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Abstract
Bacterial overgrowth is common for improperly stored urine. However, its effects on
human urinary extracellular vesicles (uEVs) study had not been previously examined
nor documented. This study investigated the presence of bacterial EVs (bEVs) con-
taminated in uEVs samples and their effects on uEVs study. Nanoscale uEVs were
isolated from normal human urine immediately after collection (0-h) or after 25◦C-
storage with/without preservative (10 mM NaN3) for up to 24-h. Turbidity, bacterial
count and total uEVs proteins abnormally increased in the 8-h and 24-h-stored urine
without NaN3. NanoLC-ESI-LTQ-OrbitrapMS/MS identified 6–13 bacterial proteins
in these contaminated uEVs samples. PCR also detected bacterial DNAs in these con-
taminated uEVs samples. Besides, uEVs derived from 8-h and 24-h urine without
NaN3 induced macrophage activation (CD11b and phagocytosis) and secretion of
cytokines (IFN-α, IL-8, and TGF-β) from macrophages and renal cells (HEK-293,
HK-2, and MDCK). All of these effects induced by bacterial contamination were
partially/completely prevented by NaN3. Interestingly, macrophage activation and
cytokine secretion were also induced by bEVs purified from Escherichia coli. This
study clearly shows evidence of bEVs contamination and their effects on human
uEVs study when the urine samples were inappropriately stored, whereas NaN3 can
partially/completely prevent such effects from the contaminated bEVs.
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 INTRODUCTION

Exosomes are the nanoscale membrane-bound extracellular vesicles (EVs) with diameters of 40–160 nm (Jeppesen et al., 2019;
Kalluri & LeBleu, 2020). They are found in various body fluids, for example, plasma, urine and saliva (Kumar et al., 2021). Exo-
somes and other types of EVs, are known to carry several cellular molecules such as proteins, DNAs, RNAs, metabolites, etc.
(Jeppesen et al., 2019; Lian et al., 2017; Tao et al., 2019). The presence and abundance of these molecules in exosomes and EVs
vary among cell types under different conditions (Chirackal et al., 2019; Jeppesen et al., 2019; Lian et al., 2017; Singhto & Thong-
boonkerd, 2018; Singhto et al., 2018). In other words, exosomes and EVs isolated from healthy and unhealthy individuals may
contain differential levels of proteins (Kerr et al., 2018; Tian et al., 2021), DNAs (Hagey et al., 2021; Zhao et al., 2021), RNAs (Tan
et al., 2021; Zhang et al., 2022), andmetabolites (Tao et al., 2019;Weingrill et al., 2021; Zhu et al., 2021). Among the body fluid EVs,
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urinary exosomes and other small EVs ( altogether termed as “nanoscale uEVs”) have gained a wide attention from researchers
due to their availability and non-invasiveness of the sample collection (Vitorino et al., 2021). Furthermore, nanoscale uEVs carry
various molecules that can be used as the biomarkers for many diseases (Vitorino et al., 2021).

The nanoscale EVs also serve as the cargos for transporting molecules from one cell to the others for their communications.
The transported molecules then elicit various effects on the recipient cells (Kalluri & LeBleu, 2020; Lee et al., 2019; Noonin &
Thongboonkerd, 2021). As such, the nanoscale EVs have been proposed to be an excellent therapeutic tool to deliver drugs to the
target cells in vivo (Hazrati et al., 2022; Kalluri & LeBleu, 2020). Although these nanoscale EVs can be used as a drug delivery tool,
their sufficient production for therapeutics is quite challenging. Currently, the therapeutic nanoscale EVs are mostly produced
from conditioned medium of stem cells, for which procedures are rate-limiting steps, suggesting that large-scale cell culture
is required (Colao et al., 2018; Park, 2022). Hence, urine has been suggested to be an alternative source for production of the
therapeutic nanoscale EVs. A recent study has shown that the nanoscale uEVs from patients with prostate cancer can be used
to deliver nanoparticles containing anti-cancer drug to the cancer cells, in vivo and in vitro (Pan et al., 2021). More recently, the
nanoscale uEVs isolated frompremature infant urine has been shown to delivermiR-30a-5p, which is themost abundantmiRNA
in these uEVs, to the kidney and ameliorate inflammation in mice with acute kidney injury (Ma et al., 2022).

One of the critical issues that should be concerned, when collecting and preparing urine samples for uEVs isolation, is bac-
terial contamination. It has been clearly shown that bacterial overgrowth can be detected in the urine samples stored at room
temperature without preservatives for 8 h (for uncentrifuged urine) and 12 h (for clarified urine after centrifugation to remove
cells and debris) (Thongboonkerd & Saetun, 2007). Moreover, such bacterial contamination dramatically affects proteomic anal-
ysis of the whole urinary proteome (Thongboonkerd & Saetun, 2007). The overgrowth bacteria can produce and release bacterial
extracellular vesicles (bEVs) into the culture medium and the collected body fluids (Bitto et al., 2017; Tulkens et al., 2020). Sizes
of bEVs are around 50–250 nm, which overlap with the sizes of human nanoscale uEVs (Hu et al., 2020; Tulkens et al., 2020).
Such size overlapping suggests that bEVs are likely to be co-isolated with human nanoscale uEVs if there is bacterial overgrowth
in the urine samples. Similar to the human uEVs, bEVs contain components, such as proteins, DNAs, RNAs, etc., from bacteria
(Bitto et al., 2017; Bitto et al., 2021; Hu et al., 2020). Hence, the contamination of bEVs in uEVs samples may lead to inaccurate
quantification of uEVs contents and may interfere with further uEVs investigations and applications. Nevertheless, their effects
on human uEVs analysis had not been previously investigated nor documented.

Recently, the Urine Task Force of the International Society for Extracellular Vesicles (ISEV) has launched a position paper
summarizing the state of the art of current research on uEVs (Erdbrugger et al., 2021). One of the challenges and gaps in future
uEVs research stated in this position paper by the Rigor and Standardization Subcommittee of the ISEV Urine Task Force is that
“Studies addressing collection, processing and storage of urine specifically for uEVs research are very limited” (Erdbrugger et al., 2021).
Hence, this study aimed to provide direct evidence of bEVs contamination in nanoscale uEVs samples isolated from improperly
stored human urine (i.e., that stored at room temperature without preservatives for a long period) and their effects on expression
and functional investigations of the uEVs.

