University of
Kansas Institutional Animal Care and Use Committee with protocol number 258-01 and operated
in the KU Animal Care Unit. Freshly purified DiR-labelled sEVs were injected through the tail vein
for intravenous (i.v.) injection. The In-Vivo Systems (Bruker, USA) with high-sensitive CCD
camera was used for collecting fluorescence, luminescence and X-ray images. Isoflurane sedated
live mice were taken fluorescence and X-ray images prior to the animals were sacrificed, then main
organs (brain, heart, lung, liver, kidney and spleen) were harvested for fluorescence imaging in 3
mins (excitation 730 nm, emission 790 nm), X-ray imaging (120 mm FOV, 1 min) and
luminescence imaging (90 fov, 0.2 sec) at 24 h, 48h and 72 h time points, respectively. The data
were analyzed using the Bruker MI software.
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Data statistics. All statistical tests were performed under the open-source statistics using GraphPad
Prism software 8 (San Diego, CA), including heatmap, ROC analysis, and clustering analysis. The
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one-way ANOVA and t test were used. Differences are considered statistically significant at P <
0.05. *P < 0.05; **P < 0.01; ***P < 0.001. The Venn diagram was analyzed using open software
from the Bioinformatics & Evolutionary Genomics. The bioinformatic analysis of small RNAs was
detailed in supplementary material.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available
References
1.
C. L. Sawyers, The cancer biomarker problem. Nature 452, 548-552 (2008).
2.
S. Lemery, P. Keegan, R. Pazdur, First FDA Approval Agnostic of Cancer Site - When a
Biomarker Defines the Indication. N Engl J Med 377, 1409-1412 (2017).
3.
P. Zhang et al., Ultrasensitive detection of circulating exosomes with a 3D-nanopatterned
microfluidic chip. Nat Biomed Eng 3, 438-451 (2019).
4.
V. P. Jayaseelan, Emerging role of exosomes as promising diagnostic tool for cancer.
Cancer Gene Ther 27, 395-398 (2020).
5.
C. Sheridan, Exosome cancer diagnostic reaches market. Nat Biotechnol 34, 359-360
(2016).
6.
W. Fu et al., CAR exosomes derived from effector CAR-T cells have potent antitumour
effects and low toxicity. Nat Commun 10, 4355 (2019).
7.
D. Daassi, K. M. Mahoney, G. J. Freeman, The importance of exosomal PDL1 in tumour
immune evasion. Nat Rev Immunol 20, 209-215 (2020).
8.
T. Yong et al., Tumor exosome-based nanoparticles are efficient drug carriers for
chemotherapy. Nat Commun 10, 3838 (2019).
9.
C. Thery, L. Zitvogel, S. Amigorena, Exosomes: composition, biogenesis and function.
Nat Rev Immunol 2, 569-579 (2002).
10.
A. Moller, R. J. Lobb, The evolving translational potential of small extracellular vesicles
in cancer. Nat Rev Cancer 20, 697-709 (2020).
11.
E. Willms, C. Cabanas, I. Mager, M. J. A. Wood, P. Vader, Extracellular Vesicle
Heterogeneity: Subpopulations, Isolation Techniques, and Diverse Functions in Cancer
Progression. Front Immunol 9, 738 (2018).
12.
I. Furi, F. Momen-Heravi, G. Szabo, Extracellular vesicle isolation: present and future.
Ann Transl Med 5, 263 (2017).
13.
G. van Niel, G. D'Angelo, G. Raposo, Shedding light on the cell biology of extracellular
vesicles. Nat Rev Mol Cell Biol 19, 213-228 (2018).
14.
C. Thery et al., Minimal information for studies of extracellular vesicles 2018
(MISEV2018): a position statement of the International Society for Extracellular Vesicles
and update of the MISEV2014 guidelines. J Extracell Vesicles 7, 1535750 (2018).
15.
K. W. Witwer et al., Standardization of sample collection, isolation and analysis methods
in extracellular vesicle research. J Extracell Vesicles 2, (2013).
16.
C. Coughlan et al., Exosome Isolation by Ultracentrifugation and Precipitation and
Techniques for Downstream Analyses. Curr Protoc Cell Biol 88, e110 (2020).
17.
A. Bobrie, M. Colombo, S. Krumeich, G. Raposo, C. Thery, Diverse subpopulations of
vesicles secreted by different intracellular mechanisms are present in exosome
preparations obtained by differential ultracentrifugation. J Extracell Vesicles 1, (2012).
18.
D. Yang et al., Progress, opportunity, and perspective on exosome isolation - efforts for
efficient exosome-based theranostics. Theranostics 10, 3684-3707 (2020).
19.
D. D. Taylor, W. Zacharias, C. Gercel-Taylor, Exosome isolation for proteomic analyses
and RNA profiling. Methods Mol Biol 728, 235-246 (2011).

