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Abstract
Studying specific subpopulations of cancer-derived extracellular vesicles (EVs) could help reveal their role in cancer pro-
gression. In cancer, an increase in reactive oxygen species (ROS) happens which results in lipid peroxidation with a major 
product of 4-hydroxynonenal (HNE). Adduction by HNE causes alteration to the structure of proteins, leading to loss of 
function. Blebbing of EVs carrying these HNE-adducted proteins as a cargo or carrying HNE-adducted on EV membrane are 
methods for clearing these molecules by the cells. We have referred to these EVs as Redox EVs. Here, we utilize a surface 
tension-mediated extraction process, termed exclusion-based sample preparation (ESP), for the rapid and efficient isolation 
of intact Redox EVs, from a mixed population of EVs derived from human glioblastoma cell line LN18. After optimizing 
different parameters, two populations of EVs were analyzed, those isolated from the sample (Redox EVs) and those remaining 
in the original sample (Remaining EVs). Electron microscopic imaging was used to confirm the presence of HNE adducts 
on the outer leaflet of Redox EVs. Moreover, the population of HNE-adducted Redox EVs shows significantly different 
characteristics to those of Remaining EVs including smaller size EVs and a more negative zeta potential EVs. We further 
treated glioblastoma cells (LN18), radiation-resistant glioblastoma cells (RR-LN18), and normal human astrocytes (NHA) 
with both Remaining and Redox EV populations. Our results indicate that Redox EVs promote the growth of glioblastoma 
cells, likely through the production of H2O2, and cause injury to normal astrocytes. In contrast, Remaining EVs have minimal 
impact on the viability of both glioblastoma cells and NHA cells. Thus, isolating a subpopulation of EVs employing ESP-
based immunoaffinity could pave the way for a deeper mechanistic understanding of how subtypes of EVs, such as those 
containing HNE-adducted proteins, induce biological changes in the cells that take up these EVs.
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Introduction

Cancer-derived EVs have potential to be therapeutic, pro-
mote aggression, and/or serve as disease biomarkers [1]. For 
example, it was recently demonstrated that EVs that were 
derived from radiation treatment contained mitochondria, 
and these radiation-derived EVs could contribute to prostate 
cancer regrowth after radiation [2]. EVs that are derived 
from tumor cells are capable of communicating with the 
cells in the tumor microenvironment, potentially promoting 
progression and immunosuppression [3]. Studying specific 
subsets of EV populations would help provide evidence for 
their role in cancer progression. EVs vary in size, cargo, 
and mode of biogenesis causing their characterization to be 
complex. Various isolation methods have been developed for 
the purification of the different types of EVs.
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EV isolation techniques can be broadly categorized into 
four different methods: ultracentrifugation, density gradient 
separation, polymer precipitation, and immunoaffinity and 
microfluidic methods [4]. There has been some promising 
work in combining microfluidics technique with size or den-
sity differentiation [5]. Except for immunoaffinity, all the 
other methods are based on either size or density of the EVs. 
As a limitation, size/density-based methods are not useful 
for biomarker-specific isolation of EV subpopulations and 
might result in a co-purification of other molecules, such as 
lipoproteins, which could complicate the downstream analy-
sis of EVs [6]. On the other hand, immunoaffinity methods 
use antibodies to separate EVs based on their known sur-
face markers such as tetraspanins (CD9, CD63, CD81) [7], 
which results in a more specific subpopulation and puri-
fied EVs. When purification of a specific subpopulation of 
EVs is desired, a combination of size/density methods and 
immunoaffinity can be used. Sharma et al. used a combina-
tion of techniques to isolate melanoma related EVs from a 
background of EVs. In brief, they used a preliminary size-
exclusion chromatography to purify EVs from the plasma 
of patients and then used monoclonal antibodies specific 
to the CSPG4 epitope (expressed on melanoma cells) to 
purify melanoma-related EVs [8]. Antibody-based assays 
can also be used to detect a subpopulation of EVs directly. 
In a work by Yoshioka et al., circulating cancer-derived EVs 
were directly identified in the blood of colorectal cancer 
patients using the CD147 antigen that is specific to cancer-
related EVs [9]. Additionally, magnetic immunoaffinity tech-
niques have been applied inside of a microfluidic device to 
increase binding efficiency [10, 11]. While immunoaffinity 
methods can isolate subpopulations of EVs, their progress is 
hampered because of their lengthy and expensive protocols. 
Moreover, many of these methods use irreversible capture 
mechanisms to purify sub-populations of EVs. While this 
might not pose a problem for certain downstream analyses, 
intact sub-populations of EVs are crucial for other applica-
tions [12]. As a result, there is an unmet need to produce a 
simple, fast, and cost-effective immunoaffinity-based method 
that can purify intact subpopulations of EVs [13]. Our aim 
is to isolate a subpopulation of EVs related to lipid peroxi-
dation and measure the effect of these EVs on different cell 
types.