 MATERIALS ANDMETHODS

. Urine sample collection and preparation

All experiments involving human subjects and clinical samples were conducted according to the international guidelines, that is
the Declaration of Helsinki, the Belmont Report, and ICH Good Clinical Practice. The study was also approved by the Institu-
tional Review Board (approval no. Si650/2015). All participants were informed about the study and their signed consent forms
were obtained. Morning midstream urine samples were collected from 23 healthy subjects (25–50 years). These urine samples
with an equal volume (100 ml/each) were then pooled and centrifuged at 2000 × g and 4◦C for 10 min to eliminate cells and
debris. The supernatant was collected and equally divided into 2 main portions: one added with 10 mM sodium azide (NaN3)
and the other without NaN3 addition. Each portion was then equally aliquoted (30-ml each) and incubated at 25◦C for 0, 2, 4, 6,
8 or 24 h (Figure 1A). These aliquots were then investigated as follows.

. Determination of bacterial contamination in the urine samples

To determine bacterial contamination, urine turbidity and bacterial colony forming unit (CFU) were quantified. Absorbance
at λ620 nm was measured using a UV-visible spectrophotometer (Analytik Jena; Jena, Germany) to determine turbidity of the
urine samples stored at 25◦C for 0, 8 or 24 h with or without NaN3. The CFU was counted from 10-fold serially diluted 0-h,
8-h and 24-h stored urine samples with or without NaN3 on Luria-Bertani (LB) (BD Biosciences; San Jose, CA) agar plate. After
overnight incubation at 37◦C, numbers of bacterial colonies formed on the plate were counted and are reported as CFU/ml urine.
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(a)

(b)

F IGURE  Schematic summary of sample preparation and analyses. (A): Urine samples were collected from 23 healthy volunteers, pooled and then
subjected to a low-speed centrifugation to remove cells and debris. Thereafter, the pooled samples were divided into two groups (with or without the addition
of 10 mM NaN3), equally aliquoted (30 ml each) and then stored at 25◦C. At the indicated time-points, each aliquot was subjected to turbidity measurement,
bacterial colony forming unit (CFU) count, nanoscale uEVs isolation, and validation of the nanoscale uEVs enrichment by Western blot analysis of exosomal
markers. (B): The nanoscale uEVs samples derived from the urine with or without NaN3 were then subjected to PCR (to detect bacterial DNAs), total protein
measurement, identification of bacterial proteins by tandem mass spectrometry (MS/MS), and several functional assays (to evaluate their effects on
macrophage activation marker, phagocytic activity and cytokine secretion, and on the cytokine secretion from various renal cells).

. Isolation of nanoscale uEVs

At indicated time-points, each aliquot (30-ml each) of the urine with or without NaN3 prepared as described above (Figure 1A)
was centrifuged at 10,000× g for 30 min to remove large EVs (e.g., microvesicles). The obtained supernatant was filtered through
a syringe filter (0.22-μm pore size) (Sartorius; Goettingen, Germany) to remove the remaining large EVs and bacteria (if any).
Thereafter, the filtrate was ultracentrifuged at 100,000× g and 4◦C for 1.5 h to pellet nanoscale uEVs. The enrichment of nanoscale
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uEVs, especially exosomes, was validated by Western blot analysis of exosomal markers (see below). Thereafter, the isolated
nanoscale uEVs were then subjected to investigations as follows (Figure 1B).

. Western blotting to validate the enrichment of exosomes after isolation of nanoscale uEVs

The nanoscale uEVs derived from 30-ml aliquot of the basal urine without storage nor NaN3 were extracted using Laemmli’s
buffer, whereas the whole basal urine (30-ml) without storage nor NaN3 was subjected to dialysis against deionized water and
concentrated by lyophilization as previously described (Noonin et al., 2021, 2022). Protein concentration in each sample was
measured by Bradford’s method using Bio-Rad Protein Assay (Bio-Rad Laboratories; Hercules, CA). The nanoscale uEVs and
whole urine proteins with an equal amount (40 μg each) were resolved by 12% SDS-PAGE and then transferred to nitrocellulose
membranes. The membranes were incubated in PBS containing 5% skim milk for 1 h and then with each of mouse mono-
clonal antibodies against exosomal markers, including Alix (Jeppesen et al., 2019; Zhao et al., 2021), HSP70 (Singhto et al., 2018),
and Rab5 (Singhto & Thongboonkerd, 2018) (all were from Santa Cruz Biotechnology; Santa Cruz, CA), diluted 1:250, 1:1,000
and 1:500, respectively, in PBS containing 1% skim milk at 4◦C overnight. After washing with PBS, the membranes were incu-
bated with horseradish peroxidase-conjugated rabbit anti-mouse secondary antibody (Sigma-Aldrich; St. Louis, MO) diluted
1:10,000 in PBS containing 1% skim milk at 25◦C for 1 h. The immunoreactive bands were detected using SuperSignal West
Pico chemiluminescence substrate (Thermo Scientific; Waltham, MA) and autoradiographic film (X-ray film) (Fujifilm; Tokyo,
Japan).

. Measurement of total proteins in nanoscale uEVs samples

Protein concentrations in individual nanoscale uEVs samples (derived from a 30-ml aliquot per sample) were measured by
Bradford’s method using Bio-Rad Protein Assay (Bio-Rad Laboratories). The data are then reported as μg of total uEVs proteins
per ml of urine.