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.21.432188; this version posted February 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

F. Marques-Garcia, M. Isidoro-Garcia, Protocols for Exosome Isolation and RNA
Profiling. Methods Mol Biol 1434, 153-167 (2016).
J. C. Contreras-Naranjo, H. J. Wu, V. M. Ugaz, Microfluidics for exosome isolation and
analysis: enabling liquid biopsy for personalized medicine. Lab Chip 17, 3558-3577
(2017).
M. He, J. Crow, M. Roth, Y. Zeng, A. K. Godwin, Integrated immunoisolation and protein
analysis of circulating exosomes using microfluidic technology. Lab Chip 14, 3773-3780
(2014).
S. Cai et al., Immuno-modified superparamagnetic nanoparticles via host-guest
interactions for high-purity capture and mild release of exosomes. Nanoscale 10, 1428014289 (2018).
A. Clayton et al., Analysis of antigen presenting cell derived exosomes, based on
immuno-magnetic isolation and flow cytometry. J Immunol Methods 247, 163-174 (2001).
J. L. Wilson, Jr., M. P. Antoniassi, P. I. Lopes, H. Azevedo, Proteomic research and
diagnosis in bladder cancer: state of the art review. Int Braz J Urol 46, (2020).
C. H. Lu, H. H. Yang, C. L. Zhu, X. Chen, G. N. Chen, A graphene platform for sensing
biomolecules. Angew Chem Int Ed Engl 48, 4785-4787 (2009).
C. D. Grande Tovar et al., Synthesis of Chitosan Beads Incorporating Graphene
Oxide/Titanium Dioxide Nanoparticles for In Vivo Studies. Molecules 25, (2020).
J. Li et al., Gold nanoparticle-glutathione-functionalized porous graphene oxide-based
hydrophilic beads for the selective enrichment of N-linked glycopeptides. Mikrochim Acta
187, 518 (2020).
X. H. Pham et al., Graphene Oxide Conjugated Magnetic Beads for RNA Extraction.
Chem Asian J 12, 1883-1888 (2017).
A. Ouyang et al., Highly Porous Core-Shell Structured Graphene-Chitosan Beads. ACS
Appl Mater Interfaces 7, 14439-14445 (2015).
E. S. Yi, C. R. Strong, Z. Piao, M. Perucho, N. Weidner, Epithelioid gastrointestinal
stromal tumor with PDGFRA activating mutation and immunoreactivity. Appl
Immunohistochem Mol Morphol 13, 157-161 (2005).
N. Eliyakin, H. Postaci, Y. Baskin, Z. Kozacioglu, Small Cell Carcinoma of the Urinary
Bladder: KIT and PDGFRA Gene Mutations. Rare Tumors 7, 5982 (2015).
T. Hermanns et al., A noninvasive urine-based methylation biomarker panel to detect
bladder cancer and discriminate cancer grade. Urol Oncol 38, 603 e601-603 e607 (2020).
J. H. Ku, G. Godoy, G. E. Amiel, S. P. Lerner, Urine survivin as a diagnostic biomarker
for bladder cancer: a systematic review. BJU Int 110, 630-636 (2012).
A. A. Sabo et al., Small Non-Coding RNA Profiling in Plasma Extracellular Vesicles of
Bladder Cancer Patients by Next-Generation Sequencing: Expression Levels of miR-1263p and piR-5936 Increase with Higher Histologic Grades. Cancers (Basel) 12, (2020).
C. Berrondo et al., Expression of the Long Non-Coding RNA HOTAIR Correlates with
Disease Progression in Bladder Cancer and Is Contained in Bladder Cancer Patient
Urinary Exosomes. PLoS One 11, e0147236 (2016).
M. Abbastabar et al., Tumor-derived urinary exosomal long non-coding RNAs as
diagnostic biomarkers for bladder cancer. EXCLI J 19, 301-310 (2020).
M. D. Bell et al., Prognostic value of urinary cytology and other biomarkers for recurrence
and progression in bladder cancer: a prospective study. World J Urol 34, 1405-1409
(2016).
A. Abramowicz, M. D. Story, The Long and Short of It: The Emerging Roles of NonCoding RNA in Small Extracellular Vesicles. Cancers (Basel) 12, (2020).
W. Zhao, Y. Liu, C. Zhang, C. Duan, Multiple Roles of Exosomal Long Noncoding RNAs
in Cancers. Biomed Res Int 2019, 1460572 (2019).