Oxidative stress is a phenomenon that is caused by the 
imbalance between the production of reactive oxygen spe-
cies (ROS) and the cell’s ability to detoxify them from the 
system [14]. ROS vary in mechanisms of generation, and 
there are a variety of species defined as ROS. Superoxide, 
hydrogen peroxide (H2O2), hydroxyl radicals, and singlet 
oxygen are among the most common ROS [15]. ROS pro-
duction occurs through enzymatic and nonenzymatic reac-
tions. Primary ROS, if not kept in balance, can also lead to 
ROS. Lipid peroxidation (LPO) is a common mechanism 

for the production of reactive aldehydes, with the initial step 
of the process being abstraction of a labile allylic hydrogen 
from a polyunsaturated fatty acid [16]. One product of lipid 
peroxidation through the nonenzymatic pathway is 4-hydrox-
ynonenal (HNE). HNE is part of different cellular signaling 
pathways and contributes to biological functions including 
stimulation and inhibition of enzymes [17]. Adduction by 
HNE causes, due to high concentrations of HNE, changes 
the protein conformation and often leads to loss of function 
[18–20]. Oxidative stress-induced HNE formation has been 
strongly tied to the formation of cancer and other diseases 
[21, 22]. One observed mechanism to eliminate the damage 
is the production of extracellular vesicles (EV). The lipid 
bilayers of cell membranes are rich in polyunsaturated fatty 
acids and therefore cell membranes are rich in labile allylic 
H-atoms on unsaturated acyl chains of phospholipids, the 
initiation sites for LPO. We demonstrated that one of the 
HNE-preferred target proteins on the cell membrane is flip-
pase [23], an ATP-dependent enzyme which translocates 
phosphatidylserine (PtdSer) from the outer leaflet back to the 
inner leaflet. When HNE adductes Cys of flippase, a confor-
mational change of flippase occurs and leads to inactivation 
of flippase [24]. Impairing of flippase results in PtdSer flip 
to outer bilayer leaflet and when an overwhelming amount of 
PtdSer is on the outer leaflet, it contributes to the shedding 
of EVs, microvesicles [25].

We have recently identified extracellular entities termed 
redox-extracellular vesicles (Redox EVs), EVs containing 
HNE-adducted proteins that can be detected by liquid biopsy 
of the blood [26]. Given the significance of HNE-adducted 
proteins in causing cellular damage and the crucial role of 
EVs in cancer and neuro-associated diseases [21, 27, 28], 
our objective in this study is to isolate Redox EVs. The abil-
ity to detect EVs through liquid biopsy demonstrates their 
clinical diagnostic potential in conditions including radia-
tion-induced brain injury or chemotherapy-induced cogni-
tive impairments [26, 29, 30] as well as hard-to-diagnose 
cancers such as glioblastoma (GBM), a deadly cancer that 
seriously reduces quality of life due to wide-ranging neuro-
logic impairment. GBM is also among the most challenging 
cancers to treat. Several factors contribute to the challenge, 
including the lack of a sensitive non-invasive method of 
early detection, the diffuse infiltrative nature of GBM, and 
tumor spatiotemporal heterogeneity.

Despite the abundant amount of EVs in GBM serum 
[31–33], isolation of subpopulation of EVs still need to be 
further developed. Precipitation methods have been reported 
to negatively impact the biological activity of isolated EVs 
and are prone to co-precipitating non-EV materials, such 
as protein aggregates, polymeric materials, other vesicles, 
and lipoparticles, which can lead to contamination [34, 35]. 
While flow cytometry can be used to isolate rare EV subpop-
ulations from a heterogeneous population [36], identifying, 
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sorting, and studying distinct subsets of EVs requires highly 
specialized and costly equipment, such as nanoscale Fluores-
cence Analysis and Cytometric Sorting (nanoFACS). This is 
because the majority of EVs fall below the minimum detec-
tion threshold for even the most sensitive flow cytometers 
[36]. Moreover, the recovery rate of these methods is mod-
erately low, considering the high volume of original samples 
used. Consequently, isolating any specific EV subpopula-
tion, including Redox EVs, through immunoprecipitation or 
cell sorting flow cytometry is a time-consuming and labor-
intensive process that demands large sample volumes and 
access to expensive instrumentation. Because of the caveats 
of the aforementioned EV isolation techniques, we have 
turned to a platform called exclusion-based sample prepara-
tion (ESP), which has previously been utilized to efficiently 
isolate small quantities of nucleic acids, proteins, and whole 
cells, but not EVs [37–40]. Recently, ESP has been success-
ful in simplifying the extraction of SARS-CoV-2 RNA from 
wastewater samples [41–43]. Briefly, ESP utilizes hydropho-
bic surfaces and reagent surface tension to create several air/
aqueous phase interfaces along a singular linear path. With 
this configuration, paramagnetic particle (PMP)-bound ana-
lytes can be drawn through multiple aqueous reagents (e.g., 
washing buffers) using a single linear motion. This results 
in a simple and rapid isolation process that has been shown 
to produce much higher yields than traditional immunoaf-
finity isolation protocols [37, 44, 45]. The process can be 
further improved via automation of ESP, which was recently 
introduced [46]. In summary, the objective of this study was 
to determine, for the first time, if ESP technology could be 
utilized to isolate Redox EVs. Additionally, the Redox EVs 
are characterized, and their impact on cells is examined. Part 
of this work has been previously presented as a conference 
poster presentation.1