. Mass spectrometric (nanoLC-ESI-LTQ-Orbitrap MS/MS) identification of bacterial proteins
in nanoscale uEVs samples

Tryptic digestion of nanoscale uEVs proteins derived from 0-h, 8-h and 24-h urine without NaN3 and 24-h urine with NaN3
preservation was performed by Filter-Aided Sample Preparation (FASP) protocol (Chaiyarit & Thongboonkerd, 2021; Peerapen
& Thongboonkerd, 2020). The digested peptides were then separated by two-column system using nano-flow liquid chro-
matography EASY-nLC II (Thermo Fisher Scientific; San Jose, CA) as previously described (Peerapen & Thongboonkerd, 2019;
Sutthimethakorn & Thongboonkerd, 2020). The peptides were eluted and subjected to analysis by LTQ-Orbitrap-XL (Thermo
Scientific) (Thongboonkerd&Chaiyarit, 2022; Yoodee et al., 2021). TheMS survey scan was performed in a precursormass range
of 300–2000m/zwith a resolution of 30,000 in the Orbitrap. ForMS/MS analysis, the twelve most abundant ions (top-12) in each
MS scan with minimum signal threshold at 1 × 105 were selected for fragmentation by collision-induced dissociation (CID) in
the linear ion trap. The activation time and dynamic exclusion window were 30 ms and 180 s, respectively.

The MS/MS raw spectra were deconvoluted and then extracted into output searchable .mgf files using Proteome Discov-
erer v.1.4.1.14 software (Thermo Scientific). Mascot software version 2.4.0 (Matrix Science; London, UK) was used to search
MS/MS spectra against SwissProt database of bacteriawith the following standardMascot parameters forCID: Enzyme= trypsin,
maximal number of missed cleavages = 1, peptide tolerance= ± 2 ppm, MS/MS tolerance= ± 0.1 Da, fixed modification= car-
bamidomethyl (C), variable modification = oxidation (M), charge state = 2+, and decoy database on false discovery rate
(FDR) < 1%.

. PCR to detect bacterial DNAs in nanoscale uEVs samples

The nanoscale uEVs (from 30-ml aliquot of urine per sample) were suspended in equal volume of PBS and then mixed with
primers (listed in Table 1) and reaction mixture containing Taq DNA polymerase (New England BioLabs; Ipswich, MA). The
PCR condition was set as follows: 95◦C initial denaturation (2 min), 35 cycles of 95◦C denaturation (30 s/cycle), 50◦C–52◦C
annealing (30 s), and 68◦C extension (30 s), followed by 68◦C final extension (5 min). Following agarose gel electrophoresis,
the PCR products were stained with RedSafe (iNtRON Biotechnology, Inc.; Seongnam, South Korea) and visualized by using
ChemiDoc MP Imaging System (Bio-Rad Laboratories).
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TABLE  All primers used for PCR in this study

Protein encoded by the target gene Primers Sequences (′ to ′)
Product size
(bp)* Species specificity

Flagellin Forward
Reverse

GCGTATTAACAGCGCGA
TCATTTGCGCCAACCTGGAT

348 Escherichia coli

Salmonella enterica

Serratia marcescens

Shigella flexneri

Forward ATGGCACAAGTCATTAATAC 414 Escherichia coli

Reverse CAGGACTTTCACGCCGT Salmonella enterica

Serratia marcescens

Shigella flexneri

Outer membrane protein A Forward CCATGAAAACCAACTGGGCG 486-498 Escherichia coli

Reverse TTGGTCTGTACTTCCGGTGC Salmonella enterica

Shigella flexneri

Forward
Reverse

TGAATGCGGCTCCGAAAGAT
AGTGCTTGGTAGCCACTTCC

588-600 Salmonella enterica

Shigella flexneri

Major outer membrane lipoprotein Forward
Reverse

CAGACGCTGGTTAGCACGAG
GCGGTAATCCTGGGTTCTACT

180 Escherichia coli

Salmonella enterica

Shigella flexneri

*bp = base pair.

For genes encoding flagellin and outer membrane protein A, two pairs of primers (Table 1) were used for their amplification.
The band detected after amplifying with any pair was considered as positive result.

. Isolation of E. coli bEVs

A colony of E. coli (ATTC 25922) (ATCC; Manassas, VA) grown on LB agar plate was inoculated in LB broth and incubated
at 37◦C overnight. The inoculum was diluted 1:10 with fresh LB broth and cultured at 37◦C for 3 h to reach the late-log phase
(absorbance at λ620 nm was approximately 0.9). Then, the suspension was centrifuged at 10,000 ×g for 30 min to pellet bacteria.
To ensure that the collected supernatant was free of bacterial cells, the supernatant was filtered through 0.22-μm syringe filter
(Sartorius). The filtrate (namely “cell-free cultured medium”) was subjected to bEVs isolation by centrifugation at 100,000 × g
and 4◦C for 1.5 h. The enrichment of E. coli bEVs in the obtained pellet was confirmed by Western blotting as described above
but using 20 μg proteins from cell-free cultured medium and from the bEVs pellet, whereas the primary antibody was mouse
monoclonal antibody againstGroEL (SantaCruz Biotechnology), one of the bEVs proteins (Hong et al., 2019; Kanlaya et al., 2019).
Finally, the obtained E. coli bEVs pellet was suspended in RPMI 1640 medium (Gibco; Grand Island, NY) to treat macrophages
as follows.

. Macrophage and renal cell culture and intervention with nanoscale uEVs or E. coli bEVs

The impact of the contaminated bEVs on immunomodulatory effects of human nanoscale uEVs was examined in macrophages
and renal cells. Macrophages were derived from human monocytic cells as previously described (Singhto & Thongboonkerd,
2018; Sintiprungrat et al., 2010). Briefly, U-937 (ATCC) cells were cultured in RPMI 1640 medium (Gibco) supplemented with
10% (v/v) fetal bovine serum (FBS) (Gibco), 60 μg/ml streptomycin (Sigma-Aldrich; St. Louis, MO), and 60 U/ml penicillin G
(Sigma-Aldrich). The cells were seeded into 6-well plate (5 × 105 cells/well) and treated with 100 ng/ml phorbol-12-myristate-
13-acetate (PMA) (Fluka; St. Louis, MO) for 48 h. The culture supernatant and non-adhered cells were removed, whereas the
adhered cells were washed with PBS and recovered in RPMI supplemented with 10% FBS for 48 h before being treated with
nanoscale uEVs or E. coli bEVs.
Three renal cell lines, includingHEK-293 (human embryonic cells), HK-2 (human proximal tubular cells), andMDCK (canine

distal tubular cells) (all were from ATCC) were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) supplemented
with 10% (v/v) FBS, 60 μg/ml streptomycin, and 60 U/ml penicillin G.
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All of the cells mentioned above were seeded in 6-well plate (1.5 × 105 cells/well) and incubated in their corresponding culture
medium supplemented with 10% FBS as aforementioned for 24 h. At 24 h after plating, the culture mediumwas removed and the
cells were washed with PBS to remove the remaining FBS. Thereafter, the cells were incubated in their corresponding serum-free
culture medium added with nanoscale uEVs (derived from 30-ml aliquot of urine stored at 25◦C for 0, 8 or 24 h without or with
NaN3) or E. coli bEVs (10, 20 or 40 μg/well) at 37◦C for 16 h. The effects of nanoscale uEVs with or without NaN3 preservation
and bEVs on macrophages and renal cells were examined as follows (Figure 1B).