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.21.432188; this version posted February 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683

41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.

M. Dragomir, B. Chen, G. A. Calin, Exosomal lncRNAs as new players in cell-to-cell
communication. Transl Cancer Res 7, S243-S252 (2018).
V. Mussack, G. Wittmann, M. W. Pfaffl, Comparing small urinary extracellular vesicle
purification methods with a view to RNA sequencing-Enabling robust and non-invasive
biomarker research. Biomol Detect Quantif 17, 100089 (2019).
D. J. Cha et al., KRAS-dependent sorting of miRNA to exosomes. Elife 4, e07197 (2015).
M. S. Stark et al., Characterization of the Melanoma miRNAome by Deep Sequencing.
PLoS One 5, e9685 (2010).
J. Huang et al., miR-92b targets DAB2IP to promote EMT in bladder cancer migration
and invasion. Oncol Rep 36, 1693-1701 (2016).
S. Zhao et al., Tumor-derived exosomal miR-934 induces macrophage M2 polarization to
promote liver metastasis of colorectal cancer. J Hematol Oncol 13, 156 (2020).
C. J. Beckham et al., Bladder cancer exosomes contain EDIL-3/Del1 and facilitate cancer
progression. J Urol 192, 583-592 (2014).
E. Oeyen et al., Bladder Cancer Diagnosis and Follow-Up: The Current Status and
Possible Role of Extracellular Vesicles. Int J Mol Sci 20, (2019).
Q. Li et al., IRAK4 mediates colitis-induced tumorigenesis and chemoresistance in
colorectal cancer. JCI Insight 4, (2019).
K. Birkenkamp-Demtroder et al., Keratin23 (KRT23) knockdown decreases proliferation
and affects the DNA damage response of colon cancer cells. PLoS One 8, e73593 (2013).
N. Fattahi Dolatabadi et al., The interaction between MALAT1 target, miR-143-3p, and
RALGAPA2 is affected by functional SNP rs3827693 in breast cancer. Hum Cell 33,
1229-1239 (2020).
S. Goodison, C. J. Rosser, V. Urquidi, Urinary proteomic profiling for diagnostic bladder
cancer biomarkers. Expert Rev Proteomics 6, 507-514 (2009).
O. P. Wiklander et al., Extracellular vesicle in vivo biodistribution is determined by cell
source, route of administration and targeting. J Extracell Vesicles 4, 26316 (2015).
Y. Harada et al., Generation of the heterogeneity of extracellular vesicles by membrane
organization and sorting machineries. Biochim Biophys Acta Gen Subj 1863, 681-691
(2019).
Y. Naito et al., Cancer extracellular vesicles contribute to stromal heterogeneity by
inducing chemokines in cancer-associated fibroblasts. Oncogene 38, 5566-5579 (2019).
M. Colombo et al., Analysis of ESCRT functions in exosome biogenesis, composition and
secretion highlights the heterogeneity of extracellular vesicles. J Cell Sci 126, 5553-5565
(2013).
B. Giebel, On the function and heterogeneity of extracellular vesicles. Ann Transl Med 5,
150 (2017).
L. Paolini et al., Fourier-transform Infrared (FT-IR) spectroscopy fingerprints
subpopulations of extracellular vesicles of different sizes and cellular origin. J Extracell
Vesicles 9, 1741174 (2020).
D. Choi et al., Mapping Subpopulations of Cancer Cell-Derived Extracellular Vesicles
and Particles by Nano-Flow Cytometry. ACS Nano 13, 10499-10511 (2019).
R. Crescitelli et al., Subpopulations of extracellular vesicles from human metastatic
melanoma tissue identified by quantitative proteomics after optimized isolation. J
Extracell Vesicles 9, 1722433 (2020).
F. Royo et al., Different EV enrichment methods suitable for clinical settings yield
different subpopulations of urinary extracellular vesicles from human samples. J Extracell
Vesicles 5, 29497 (2016).
C. Lasser, S. C. Jang, J. Lotvall, Subpopulations of extracellular vesicles and their
therapeutic potential. Mol Aspects Med 60, 1-14 (2018).