Material and methods

Cell lines

The human glioblastoma cell line, LN18, was obtained and 
authenticated by ATCC (Catalog Number CRL-2610). Radi-
ation resistant LN18 cells (RR-LN18) were developed from 
LN18 cells by exposing them to 2 Gy radiation, 5 days/week, 
until obtained a total of 60 Gy. RR-LN18 cells were authen-
ticated using target short tandem repeat (STR) markers pro-
vided by ATCC cell authentication service. Normal human 

astrocyte (NHA) cells were obtained from Lonza (Catalog 
Number CC-2565). LN18-cells were adherent in culture and 
were maintained in T75 tissue culture flasks (Corning, AZ) 
in complete medium (RPMI-1640 media supplemented with 
10% FBS, 5% penicillin streptomycin, 5% L-glutamine, 5% 
Sodium Pyruvate, and 5% HEPES buffer). Cells were grown 
in a humidified atmosphere at 5% CO2 in air at 37○C. Cells 
were detached with Trypsin-EDTA. LN18 cells were seeded 
in complete media and allowed to adhere overnight. Once 
adhered to the flask surface, the media was removed, and 
the cells were washed with 1X PBS. Complete media with 
ExoFree FBS (System Biosciences, CA) was added to the 
cells and they were subjected to 6 Gy radiation, to promote 
production of HNE. The cells were then incubated for 48 h. 
This was followed by media collection and filtration of the 
media through a 0.8 µm Acrodisc filter to remove any of the 
larger cell debris. EVs were then isolated from the media 
directly (as described in 2.2) and analyzed for the number 
of EVs produced.

EV purification

Cells were seeded in complete medium at 8 × 105 cells/ml, 
15 ml/plate in a 15-cm culture dish and allowed to adhere 
overnight. Cells were washed twice with PBS (Thermo 
Fisher Scientific, MA) and media was replaced with com-
plete media containing 10% ExoFree FBS (System Bio-
sciences, CA). Cells were then treated with 6 Gy radiation 
and incubated for 48 h. Media was removed from the cells 
and filtered using a 0.8 um Acrodisc filter. Total extracellu-
lar vesicles were isolated via the Qiagen ExoEasy Maxi Kit 
(Germantown, MD, USA) per the protocol provided. Extra-
cellular vesicles were eluted from the filter using 1 ml of 
elution buffer. EVs were concentrated using Amicon Ultra-
0.5 mL centrifugal filters for DNA and protein purification 
and concentration to 60 μL per 15 ml of media. EVs were 
stored at −80°C until further use.

Isolation of Redox EVs via ESP

Redox EVs were isolated from total EVs (derived from step 
2.2) using ESP, which utilizes surface tension to simplify 
the isolation of paramagnetic particle (PMP)-bound analyte 
from a complex sample. Specifically, anti-4Hydroxynonenal 
(4HNE) antibody (ab46545, Abcam) conjugated to Dyna-
beads Protein G (10007, Thermo Fisher) was used as the 
capture mechanism to isolate Redox EVs from a background 
of EVs. These PMPs are 2.8 �m superparamagnetic with 
recombinant Protein G (~17 kDa) coupled to their surface. 
Prior to use, the Dynabeads (with a stock concentration of 
30mg∕ml ) were washed three times by placing the tube on a 
MagJET Separation Rack (MR02, Thermo Fisher), remov-
ing the supernatant, and resuspending the Dynabeads in Ab 