. Flow cytometry to quantify macrophage activation marker

After intervention with nanoscale uEVs or bEVs for 16 h as described above, macrophages were trypsinized and fixed with 4%
(w/v) paraformaldehyde at 25◦C for 15 min (without permeabilization). Immunofluorescence staining of cell surface CD11b (a
macrophage activation marker) and flow cytometric quantification were performed as described previously (Pongsakul et al.,
2016; Singhto et al., 2018). Briefly, the cells were incubated with 5% bovine serum albumin (BSA) (Sigma-Aldrich) dissolved
in PBS at 25◦C for 30 min (to block non-specific binders) and then with mouse monoclonal anti-CD11b antibody (Santa Cruz
Biotechnology) or isotype IgG (Santa Cruz Biotechnology) (both were diluted 1:50 in 1% BSA/PBS) at 25◦C for 1 h. After washing
with PBS, the cells were incubated with Alexa Flour 488-conjugated donkey anti-mouse IgG secondary antibody (Invitro-
gen/Molecular Probes; Burlington, Canada) (1:500 in 1%BSA/PBS) at 25◦C for 1 h and thenwashedwith PBS. TheCD11b-positive
cells were then analyzed and quantified using a flow cytometer (BD Accuri C6) (BD Biosciences).

. Phagocytosis assay

After intervention with nanoscale uEVs or bEVs for 16 h as described above, macrophages were subjected to phagocytosis assay
as described previously (Singhto et al., 2013, 2018). Briefly, macrophages in each well were incubated at 37◦C for 1 h with Saccha-
romyces cerevisiae (2×107 cells/well) suspended in RPMImedium supplementedwith 10%FBS. Thereafter, the non-phagocytosed
yeasts were washed out using PBS, whereas the phagocytic macrophages with yeasts inside were imaged under ECLIPSE-Ti-S
inverted phase-contrast light microscope (Nikon). Number of the phagocytic cells and phagocytosed yeasts were counted from
15 random fields/well. % phagocytic cells and % phagocytic index were then calculated using the following formulas.

% phagocytic cells =
(
phagocytic cell number∕total cell number

)
× 100 (1)

% phagocytic index =
(
phagocytosed yeast number∕total cell number

)
× 100 (2)

. ELISA to measure cytokine levels

After intervention with nanoscale uEVs or bEVs for 16 h as described above, ELISA was performed as previously described
(Gallemit et al., 2021; Yoodee et al., 2021). Briefly, the conditioned cultured medium from macrophages or renal cells was col-
lected and centrifuged at 500 × g for 10 min to remove cells and debris. Subsequently, the supernatant was dialyzed against
deionized water followed by lyophilization. Dried proteins from each sample were dissolved in an equal volume of a coating
buffer containing 15 mM NaCO3 and 30 mM NaHCO3, pH 9.6. Then, an equal volume of the dissolved proteins was added
into each well of 96-well ELISA plate (Nunc; Roskilde, Denmark) and incubated at 4◦C overnight to allow the proteins to
adhere onto the well surface. After removing non-adhered proteins by washing with 0.05% Tween-20/PBS, 5%BSA/PBS was
added and incubated at 25◦C for 2 h. Thereafter, each well was incubated with each of these primary antibodies, including
mouse monoclonal anti-IFN-α, rabbit anti-IL-8, and mouse monoclonal anti-TGF-β antibodies (all were from Santa Cruz
Biotechnology) (5 μg/ml in 0.1% BSA/PBS), at 25◦C for 2 h. After washing with PBS, the sample was further incubated with
HRP-conjugated rabbit anti-mouse IgG (Sigma-Aldrich) or swine anti-rabbit IgG (Dako; Glostrup, Denmark) secondary anti-
body at 25◦C for 2 h. After washing with PBS, the HRP-substrate solution (3.3 mM ortho-phenylenediamine dihydrochloride
(Sigma-Aldrich), 0.012% H2O2, 35 mM citric acid monohydrate, and 100 mM Na2HPO4, pH 5) was added. The colour was
allowed to develop at 25◦C in the dark for 15 min before the reaction was stopped by using 2 MH2SO4 solution. The absorbance
(optical density or OD) of the sample was measured at λ492 nm using an ELISA plate reader (EZRead 400) (Biochrom;
Cambridge, UK).
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. Statistical analysis

Three experimental sets were performed for all experiments using independent samples. All quantitative data are reported
as mean ± SD. Normality of the dataset was evaluated by using Kolmogorov-Smirnov test. For normally distributed datasets,
ANOVA followed by Tukey’s (for those with equal variance) or Dunnett’s T3 (for those with unequal variance) post-hoc multiple
comparisons were performed. Otherwise, the nonparametric Kruskal-Wallis test was performed followed by Dunn’s multiple
comparisons. Statistically significant differences among experimental groups were considered when p values were less than 0.05.