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.21.432188; this version posted February 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729

63.
64.
65.
66.
67.

D. Zabeo et al., Exosomes purified from a single cell type have diverse morphology. J
Extracell Vesicles 6, 1329476 (2017).
R. Kalluri, V. S. LeBleu, The biology, function, and biomedical applications of exosomes.
Science 367, (2020).
S. Thippabhotla, C. Zhong, M. He, 3D cell culture stimulates the secretion of in vivo like
extracellular vesicles. Sci Rep 9, 13012 (2019).
J. M. Gudbergsson, K. Jonsson, J. B. Simonsen, K. B. Johnsen, Systematic review of
targeted extracellular vesicles for drug delivery - Considerations on methodological and
biological heterogeneity. J Control Release 306, 108-120 (2019).
A. C. McEvoy et al., Sensitive droplet digital PCR method for detection of TERT
promoter mutations in cell free DNA from patients with metastatic melanoma. Oncotarget
8, 78890-78900 (2017).

Acknowledgments
We thank Xinbao Hao for helping with the in vivo biodistribution imaging protocols. We also thank
the assistant from Jennifer Hackett from the Genomic Core at the University of Kansas for library
preparation, quality check and next-generation sequencing. We acknowledge the support of The
University of Kansas Cancer Center’s Biospecimen Repository Core Facility staff, funded in part
by the National Cancer Institute Cancer Center Support Grant P30 CA168524 (A.K.G.).
Funding:
NIH NIGMS MIRA award 1R35GM133794 to MH
NIH NCI R43 CA221536-01A1 to MH
Author contributions:
Conceptualization: MH, YZ
Methodology: NH, ST, CZ, ZG, LX, ZP, AKG
Investigation: NH, ZG
Visualization: MH, ST, CZ
Supervision: MH, YZ, CZ, LX, AKG
Writing: MH, YZ, NH, AKG
Competing interests: Related to this research, the author M.H. has patent application: Methods for
generative therapeutic delivery platform (PCT/US2019/057237) and is licensed by Clara Biotech
Inc. All other authors declare no competing interests.
Data and materials availability: The authors declare that all data supporting the findings of this
study are available within the paper and its Supplementary Information files. The DNA and RNA
sequence data, as well as the protein proteomic data are made available from depositing to exosomal
databases ExoCarta or upon request. Raw data regarding study is available for research purposes
from the corresponding author on reasonable request.