1  Dehghan Banadaki M., Rummel N. G., Backus S., Butterfield A.D., 
St. Clair D.K., Campbell J.M., Zhong W., Mayer K., Berry S.M., 
Chaiswing L., Extraction of redox extracellular vesicles using exclu-
sion-based samples preparation. SfRBM 2023 & SFRRI 21st Biennial 
Meeting, Poster Presentation, Punta del Este, Uruguay, 2023.
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Binding & Washing Buffer (10007D, Thermo Fisher). Iso-
lation of Redox EVs from the sample requires conjugation 
of anti-HNE antibody to beads. To determine the concen-
tration of antibody that would allow for optimal isolation 
of Redox EVs, three different concentrations were chosen, 
0.2 µg antibody per 1 mg bead, 1.0 µg antibody per 1 mg 
bead, and 5.0 µg antibody per 1 mg bead. We compared the 
isolated EVs from these three antibody concentrations using 
various metrics such as total EVs concentrations, EVs size, 
HNE adducted protein profile, total flotillin-1, and albumin 
contamination. The optimal antibody concentrations were 
identified and used in the final experiments. The anti-4-HNE 
antibody (with a stock concentration of 0.71mg∕ml ) was 
mixed at different concentrations with PBS to make a 1:10 
dilutions, and this was mixed with the PMPs and additional 
Ab Binding & Washing buffer to increase the volume to 200 
µL. This volume was necessary to ensure complete mixing 
via 20 min of tumbling on a rotator at 20 rpm (i.e., smaller 
volumes would remain in the tip of the tube due to the sur-
face tension of the solution). Subsequently, the same wash 
process was done three times using Ab Binding & Washing 
Buffer to remove all the unbound antibodies. After taking 
out the supernatant from the antibody-PMP mixture, the EV 
sample was added to the PMPs, and PBS was added to reach 
the total volume to 500 µL. The tubes were put on the rotator 
at 20 rpm for another 20 min at room temperature to promote 
binding between the antibodies and EVs. After incubation, 
the entire volume was loaded into the input well of ESP 
plate and washed three times in PBS (see next section for 
details of the ESP process). Following ESP, the PMPs were 
incubated with 30 µL of elution buffer from the Immunopre-
cipitation Kit (10007D, Thermo Fisher) for 5 min at room 

temperature, and the supernatant was collected for down-
stream analysis. Additionally, the contents of the input and 
wash wells were collected to analyze fractions not selected 
by the ESP process.

ESP operation

To perform ESP selection of the EVs, the Extractman device 
(22100000, Gilson) was utilized. In brief, the Extractman 
is a platform that uses two movable magnets (one above 
the sample plate and one below) to rapidly move PMPs 
(and associated analytes) through a series of buffers. As 
the Extractman head slides over wells on the extraction 
plates (22100008, Gilson), the upper magnets immobilize 
the PMPs on a hydrophobic strip (22100007, Gilson), and 
when the head slides over to the next well, the lower mag-
net deflects the upper magnet upward, making the dominant 
magnetic force downward, which then pulls the PMPs from 
the strip into the wash well (Fig. 1). The device and plate 
allow simultaneous processing of four samples.

Size and concentration measurement of Redox EVs

The size and concentration of Redox EVs were measured 
using the ZetaView NTA nanoparticle tracking device. EVs 
were diluted to a final concentration of 1:1000 in 1% PBS in 
ultrapure H2O. 1 mL aliquots were injected into the instru-
ment. The sample was measured for size and concentration 
in scatter mode based on Brownian motion (520 nm laser) 
(sensitivity 80, shutter 80, brightness 15, min area 15, max 
area 1000). The resulting videos were analyzed using the 
ZetaView® Software version. With laser wavelength 520 

Fig. 1   Schematic of exclusion-
based sample preparation (ESP) 
technology for isolation of 
HNE-adducted Redox EVs
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nm, focal wave length 75 mm, and focal thickness of 25 μm, 
the camera looks at an area of 640×480 pixels, which cor-
responds to 460×345 μm. It should be noted that the photo 
from CMOS camera of NTA instrument does not directly 
capture the physical size of particles. As a result, the bright-
ness observed in the NTA images is not directly proportional 
to the size of the particles but rather reflects the number 
of particles in a given view. The camera records a one-
dimensional projection of the scattered light, which does 
not account for the z-dimension or the actual spatial distri-
bution of particles in the sample. In the experimental setup, 
particles are visualized using a 520 nm laser, and their move-
ment is tracked using a CMOS camera positioned at a 90° 
angle. The photo shows scattered light from particles, with 
their apparent size being inferred through analysis of their 
Brownian motion. The size of each particle is determined 
by analyzing the Brownian motion captured in the video 
from l3 view/angles. The movement of particles, driven by 
interactions with surrounding molecules, is characterized 
by the diffusion coefficient. This relationship, described by 
Albert Einstein, is utilized in the Stokes-Einstein equation 
to calculate the particle diameter. Therefore, the size meas-
urements in NTA are derived from the dynamic behavior of 
particles, not from direct dimensional imaging.