 RESULTS

. Bacterial overgrowth in the urine and contamination of bacterial proteins and DNAs in
human nanoscale uEVs samples

To investigate whether improper storage of the urine (i.e., prolonged storage at room temperature without preservatives) could
lead to contamination of bEVs in the isolated nanoscale uEVs, we first determined bacterial overgrowth and the presence of bac-
terial proteins and DNAs in such improperly stored urine samples. NaN3 was used as a representative preservative in this study
and its concentration used herein was within the range recommended by a previous urinary whole proteome study (Thong-
boonkerd & Saetun, 2007). The analysis revealed that urine turbidity and bacterial number (CFU/ml) significantly increased
when the urine samples were stored at 25◦C for 8 h ( namely “-h urine”) without NaN3 and markedly increased when the urine
samples were stored at 25◦C for 24 h ( namely “-h urine”) without NaN3 (Figure 2A and B). However, those stored with NaN3
had no significant increases in their turbidity and bacterial number as comparedwith their baseline samples ( namely “-h urine”)
(Figure 2A and B). These data indicate the presence of bacterial overgrowth in the 8-h and 24-h urine without NaN3.
The nanoscale uEVs were then isolated from these urine samples and their enrichment were confirmed by Western blotting

using monoclonal antibodies specific for exosomal markers, including Alix, HSP70 and Rab5 (Figure 2C). Measurement of total
proteins in each sample revealed that the total protein level significantly increased in the uEVs samples derived from 8-h urine
without NaN3 preservation and dramatically increased in the uEVs samples derived from 24-h urine without NaN3 preservation,
whereas the level in those derived from 24-h urine stored with NaN3 remained unchanged (Figure 2D). This result implicates
that the dramatic increase in total proteins in uEVs derived from 8-h and 24-h urine without NaN3 was most likely from the
contaminated bEVs in these samples.
We also investigated whether appropriate storage of the urine (i.e., at −80◦C) immediately after collection and removal of

cells and debris could prevent bacterial overgrowth. The data confirmed that urine turbidity and bacterial number remained at
their basal levels even after storage at −80◦C for 10 days (Supplementary Figure S1A and S1B). Moreover, total protein level in
the nanoscale uEVs samples derived from the urine stored at −80◦C for 10 days did not change (Supplementary Figure S1C),
implicating the absence of bacterial overgrowth in these properly stored urine samples.
Tandem mass spectrometry (nanoLC-ESI-LTQ-Orbitrap MS/MS) was then performed to identify bacterial proteins in the

nanoscale uEVs samples derived from 0-h, 8-h and 24-h urine without NaN3 and 24-h urine with NaN3 preservation. The data
confirmed the presence of 6 and 13 bacterial proteins in the contaminated uEVs samples derived from 8-h and 24-h urine without
NaN3, respectively, whereas none of the bacterial proteins were detected in the uEVs samples derived from 0-h urine without
NaN3 and 24-h urine with NaN3 (Table 2). Additionally, PCR was performed to confirm the presence of bacterial DNAs in
these contaminated samples. As shown in Figure 3, the intense bands of PCR amplicons of the genes encoding flagellin, outer
membrane protein A, and major outer membrane lipoprotein (Table 1) were detected in the uEVs samples isolated from 24-
h urine without NaN3. Moreover, a faint band of the gene encoding flagellin was also detected in the uEVs samples isolated
from 8-h urine without NaN3 (Figure 3A), indicating the existence of a small amount of bEVs at this early time-point. These
results indicate that the longer the urine was stored at 25◦C without preservative, the more bEVs contamination in the uEVs
detected. By contrast, there were no PCR bands detected in any of the uEVs samples isolated from 0-h to 24-h urine with NaN3
(Figure 3).

. Effects of contaminated nanoscale uEVs and isolated E. coli bEVs on macrophage activation
marker

After confirming the contamination of bEVs in human nanoscale uEVs samples, we hypothesized that such contamination
could lead to an activation of immune cells, thereby interfering with the functional study of the uEVs. Effects the contami-
nated nanoscale uEVs on macrophage activation were then examined. Flow cytometric analysis revealed the upregulation of
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(a)

(c)

(d)

(b)

F IGURE  Bacterial overgrowth in the urine and contamination of bacterial proteins in human nanoscale uEVs samples. (A) and (B): After removal of
cells and debris, the urine samples (30 ml/aliquot) with or without 10 mM NaN3 were immediately (0 h) subjected to turbidity measurement and bacterial
colony forming unit (CFU) count, or stored at 25◦C for 8 or 24 h before these measurements. (C): The nanoscale uEVs were then isolated from these urine
samples and their enrichment was confirmed by Western blot analysis of exosomal markers, including Alix, HSP70 and Rab5. (D): The amounts of total
proteins were measured from nanoscale uEVs samples derived from the urine immediately after collection (0 h) or stored at 25◦C for 8 or 24 h with or without
NaN3. All quantitative data were derived from three independent experiments using different biological samples (each with triplicate measurements) and are
reported as mean ± SD.

CD11b, a macrophage activation marker, on the cell surface of macrophages treated with nanoscale uEVs derived from 8-h and
24-h urine without NaN3 in a time-dependent manner (Figure 4A and B). However, the level of CD11b could be preserved
at its basal level in macrophages treated with nanoscale uEVs derived from 24-h urine in the presence of NaN3 (Figure 4A
and B). bEVs were then isolated from a reference E. coli strain and their enrichment was confirmed by Western blot analy-
sis of GroEL (Figure 4C). Macrophages treated with bEVs also showed upregulation of their surface CD11b expression in a
concentration-dependent manner (Figure 4D and E), consistent with the data obtained from the contaminated uEVs.
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(a)

(b)

(c)

F IGURE  Contamination of bacterial DNAs in human nanoscale uEVs samples. After removal of cells and debris, the urine samples (30 ml/aliquot)
were stored at 25◦C with or without 10 mM NaN3 for up to 24 h. (A)–(C): At the indicated time-points, nanoscale uEVs were isolated from these samples and
subjected to PCR to detect bacterial DNAs encoding flagellin, outer membrane protein A, and major outer membrane lipoprotein, respectively (see additional
details in Table 1). bp = base pair; NC = negative control for PCR.