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.21.432188; this version posted February 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Supplementary Materials for
Nano Pom-poms Prepared Highly Specific Extracellular Vesicles Expand the
Detectable Cancer Biomarkers
Nan He1,2, Sirisha Thippabhotla3, Cuncong Zhong3, Zachary Greenberg4, Liang Xu5, Ziyan
Pessetto6, Andrew K. Godwin6,7, Yong Zeng8, Mei He1,4*
*Corresponding author. Email: mhe@cop.ufl.edu

This PDF file includes:
Supplementary Text
Figs. S1 to S6
Tables S1 to S4
References (1 to 39)

1

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.21.432188; this version posted February 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Fig. S1. Characterization of Nano Pom Poms particles for specific capture and release of
sEVs.
a) X-Ray Photoelectron Spectroscopy (XPS) analysis of Nano pom-poms surface properties with
extracellular vesicles captured. The bare magnetic particles without the 3D-structured
nanographene sheet layers serves as the negative control. The commercial dynabeads were used
as the positive control. b) The SEM images showing the surface morphology of Nano pom-poms
before EV capture, after EV capture, and after release of captured EVs. The scale bar is 100 nm.
The dense round small EVs were seen covering particle surface completely after capture. c)
Fluorescence microscopic images showing the Nano pom-poms bound to FITC-biotin after
conjugation with streptavidin, with dyna streptavidin beads as the positive control, which exhibits
much brighter fluorescence from Nano pom-poms indicating more binding sites.
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Fig. S2. The optimization of Nano Pom-poms concentration used for isolating sEVs.
The total protein concentration from isolated sEVs is measured by the Pierce BCA Protein Assay.
The five repetitive measurements were performed for each data point with RSD < ~5% (n=5).
With increasing the amount of capture NanoPoms in 1 mL biofluids (here cow milk), more sEVs
were isolated to gradually reach to the maximum. Once the available capture binding sites on the
particle surface excess the number of overall EV particles, the increase of particle amount does
not influence on the overall EV capture amount. Thus, the 1mg/mL of NanoPoms capture particles
were used for appropriate capture efficiency ranging from ~108 to ~1013 particles/mL.
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Fig. S3. The SEM and TEM morphological characterization of sEVs isolated from a variety
of biological fluids using Nano pom-poms.
Top: The SEM images showing the morphology of Nano pom-poms captured sEVs from ovarian
cancer patient plasma (left), cow’s milk with enlarged insert showing the classic cup shape
(middle), released from the Wharton's jelly mesenchymal stem cell culture medium (right). The
scale bar indicates the 100 nm. Bottom: TEM images showing the much clean and uniform sEVs
isolated from NanoPoms preparation from cell culture medium. In contrast, ultracentrifugation
prepares EVs in a mixture with small aggregates and debris.
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Fig. S4. The droplet digital PCR analysis of NanoPoms prepared sEVs with substantially
improved detection specificity and sensitivity.
The ddPCR analysis of the mutation frequency EGFR (Thr790Met) and TERT (C228T and C250T)
using DNAs extracted from either NanoPoms or UC prepared urinary EVs. The 30 bladder cancer
patient urine samples were used. The same amount of EV DNAs (10 µg) were used as the sample
input. The detection efficiency from NanoPoms was 3-fold higher as compared to UC approach.
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Fig. s5. The droplet digital PCR analysis of NanoPoms prepared sEVs detects the EGFR
heterozygosity.
The EGFR heterozygosity from three bladder cancer patient urine samples was detected using
NanoPoms sEVs preparation. In contrast, UC isolated EV DNAs from the same sample input did
not lead to the detection of EGFR heterozygosity in patient 2 and patient 3. The DNA copy
numbers were substantially lower in UC prepared EV DNAs as compared to NanoPoms.
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Fig. s6. Heatmap dendrogram clustering analysis depicts the top 100 highly expressed
miRNAs from urinary sEVs derived both the BC patient and the healthy control.
The small RNAs were extracted from NanoPoms sEVs preparation with and without light release
process. Red color indicates a higher expression z-score. Hierarchical clustering was performed,
using the Spearman correlation method. The disease group can be significantly differentiated from
healthy group regardless weather the light release process was implemented.
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Table S1.
Comparative analysis of cost, time, steps, and performance between EV isolation methods.
EV Isolation
Methods
Cost
Protocol
duration
Processing
capacity
Subtype
specificity
Purity
Reproducibility
Scalability