Protein analysis of Redox EVs

EVs were lysed using 5x EV lysis buffer (5x RIPA, 5x Pro-
tease Inhibitors, 5x EDTA, Cell Biolabs, Catalog number 
AKR-190). 5x EV lysis buffer was added to EVs to achieve 
a final concentration of 1x EV lysis buffer. Samples were 
sonicated for 15 s and placed on ice for 1 min for a total of 
three times. Samples sat on ice for an additional 30 min. 
The JessTM Simple Western automated nano-immunoassay 
system (ProteinSimple, Bio-Techne) was used to evaluate 
cell lysate and EV lysate samples [47, 48]. Samples were 
processed according to the manufacturer’s standard method 
for the 12–230 kDa Jess Separation Module (SM-W002), the 
Anti-Rabbit Detection Module (DM-001), and the Protein 
Normalization Module (SM-FL001, DM-PN02). The com-
pass simple western software (version 6.0.0) was used for 
the automatic calculation of peak area (chemiluminescence 
intensity) and signal/noise ratio as well as to capture the dig-
ital image of the capillary chemiluminescence. The protein 
levels of Flotillin-1 and albumin were assessed, along with 
the levels of 4-hydroxynonenal-bound proteins. Primary 
antibodies were diluted to 1:20 concentrations for all sam-
ples. 1×108 EVs per sample were used in each well for Jess.

Electron microscopic (EM) imaging of Redox EVs

Transmission electron microscope imaging coupled with 
immunogold labeling were performed by our colleagues at 

the University of Wisconsin-Madison. EVs were fixed by 
combining the sample 1:1 in 2% glutaraldehyde in 0.1 M 
sodium phosphate pH 7.4 (10 μL sample added to 10 μL 
0.1 M sodium phosphate pH 7.4, 1:2 dilution) for 30 min 
at room temperature. After 30 min, if further dilution was 
needed, a solution of 1:1 in 0.1 M sodium phosphate pH 
7.4 for the 1:4 dilution (6 μL of each) was used. A total of 
5 μL of fixed EVs were then placed on parafilm. A copper 
grid was placed on the drop for 10 min. Excess liquid was 
removed by blotting, washing twice for 5 min in 100 μL 
sterile water, and then blotted again to remove water. Grids 
were incubated in 50–100 µL drops of anti 4HNE-adducted 
antibody (ab48506, Abcam) diluted 1:25 in PBS containing 
0.1% BSA and stored at 4 °C overnight. Grids were trans-
ferred to drops of secondary antibody conjugated to 10 nm 
gold particles diluted 1:100 in PBS containing 0.1% BSA 
and incubated for 1 h. The final product was stained in 30 
μL 1.5% uranyl acetate in water for 45 s to 1 min, blotted, 
and then used to perform the assay. Grids were photographed 
with a Hitachi H-600 electron microscope. EVs from normal 
mouse serum (sc-45051, Santa Cruz Animal Health) was 
used as non-redox controls for the EM imaging.

Treatment with Redox EVs and cell viability of LN18 
glioblastoma and normal human astrocyte cell lines

LN18 and radiation resistance LN18 (RR-LN18, cells that 
survived clinical relevance dose of radiation 60 Gy) and nor-
mal human astrocyte (NHA cells) were seeded separately at 
2×103 cells per well on a 96 well plate in complete media 
and allowed to adhere overnight. Media was aspirated and 
the cells were rinsed with 1x PBS and fresh media was added 
to the wells. Remaining EVs (non-Redox EVs) and Redox 
EVs were added to the wells at a total amount of 5×106 EVs 
per well. Cells were incubated for 48 h at 37○C. The Presto-
Blue cell viability assay (Thermo Fisher Scientific, MA) 
was performed to measure the viability of cells after EV 
treatment. Absorbance measurements were taken at 560 nm 
and 600 nm with a Spectramax 384 plus Microplate Reader 
(Molecular Devices, San Jose, CA, USA); the 600 nm values 
were used for normalization. To determine cell viability of 
LN18 cells, RR-LN18 cells, and NHA cells after EV treat-
ments with or without the presence of polyethylene glycol-
catalase (PEG-CAT), an enzyme that scavenges intracellular 
H2O2, 5×104 cells were seeded per well on a 24 well plate 
in complete media and allowed to adhere overnight. Media 
was aspirated and the cells were rinsed with 1x PBS, and 
fresh media was added to the wells. PEG-CAT (500 units, 
Nanocs Inc., NY) were added to the cells for 24 h. Remain-
ing EVs and Redox EVs were then added to the cells at a 
total amount of 5×106 EVs per well. After 48 h treatment of 
EVs, cells were then harvested with Trypsin-EDTA, neutral-
ized with media contained FBS, centrifuged at 300 g, 5 min, 



6322	 M.D. Banadaki et al.

4○C (to remove excess Trypsin-EDTA), and suspended in 1 
mL fresh media. To perform a cell count using Trypan blue, 
10 µL of the cell suspension were mixed with 10 µL of 0.4% 
Trypan blue solution (Thermo Fisher, MO) and incubated 
for 2–3 min at room temperature. Stained cell mixture was 
loaded into a hemocytometer; viable cells (unstained) and 
non-viable cells (stained) were counted in designated hemo-
cytometer grid areas. Total cell concentration was calculated 
by multiplying the average count per grid by the dilution 
factor and the hemocytometer’s volume factor.