. Effects of contaminated nanoscale uEVs and isolated E. coli bEVs on macrophage phagocytic
activity

Effects of the contaminated nanoscale uEVs on macrophage phagocytic activity were then examined. The data demonstrated
that both % phagocytic cells (see Formula 1) and % phagocytic index (see Formula 2) were significantly increased by nanoscale
uEVs derived from 8-h and 24-h urine without NaN3 in a time-dependent manner (Figure 5A–C). However, the macrophage
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(a)

(b)

(e)

(c)

(d)

F IGURE  Effects of contaminated nanoscale uEVs and isolated E. coli bEVs on macrophage activation marker. (A)–(B): After removal of cells and
debris, the urine samples (30 ml/aliquot) were stored at 25◦C with or without 10 mM NaN3. At the indicated time-points, nanoscale uEVs were isolated from
these samples and incubated with U937-derived macrophages for 16 h followed by flow cytometric analysis of the surface expression of CD11b, a macrophage
activation marker. (C): Bacterial extracellular vesicles (bEVs) secreted from E. coli were purified and their enrichment was confirmed by Western blot analysis
of an outer membrane vesicular protein, GroEL. (D)–(E): E. coli bEVs at various concentrations (10-40 μg/well) were incubated with U937-derived
macrophages for 16 h followed by flow cytometric analysis of the surface expression of CD11b. Macrophages unexposed to nanoscale uEVs nor E. coli bEVs
served as the untreated controls (grey lines, bars and dots). All quantitative data were derived from three independent experiments using different biological
samples (each with triplicate measurements) and are reported as mean ± SD.
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(a)

(b)

(c) (f)

(e)

(d)

F IGURE  Effects of contaminated nanoscale uEVs and isolated E. coli bEVs on macrophage phagocytic activity. (A)–(C): After removal of cells and
debris, the urine samples (30 ml/aliquot) were stored at 25◦C with or without 10 mM NaN3. At the indicated time-points, nanoscale uEVs were isolated from
these samples and incubated with U937-derived macrophages for 16 h followed by phagocytosis assay to evaluate the phagocytic activity. % phagocytic cells and
% phagocytic index (see Formula 1 and Formula 2 in Materials and Methods) were calculated from 15 random fields/well from each biological sample. (D)–(F):
E. coli bEVs at various concentrations (10–40 μg/well) were incubated with U937-derived macrophages for 16 h followed by phagocytosis assay to evaluate the
phagocytic activity as for the uEVs experiment. Macrophages unexposed to nanoscale uEVs nor E. coli bEVs served as the untreated controls (grey dots).
Arrow heads in (A) and (D) indicate the phagocytic cells. All quantitative data were derived from three independent experiments using different biological
samples and are reported as mean ± SD.
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phagocytic activity could be preserved at the basal level in the cells treated with nanoscale uEVs derived from 24-h urine in
the presence of NaN3 (Figure 5A–C). Similar to the expression of CD11b, both % phagocytic cells and % phagocytic index were
significantly increased by bEVs in a concentration-dependent manner (Figure 5D–F).

. Effects of contaminated nanoscale uEVs and isolated E. coli bEVs on cytokine secretion from
macrophages

In addition, secretion of cytokines from macrophages was evaluated by ELISA. The results demonstrated that nanoscale uEVs
derived from 8-h urinewithoutNaN3 significantly induced secretion of IFN-α, IL-8 andTGF-β, whereas those derived from 24-h
urine without NaN3 induced only TGF-β (Figure 6A–C). Interestingly, levels of IL-8 and TGF-β, but not that of IFN-α, could be
partially preserved by nanoscale uEVs derived from 24-h urine with NaN3 preservation. bEVs also exerted the concentration-
dependent stimulatory effects on secretion of IFN-α andTGF-β bymacrophages (Figure 6D and F). Unlike the others, the highest
level of IL-8 secretion was observed whenmacrophages were treated with 20 μg/well bEVs (Figure 6E) (see explanation for these
phenomena in the Discussion).

. Effect of contaminated nanoscale uEVs on cytokine secretion from various renal cells

Furthermore, the effects of the contaminated nanoscale uEVs on secretion of cytokines from renal cells were determined. The
nanoscale uEVs derived from 8-h and 24-h urine without NaN3 time-dependently induced secretion of IFN-α from all renal
cells tested, including HEK-293, HK-2 and MDCK cells), whereas NaN3 could completely or partially preserve the level of IFN-
α secretion from these renal cells (Figure 7). For IL-8, nanoscale uEVs derived from8-h and 24-h urinewithoutNaN3 significantly
induced its secretion fromMDCK cells, but only those derived from 24-h urine without NaN3 significantly induced its secretion
fromHEK-293 and HK-2, whereas NaN3 could completely preserve the level of IL-8 secretion from these renal cells. For TGF-β,
only nanoscale uEVs derived from 8-h urine without NaN3 significantly induced its secretion from all these renal cells, whereas
NaN3 partially preserved the level of TGF-β from HEK-293 and HK-2 cells (Figure 7).

 DISCUSSION

Urinary tract is known to host various species of bacteria, collectively called “urinarymicrobiota”, which can be found in the nor-
mal urine (Aragon et al., 2018; Neugent et al., 2020). Midstream urine collected from healthy individuals contains bacteria < 103
CFU/ml, whereas that obtained from patients with urinary tract infection (UTI) has bacteria ≥ 103 CFU/ml (Coulthard, 2019;
Kranz et al., 2018). In consistent, our present study found that the 0-h urine with or without NaN3 contained< 103 CFU/ml bac-
teria. An existence of urinary microbiota indicates a high possibility of overgrowth of these microbes in the urine samples stored
under inappropriate conditions (Thongboonkerd & Saetun, 2007). As expected, prolonged storage at room temperature (25◦C)
without NaN3 preservation caused bacterial overgrowth in the sample. By contrast, addition of NaN3 and immediate storage of
the urine samples at −80◦C after collection and cell/debris removal successfully prevented bacterial overgrowth in the samples.
bEVs were likely to be secreted from the overgrowth bacteria in the improperly stored urine samples (Bitto et al., 2017; Tulkens

et al., 2020). These bEVs have sizes overlapping with those of human nanoscale uEVs and thus are most likely to be co-purified
using ultracentrifugation technique (Jeppesen et al., 2019; Tulkens et al., 2020). The presence of bEVs proteins in nanoscale uEVs
samples can easily interfere with determination of uEVs protein concentration. Unfortunately, there was no previous report
showing this evidence. Our present study therefore provides such direct evidence demonstrating the influence of the contam-
inated bEVs on uEVs protein measurement (approximately 2-fold increase of the total proteins measured in the contaminated
samples). MS/MS analysis of the nanoscale uEVs isolated from 8-h and 24-h urine without preservative confirmed the presence
of a number of bacterial proteins in these contaminated samples. Among the identified bacterial proteins, flagellin, outer mem-
brane protein, and major outer membrane lipoprotein are the well-known and common bEVs proteins reported in other studies
(Bhar et al., 2021; Hu et al., 2020; Liu et al., 2017; Zwarycz et al., 2020). Additionally, most of bacterial proteins identified in the
contaminated uEVs sample belong to bacterial species previously reported as the microbiota in urinary and/or gastrointestinal
tracts (Kranz et al., 2018; Liu et al., 2020; Neugent et al., 2020).
In addition to proteins, bEVs also contain other cellular components (DNAs, RNAs, peptidoglycan, etc.) (Bitto et al., 2021;