Chromatographic
Column

Polymer
Precipitation

Low

Low

~12 hrs

~6 hrs

~6 hrs

~12- 500 mL

~ 150 µL-100 mL
(IZON)

~ ≤ 1 mL
ExoQuickTM

No

No

No

Mixture of EV
populations

Mixture of EV
populations

Low
No

Yes

NanoPoms

Ultracentrifugation

Low, no
instrument
required

High, very
expensive
equipment cost

~4 hrs
From ~ µL to L
Surface marker
defined
specificity to
subtypes
High to
homogeneous
subpopulations
High
Yes

Mixture of EV
with protein
aggregates
No
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NGS analysis of urinary EV small RNAs
Bioinformatics Analysis: The sequences of precursor miRNA, tRNA, snRNA, snoRNA,
scaRNA, rRNA, scRNA, vaultRNA, lncRNA, miscRNA, pseudogenes, retained introns,
ribozymes and transcribed unprocessed pseudogenes were extracted from RefSeq (hg38) and
GENCODE (v29) to build a customized database. We refer to this database as the customized
ncRNA database. For further quantifying mature miRNA abundance, their sequences were
extracted from miRBase1 (ver. hg38) to form another database, which is refer to as the mature
miRNA database. Initial quality assessment of the reads was performed using the FASTQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) package. Cutadapt was used to trim
the 5’ (GUUCAGAGUUCUACAGUCCGACGAUC) and 3’ (AACTGTAGGCACCATCAAT)
adaptor sequences from the sequences. The unique molecular indices (UMI) sequences in the
QIAseq libraries were further trimmed using FASTP (--umi_loc=read1 --umi_len=12). The
trimmed reads were filtered with a minimum length of 15nt. Mapping to the mature miRNA
database and customized non-ncRNA database was performed using BWA (bwa-aln)2. We
relaxed the BWA parameter to allow each read to mapped to at most 100 locations, accounting for
the numerous multi-mapping cases induced by the short-read length of the sequencing reads. To
ensure maximum accuracy, we further restrict perfect sequence in seeding (by setting -k=0). All
other parameters were used as default. With an in-house script, we counted the read mapping to
quantify the expression level of each ncRNA gene and the abundance of each mature miRNA. For
multi-mapping, we evenly distributed its abundances to all mapped locations. The mapping results
against the customized ncRNA database were used to quantify different types of ncRNAs as the
Pie charts (refer pie-chart figures here). The mapping results against the mature miRNA database
were summarized as the volcano plot (refer volcano plot here). The mapping results were further
analyzed using the Deseq2 3 to reveal significantly different abundant miRNAs. The most
significant 100 miRNAs were further selected to generate the heatmap (shown below).
Table s2.
The distribution of small RNAs from urinary EV isolated by UC and NanoPoms.
Other

sRNA

vaultRNA

scRNA

Mt_rRNA

Mt-tRNA

scaRNA

rRNA

miscRNA

snoRNA

snRNA

miRNA

lncRNA

tRNA

%
UC-BC Urine EVs

64.35

18.89 12.40 1.92 0.18 0.50 1.39 0.01

0.02

0.002

0.00

0.004 0.001 0.34

NanPoms-BC Urine EVs

47.52

42.02

4.94

1.41 0.29 0.89 1.98 0.07

0.03

0.01

0.00

0.002 0.001 0.82

UC-Healthy Urine EVs

69.88

14.68

8.59

4.66 0.23 0.46 1.09 0.01 0.003 0.003

0.00

0.003 0.001 0.38

NanoPoms-Healthy Urine EVs

49.62

42.10

4.19

1.16 0.38 0.51 0.85 0.01

0.00

0.002 0.001 1.14

0.03

0.01
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Table s3.
The top 10 highly enriched miRNAs identified from NanoPoms isolated urinary sEVs as compared
with UC.
Genes
hsa-miR-3168