Measurement of ROS production in RR‑LN18 cells 
and NHA cells

Cells were seeded in complete medium at 50,000 cells/well 
in 24 well black microculture plates (with glass bottom) and 
allowed to adhere overnight. The cells were then washed 
twice with PBS, and fresh complete media ((-) phenol red) 
was added to the wells. Remaining EVs and Redox EVs 
were added to the wells at a total amount of 5×106 EVs per 
well. Cells were incubated for 48 h at 37○C. Media was 
removed from the wells and placed into a new 96 well black 
microculture plate. Amplex Red Assay Kit (Invitrogen) was 
used, and the Amplex red solution was prepared in accord-
ance with the protocol of the kit. A 1:1 ratio of Amplex red 
solution was added to the media and incubated for 1 h. The 
fluorescence relative unit was measure at excitation 570nm/
emission 590 nm with BioTek Cytation 5 Cell Imaging 
Multimode Reader. To prepare H2O2 standard curve, serial 
dilutions of H₂O₂ (0.0675, 0.125, 0.25, 0.5, 0.75, and 1 uM) 
were prepared from a stock solution of H2O2 (30 mM) and 
added to a 96-well black plate in triplicate. The fluorescence 
signal was plotted against H₂O₂ concentration to generate 
the standard curve. The resulting linear relationship dem-
onstrates the assay’s sensitivity and accuracy for detecting 
and quantifying H₂O₂. Data points represent the mean ± 
standard deviation of triplicate measurements (Figure S3).

Statistical analysis

All the experiments are performed in four replicates to 
account for the heterogeneity between replicates. One-
way ANOVA or Student’s t-test were used to analyze the 
mean difference across groups and between groups, respec-
tively. Multiple pairwise comparisons between groups were 
adjusted using LSD test or Turkey test. Statistical analyses 
were performed using GraphPad Prism 9.1.0 (Dotmatics, 
Boston, MA, USA). A two-sided P-value of less than 0.05 
was considered significant or otherwise specified at the fig-
ure legends. Data were displayed as mean + standard error. 
Data analysis for cell viability were displayed as fold change 
compared with control (buffer).

Results and discussion

Radiation enhances EV production in LN18 
glioblastoma cells

Compared with normal cells, cancer cells are known to 
produce higher levels of EVs [49]. The increased levels 
of oxidative stress and redox state within the cells have 
been shown to lead to increased production of EVs [50]. 
Radiation is a common treatment for cancer in conjunction 
with chemotherapy. Radiation leads to cellular damage at 
multiple levels and is known to induce ROS production 
within cells [51, 52]. Through the use of radiation on can-
cer cells (e.g., LN18 glioblastoma cells), increased ROS 
levels and increased EV production can occur. As shown 
in Fig. 2A, the number of EVs present in the no treat-
ment control are visibly less than those present after 6 
Gy radiation. The ZetaView NTA instrument uses light 
scattering to efficiently count and measure the sizes of the 
EVs. Histogram graph represent the distribution of EVs 
size and concentration which are demonstrated in Fig. 2B. 
After analyzing the total number of EVs within the sam-
ple, there is a significant increase in the number of EVs 
but smaller in size after 6 Gy radiation (Fig. 2C–D). The 
EVs produced after radiation treatment were used for the 
following experiments involving the ESP technique for the 
isolation of Redox EVs.

EVs isolated directly from media demonstrate 
the presence of Redox EVs

In order to assess the sensitivity of the ESP technology, 
Redox EVs were isolated from cell culture media. LN18 
cells were seeded at 8.0×105 cells/mL in 15 mL of com-
plete media and allowed to adhere overnight. The fol-
lowing day, the media was aspirated, and the cells rinsed 
with 1X PBS. Complete media with exosome-free FBS 
was added to the cells. The cells were subjected to 6 Gy 
radiation and allowed to incubate. After 48 h, cells were 
removed from the incubator, and the media was removed 
and filtered through a 0.8 um Acrodisc Filter to ensure 
removal of large debris. The media was concentrated using 
Amicon Ultra-0.5 mL centrifugal filters to half the origi-
nal volume. Media was then subject to the ESP platform 
for further Redox EVs isolation. The EVs isolated using 
the ESP technology and those remaining were assessed 
for size and zeta potential. Studies on the number of EVs 
revealed that Redox EVs are only a small fraction of the 
total EVs (Figure S1). The difference in sizes of the two 
populations does not indicate the presence of exosomes 
(<100 nm) in either of the populations. However, EVs in 
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the ESP-selected fraction (termed the Redox EV fraction) 
have a smaller size compared with the EVs remaining fol-
lowing ESP selection (Fig. 3A). The smaller size may be 
attributed to their increased negative potential which was 
observed via measurement of the zeta potential (Fig. 3B).