Dagnelie et al., 2020; Hu et al., 2021). PCR in this present study confirmed the presence of bacterial DNAs in the nanoscale uEVs
samples derived from the 8-h and 24-h urine without preservation. The existence of bacterial nucleic acids can definitely lead to
inaccurate determination of DNA and RNA contents in the uEVs samples. Such inaccuracy can seriously affect interpretation of
the data obtained from biomarker discovery and therapeutic studies of the uEVs (Cao et al., 2022; Li et al., 2022; Ugarte et al.,
2021; Wang et al., 2022).
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(a)

(b)

(c)

(f)

(e)

(d)

F IGURE  Effects of contaminated nanoscale uEVs and isolated E. coli bEVs on cytokine secretion from macrophages. (A)–(C): After removal of cells
and debris, the urine samples (30 ml/aliquot) were stored at 25◦C with or without 10 mM NaN3. At the indicated time-points, nanoscale uEVs were isolated
from these samples and incubated with U937-derived macrophages for 16 h. Thereafter, ELISA was performed to measure levels IFN-α, IL-8 and TGF-β
secreted from these macrophages. (D)–(F): E. coli bEVs at various concentrations (10–40 μg/well) were incubated with U937-derived macrophages for 16 h.
ELISA was then performed to measure levels of IFN-α, IL-8 and TGF-β secreted from these macrophages. Macrophages unexposed to nanoscale uEVs nor E.
coli bEVs served as the untreated controls (grey bars and dots). All quantitative data were derived from three independent experiments using different
biological samples (each with triplicate measurements) and are reported as mean ± SD.



 of  NOONIN et al.

(a)

(b)

(c)

F IGURE  Effect of contaminated nanoscale uEVs on cytokine secretion from various renal cells. (A)–(C): After removal of cells and debris, the urine
samples (30 ml/aliquot) were stored at 25◦C with or without 10 mM NaN3. At the indicated time-points, nanoscale uEVs were isolated from these samples and

(Continues)
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F IGURE  (Continued)
incubated with renal cells, including HEK-293, HK-2 and MDCK, for 16 h. ELISA was then performed to measure levels IFN-α, IL-8 and TGF-β secreted from
these cells. Renal cells unexposed to nanoscale uEVs served as the untreated controls (grey bars and dots). All quantitative data were derived from three
independent experiments using different biological samples (each with triplicate measurements) and are reported as mean ± SD.

The biomolecules carried by both nanoscale uEVs and bEVs can be delivered to host cells and elicit immunomodulating
activities for immune and non-immune cells (Canas et al., 2018; Chatterjee & Chaudhuri, 2013; Dagnelie et al., 2020; Gilmore
et al., 2021). Because macrophage is an innate immune cell that can be activated by a broad range of microorganisms, it was used
as a representative immune cell to demonstrate the immunomodulatory activities of bEVs contaminated in the nanoscale uEVs.
Furthermore, the nanoscale uEVs were isolated from the urine. Various renal cells, which have direct contact with the urine,
were therefore examined. Our data showed that the bEVs-contaminated nanoscale uEVs and the purified E. coli bEVs obviously
modulated immune responses in human macrophages and various renal cells. By contrast, nanoscale uEVs isolated from the
clean urine sample (0-h) had no or only trivial effects on the immune responses in macrophages and renal cells. This indicates
that the changes in immune responses induced by nanoscale uEVs derived from 8-h and 24-h urine without NaN3 preservation
were mainly the results from bEVs contaminated in these samples. It should be noted that there were some degrees of differences
in responses to bEVs-contaminated nanoscale uEVs versus E. coli bEVs observed in this study. Such differences were possibly
due to the differential levels of bEVs present in these samples. Moreover, bEVs produced by different bacterial species or strains
carry different components inside their cargos (Bitto et al., 2017, 2021; Zwarycz et al., 2020). While the purified bEVs were solely
from E. coli, bEVs in the contaminated uEVs samples were from multiple/mixed species. Consequently, responses of the host
cells to bEVs from different bacterial species and strains varied (Bitto et al., 2021; Cecil et al., 2017). This could explain some
differences observed in cytokine secretion frommacrophages induced by bEVs-contaminated nanoscale uEVs versus purified E.
coli bEVs.
The bEVs-contaminated nanoscale uEVs elicited time-dependent stimulatory effects onmacrophage activation as determined

by CD11b activation marker and phagocytosis, consistent with the concentration-dependent effects induced by the purified E.
coli bEVs. However, their effects on macrophage cytokine secretion were somewhat different. The induction of macrophage
TGF-β secretion by the contaminated uEVs samples was time-dependent. However, their effects on macrophage IFN-α and IL-8
secretion were maximal with the samples derived from 8-h urine without preservative, whereas the effects from 24-h urine-
derived uEVs without preservative decreased to be comparable with those of the 0-h samples. Similar phenomenon was also
observed for the purified E. coli bEVs. While the stimulatory effects of E. coli bEVs on macrophage IFN-α and TGF-β secretion
were concentration-dependent as expected, their induction effect on IL-8 secretion was maximal with the amount of 20 μg/well,
not 40 μg/well. These results might be explained by the endotoxin tolerance phenomenon, in which the host cells reduce pro-
inflammatory response but, on the contrary, increase anti-inflammatory response after repeated exposure to the endotoxin (e.g.,
lipopolysaccharide or LPS) (Liu et al., 2019; Vergadi et al., 2018). Markers for the pro-inflammatory response include secretion
of the pro-inflammatory cytokines such as IFN-α/β, IFN-γ, IL-1β, IL-8, IL-6 and TNF-α (Chen et al., 2018; Lai et al., 2021), while
those for the anti-inflammatory response include secretion of the anti-inflammatory cytokines such as IL-4, IL-10 and TGF-β
(Castillo et al., 2022; Chen et al., 2018).
The endotoxin tolerance is also exhibited in chicken macrophages exposed to LPS following L. reuteri bEVs treatment (Hu