Log2 Fold Change

p value

5.140358266

1.38E-07

Reported signaling pathway/functions
KRAS-dependent sorting to exosomes from

Ref
4, 5

colorectal cancer cell lines
Known Melanoma mature miRNA
hsa-miR-92b-5p

4.358349687

1.08E-06

hsa-miR-891a-5p

-5.329381923

1.19E-06

Prognostic marker for HR-positive breast cancer

8

hsa-miR-6785-5p

5.063745282

1.80E-06

miRNA target genes in the TP53 signaling

9

Cancer metastasis

6, 7

Promote EMT in bladder cancer migration

pathway in tumor
hsa-miR-934

-4.078662275

3.10E-06

Cancer metastasis, exosomal oncogene

10-12

Non-coding RNA with neurogenic function
hsa-miR-6883-3p

4.420682437

5.64E-06

Target CDK4/6 in colon cancer cells

hsa-miR-3202

5.039882582

8.31E-06

Regulating TLR signaling pathway

hsa-miR-3648

-4.682609314

1.30E-05

13
14, 15

Promoted Cell Apoptosis
Promote invasion and metastasis of human

16, 17

bladder cancer
Regulate cell proliferation
hsa-miR-6802-5p

4.168335059

1.84E-05

Exosomal regulatory miRANs

18, 19

Heart disease
hsa-miR-6763-5p

4.0778099

2.21E-05

Immunity Regulation

20, 21
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Proteomic analysis of urinary sEV proteins
Urinary EV pellets resultant from ~2 mL of urine from both bladder cancer patients and healthy
individuals were reconstituted in 400 µL of M-PER Mammalian Protein Extraction Buffer
(Thermo) supplemented with 1× Halt Protease Inhibitors (Thermo) and sonicated in an ultrasonic
water bath for 15 min. Lysates were exchanged into ~40 µL of 100 mM triethylammonium
bicarbonate using Amicon Ultra-0.5, 3 k columns (Millipore). Lysate were digested overnight with
Trypsin Gold, Mass Spectrometry Grade (Promega). Peptides were finally reconstituted into 0.1%
formic acid to a concentration of 0.1 µg/µL and injected into a 1260 Infinity nHPLC (Agilent)
with separation from a Jupiter C-18 column, 300 Å, 5 μm, Phenomenex) in line with a LTQ XL
ion trap mass spectrometer equipped with a nano-electrospray source (Thermo). All fragmentation
data were collected in CID mode. The nHPLC was configured with binary mobile phases that
included 10 min at 5% of 0.1% formic acid and 85% acetonitrile, 180 min (LTQ XL), 5 min wash
using 70% of 0.1% formic acid, 85% acetonitrile, and 10 min equilibrate. Samples were performed
in duplicate for obtaining the average values utilized for analysis. Searches were performed with
UniRef100 database which includes common contaminants from digestion enzymes and human
keratins. Peptides were filtered and quantified using ProteoIQ (Premierbiosoft, Palo Alto, CA).
Table s4.
The 10 unique gene products identified from BC patient only and 4 unique genes identified from
healthy control group only, by proteomic analysis of NanoPoms isolated urinary sEV proteins. The
Human Protein Atlas database was used: https://www.proteinatlas.org/
BC Patient
ARMCX4