There are various mechanisms of production for EVs 
within the cell, one of which involves the presence of phos-
phatidylserine (PtdSer) on the outer leaflet of the cell [53]. 
Under physiological conditions, the presence of PtdSer on 
the outer leaflet may induce apoptosis [54]. However, the 
survival of cancer cells depends on the ability to inhibit this 
pathway. PtdSer is a negatively charged phospholipid typi-
cally seen on the inner leaflet of the cell. The presence on 
the outer leaflet and the associated increased negative charge 
causes a pucker in the cell membrane initiating EV blebbing. 
Redox EVs are prone to PtdSer on the outer leaflet due to 
the increased oxidative damage within the cell and therefore 
would have a higher negative potential. Figure 3B indicates 
the significant change in zeta potential between the two 
populations with the Redox EVs exhibiting a higher nega-
tive potential compared with the Remaining EVs. Not only 
do their size and zeta potential differ in the two populations, 
but the HNE-adducted protein profile within the EVs also 
differs. Redox EVs show a limited number of proteins with 
HNE adduction compared to the EVs remaining (Fig. 3C).

Optimization of antibody concentration for efficient 
isolation of Redox EVs

Total EVs were purified directly from filtered conditioned 
media and subjected to ESP isolation of Redox EVs. The 
concentration and size of EVs captured by the antibody-
conjugated beads was measured using the ZetaView NTA 
nanoparticle tracking instrument. The amount of EVs cap-
tured by the beads was highest at the 0.2 μg antibody/
mg bead (Fig. 4A). The concentration 5.0 μg antibody/
mg bead captured the lowest amount of EVs. This drop-in 
performance at high antibody concentration may be due 
to steric hindrance, where an over-abundance of antibody 
binding domains act to occlude one another. Size of the 
EVs captured is lowest using the 0.2 μg antibody/mg bead 
(Fig. 4B). Redox EVs with 0.2 μg antibody/mg bead have 
a smallest size compared to 0.5 μg antibody/mg bead. It 
should be noted that from a biological perspective, and 
in accordance with the MISEV2024 guidelines [55], the 
size range of EVs between 100 and 300 nm does not result 
in significant differences in their biological functions or 
activities. This size range is commonly observed for EVs 
and includes both exosomes and microvesicles, which are 
known to overlap in size distribution and share many func-
tional characteristics.

Fig. 2   LN18 cells were plated 
at 1.2×107 cells in a 15-cm dish. 
Twenty-four hours after plating, 
one plate was radiated at 6 Gy. 
Both plates incubated for 48 h. 
Media was collected and filtered 
to remove large debris. EVs 
were isolated (as described in 
the “EV purification” section), 
and the number of EVs were 
counted using NTA. Radiation 
at 6 Gy induces EV production 
within LN18 cells. A Photo-
graph of EV particles (white 
dots) from NTA. B Size distri-
bution of EV. C EV concentra-
tion. D Size of EVs. (*P<0.05)
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Redox EVs are defined by EVs that contain HNE-
adducted proteins as their cargo or on EVs surface. Here in, 
we measured the level of HNE-adducted proteins using the 
Jess ProteinSimple western blot analysis. The highest pres-
ence of HNE-adducted proteins was observed with the use of 
1.0 μg antibody/mg bead compared with the other two con-
centrations (Fig. 4C). Albumin contamination can affect the 
quantification and functional analysis of EVs, and therefore, 
the amount of albumin contamination was measured. Albu-
min concentration was measured via the Jess ProteinSimple 
western blot analysis. Albumin contamination is low in all 
cases and lowest using 1.0 μg antibody/mg bead (Fig. 4D) 
compared with the other two concentrations. Flotillin-1 is 
used as an EV marker (for both Redox EVs and Remaining 
EVs) and was measured for each concentration. Each con-
centration contains detectible levels of flotillin-1, and 0.2 μg 
antibody/mg bead shows the strongest signal for flotillin-1 
(Fig. 4E and F).

Washing steps facilitate control of albumin 
contamination in samples

To further determine which concentration of Ab conjugated 
to the streptavidin beads was most appropriate for isolating 
HNE-adducted Redox EVs, the washing steps of the iso-
lation process were analyzed to monitor loss of EVs and 
albumin contamination. Washing steps were concentrated 