et al., 2021). In such macrophages, the up-regulated levels of IL-1β, IL-6 and TNF-α are lower than in those exposed to only LPS.
By contrast, expression levels of IL-10 and TGF-β in chicken macrophages exposed to both LPS and L. reuteri bEVs are higher
than those in macrophages exposed to only LPS (Hu et al., 2021). Besides, concentration of P. gingivalis bEVs seems to be a factor
causing endotoxin tolerance in monocytes and macrophages treated with P. gingivalis bEVs followed by P. gingivalis infection
(Cecil et al., 2017). An increase in concentration of P. gingivalis bEVs results in reduction of IL-1β, IL-8, and TNF-α secretion,
but stimulation of IL-10 secretion (Cecil et al., 2017). These findings are consistent with the results observed in our present
study.
Exposing immune cells to the anti-inflammatory cytokines like IL-10 and TGF-β contributes to less pro-inflammatory

responses of immune cells to the endotoxin (Schroder et al., 2003; Waller et al., 2016). In addition, blocking the functions of
IL-10 and TGF-β promotes pro-inflammatory cytokine expression in human colonic mucosa in response to endotoxin exposure
(Jarry et al., 2008). In this present study, the highest increase of TGF-β secretion was detected when macrophages were treated
with the uEVs samples derived from 24-h urine without NaN3. Such (maximal) increased level of TGF-β was probably a reason
for the blunt effects of the uEVs samples derived from 24-h urine without NaN3 on macrophage IFN-α and IL-8 secretion. Simi-
lar findings were also observed for the effects from the E. coli bEVs on macrophage IL-8 secretion. Nevertheless, the TGF-β level
induced by 40 μg/well E. coli bEVs might not be high enough to elicit their blunt effects on IFN-α secretion from macrophages,
thereby the concentration-dependent induction effects were still observed.
It should be noted that NaN3 could partially preserve the secretory levels of IL-8 and TGF-β from macrophages to their basal

levels. However, this was not the case for IFN-α as its secretory level frommacrophages treated with the uEVs derived from 24-h
urine with NaN3 was comparable to that induced by the uEVs derived from 8-h urine without NaN3 preservation. This might be,
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at least in part, due to the incomplete inhibition of NaN3 on the overgrowth of urinary microbiota at 24-h time-point, thereby
expressing similar effects as for the 8-h uEVs samples, which contained a milder degree of bEVs contamination.
On the other hand, endotoxin tolerance was not observed in renal cells treated with nanoscale uEVs and E. coli bEVs in our

present study. Time-dependent induction of the secretion of pro-inflammatory cytokines (IFN-α and IL-8) from all three renal
cells was observed after exposure to the uEVs derived from 8-h and 24-h urine without NaN3 preservation. In concordance, the
increased secretion of IL-8 has been reported in intestinal epithelial cells exposed toC. jejuni bEVs in a concentration-dependent
manner (Elmi et al., 2016). Moreover, bEVs-induced upregulation of IL-6 and IL-8 has been shown in epithelial cells exposed to
bEVs isolated from E. coli (Canas et al., 2018), F. nucleatum (Engevik et al., 2021), S. aureus (Bitto et al., 2021), and V. cholerae
(Chatterjee & Chaudhuri, 2013). These findings are consistent with the data obtained in our present study. For TGF-β, there is
no previous evidence reporting the induction effects of uEVs or bEVs on TGF-β secretion from epithelial cells. However, co-
treatment of LPS and inactivated L. plantarum 22A-3 bacterium has been shown to activate TGF-β secretion from intestinal
epithelial cells (Lamubol et al., 2021). In our present study, the nanoscale uEVs with low bEVs contamination (8-h) provided the
maximal induction effects on TGF-β secretion from renal cells. However, the uEVs samples derived from 24-h urine without
NaN3 did not seem to induce TGF-β secretion from these renal cells. The lack of stimulatory effects of 24-h nanoscale uEVs on
TGF-β secretion from all the renal cells being tested was somewhat unexpected and needs further elucidations.

Herein, we have provided obvious examples that the contaminated bEVs can really affect expression and functional investi-
gations of urinary exosomes or nanoscale uEVs, leading to data misinterpretation. Moreover, these data provide an important
point that a tiny amount of the contaminated bEVs can dramatically alter cellular responses. However, it should be noted that
the phenomena observed on macrophages and various renal cells, as the effectors, do not necessarily reflect responses of other
cells to the contaminated uEVs. Different cell types may have differential responses, which need further elucidations. Last but
not least, it should be noted that although HEK-293 cell line was originated from the kidney, this cell line also expresses some
neuronal specific proteins (Shaw et al., 2002). Therefore, cautions are to be made for the precise interpretation of datasets.

 CONCLUSIONS

This study clearly shows that inappropriate storage of the urine samples results in bacterial overgrowth. As a result, there is the
contamination from bEVs derived from various bacterial species in the nanoscale uEVs samples isolated from the improperly
stored urine. Such contamination obviously affects purity and quality of the uEVs. Moreover, bacterial proteins, nucleic acids,
and other components carried by the contaminated bEVs can easily interfere with the downstream expression and functional
investigations of the isolated uEVs. In addition to the inaccurate estimation of the uEVs proteins, we have demonstrated that the
bEVs-contaminated uEVs samples derived from the urine stored at room temperature for 8-h and 24-h without any preservative,
but not their basal samples at 0-h storage, can abnormally activate the immune responses in macrophages and renal cells. Our
data also demonstrate that using 10 mM NaN3 as a preservative can partially prevent the interfering effects from such bEVs
contamination. Therefore, we recommend to add a preservative (e.g., 10 mM NaN3) into the urine samples when the samples
are likely to be stored at room temperature for a certain period. And even though the preservative is added, the samples should
not be stored at room temperature for longer than 8-h. Otherwise, the urine should be stored at 4◦C or lower (such as at−80◦C)
soon after the cells and debris were removed following the collection.
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