FASTA Title Lines

Reported Functions and Pathways

|Q5H9R4|ARMX4_HUMAN

Intracellular, Nucleoplasm and additionally in Vesicles

Armadillo repeat-containing X-

Prognostic marker, novel passenger cancer genes22, 23

linked protein 4

DSC3

|Q14574|DSC3_HUMAN
Desmocollin-3

Plasma membrane, Cell Junctions
Regulated by p53 signaling pathway in colorectal cancer24
Down-regulated in primary breast tumors25

IRAK4

KRT23

|Q9NWZ3|IRAK4_HUMAN

Intracellular, Microtubules and additionally in Nucleoli, Cytosol

Interleukin-1 receptor-associated

Prognostic marker in endometrial cancer and urothelial cancer

kinase 4

Disrupts inflammatory pathways and delays tumor development26, 27

|Q9C075|K1C23_HUMAN Keratin,

Intracellular, Intermediate filaments and additionally in Cytosol

type I cytoskeletal 23

Prognostic marker in urothelial cancer
Keratin 23 promotes telomerase reverse transcriptase expression and human colorectal cancer growth28, 29

PIGQ

|Q9BRB3|PIGQ_HUMAN

Golgi apparatus, Vesicles and additionally in Nucleoplasm

Phosphatidylinositol N-

Prognostic marker in renal cancer

acetylglucosaminyltransferase

GPI‐AP biosynthesis deficiency disorder syndrome30

subunit Q

SERPINB2

|P05120|PAI2_HUMAN

Intracellular

Plasminogen activator inhibitor 2

Prognostic marker in urothelial cancer
SerpinB2 inhibits migration and promotes a resolution phase signature in large peritoneal macrophages31

PDHA2

|P29803|ODPAT_HUMAN Pyruvate

Intracellular, Mitochondria, links the glycolytic pathway to the tricarboxylic cycle

dehydrogenase E1 component

Testis specific32

subunit alpha, testis-specific form,

In Tumor Suppressor gene database https://bioinfo.uth.edu/TSGene/,

mitochondrial
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RALGAPA2

|Q2PPJ7|RGPA2_HUMAN Ral

Intracellular, Plasma membrane, Cytosol

GTPase-activating protein subunit

Prognostic marker in renal cancer

alpha-2

Downregulation of Ral GTPase-activating protein promotes tumor invasion and metastasis of bladder

|Q6STE5|SMRD3_HUMAN

Intracellular, Nucleoplasm

SWI/SNF-related matrix-associated

Prognostic marker in colorectal cancer

actin-dependent regulator of

The chromatin remodeler SMARCD3 regulates cell cycle progression and its expression predicts survival

chromatin subfamily D member 3

outcome in ER+ breast cancer34, 35

|Q5XG87|PAPD7_HUMAN Non-

Intracellular, Nucleoplasm and additionally in Nuclear membrane, Golgi apparatus

cancer33

SMARCD3

PAPD7

canonical poly(A) RNA polymerase

Prognostic marker in renal cancer and urothelial cancer

Healthy

FASTA Title Lines

Reported Functions and Pathways

ORM2

|P19652|A1AG2_HUMAN Alpha-1-

Intracellular, Vesicles and additionally in Golgi apparatus

acid glycoprotein 2

Orm1 and Orm2 are conserved endoplasmic reticulum membrane proteins regulating lipid homeostasis and
protein quality control36-38

ATP5F1A

|P25705|ATPA_HUMAN ATP

Intracellular, Mitochondria

synthase subunit alpha,

Reduced Levels of ATP Synthase Subunit ATP5F1A Correlate with Earlier-Onset Prostate Cancer39

mitochondrial

DEFB1
MPP7

|P60022|DEFB1_HUMAN Beta-

Secreted pathway

defensin 1

Normal tissue annotation

|Q5T2T1|MPP7_HUMAN MAGUK

Intracellular, Cell Junctions and additionally in Nucleoplasm

p55 subfamily member 7

Acts as an important adapter that promotes epithelial cell polarity and tight junction formation via its
interaction with DLG1. Involved in the assembly of protein complexes at sites of cell-cell contact
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