using Amicon Ultra-0.5 mL centrifugal filters at 14,000 g at 
30-min intervals until the final volume ranged from 50 to 60 
μL. The concentration and size of EVs in the washing steps 
was measured via ZetaView NTA, and the videos were ana-
lyzed using the ZetaView software. Washing steps contained 
no quantitative number of EVs as represented by the qualita-
tive view of the ZetaView NTA in Fig. 5A. Washing steps 
were analyzed for the amount of HNE and albumin present 
in the sample using Simple Western Jess and compared with 
the HNE and albumin present in the isolated HNE-adducted 
Redox EV sample. The same volume of sample was used to 
compare the wash step to the isolated sample. The albumin 
contamination in captured EVs compared with the wash 
buffer is shown in Fig. 5B. The 1.0 μg of antibody/mg bead 
shows one of the lowest albumin contaminations in the EVs 
and highest in the wash step. As shown in Figure S2, the 
albumin contamination is much lower in the Redox EVs than 
the Remaining EVs, proving that ESP is effective in remov-
ing the contamination. As shown in Fig. 5C, while HNE is 
also present in the washing steps, the loss of HNE at wash 
steps decreases with lowering the antibody concentration. 
A higher amount of HNE can be found in the washing step 
with the use of 1.0 μg of antibody/mg bead, which can be 
explained by the avidity of immobilized antibody, and there-
fore surface crowding [56]. Since flotillin-1 is a marker for 
both Redox EVs and Remaining EVs, it might be found in 
the washing step. As shown in Fig. 5D and E, the use of 1.0 

Fig. 3   Initial isolation of Redox 
EVs directly from media. The 
term “Remaining EVs” refers 
to EVs that are still present 
in the input sample after the 
process of Redox EVs isola-
tion. A EVs size comparison. 
(*P<0.05), B EVs zeta potential 
comparison. (*P<0.05), C 
HNE-adducted protein profile 
compared between the Remain-
ing and Redox EVs. C.1 = 
Lane-view data of HNE band. 
C.2 = Electropherogram data of 
HNE peaks (red arrow) at each 
molecular weight
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μg of antibody/mg bead displays flotillin-1 in the washing 
step which also potentially indicates a loss of HNE-adducted 
Redox EVs in the washing step. Flotillin-1 is not present in 
the washing steps using 0.2 μg of antibody and 5.0 μg of 
antibody. The minor shift of Flot-1 in lane view (Fig. 5E) 
is a result of how the Compass software converts Gaussian 
peak fits into lane views option. This software, while useful 
for visualizing lane data, is not always perfect in aligning 
bands, especially when dealing with peaks that have a broad 
width at the base. This misalignment is a visual artifact of 
the software and does not affect the actual data which are 
calculated from the area under the curve (green) of chemi-
luminescence signal.

ESP‑isolated sample contains Redox EVs

Comparing the results from the first round of optimization 
and the analysis of the washing steps (Table 1), the con-
centration of 0.2 μg of Ab per mg of beads was chosen for 
further testing. EVs were isolated using 0.2 μg of Ab per 
mg of beads, and 1.0 mg of beads were used. The isolated 
HNE-adducted Redox EVs were compared with the EVs 
that remained in the original sample labeled as Remaining 

EV. Zeta potential and size were measured via the ZetaView 
NTA, and the videos were analyzed using the ZetaView 
Software. HNE-adducted Redox EVs had a more nega-
tive zeta potential compared with the remaining EVs in the 
original sample (Fig. 6A) as well as having a significantly 
smaller size compared with the remaining EVs (Fig. 6B). 
Please note that the slightly differences in EV size between 
Figs. 3A and 6B lies in the source of the EVs and the purity 
of the samples analyzed. Figure 3A includes results from 
EVs isolated directly from conditioned media (rather than 
total purified EVs), which may still contain other molecules, 
such as lipoproteins, dead cells, and other cellular debris, 
while Fig. 6B shows results from purified EV population, 
providing a more accurate comparison between Redox EVs 
and Remaining EVs under optimized conditions. To con-
firm the presence of EVs in the Redox EVs and Remaining 
EVs, flotillin-1, a marker of EVs, was measured. EVs were 
lysed and a total of 1.0×108 EVs were used per well on 
Simple Western Jess. As shown in Fig. 6C, with the same 
number of EVs, levels of flotillin-1 marker are higher in 
Remaining EVs than Redox EVs. Interestingly, the levels 
of HNE-adducted proteins within the Remaining EVs are 
also significantly higher than the HNE-adducted protein 

Fig. 4   Optimization of antibody concentration for efficient isola-
tion of Redox EVs. A Concentration of Redox EVs increased with 
decreasing concentration of antibody bound to the beads. (*P<0.05). 
B Average size of EVs decreases with decrease in the antibody con-
centration bound to the beads (*P<0.05). C HNE concentrations are 
higher in the EV with the use of 1.0 μg of antibody per mg of bead. 

(****P<0.0001). D Albumin contamination remains low in either 
of the concentrations of antibody. E Flotillin-1 (Flot-1) was present 
mostly with the use of 0.2 μg of Antibody per mg of beads. Electro-
pherogram data (area under the curve, green) and F lane-view data 
represent level of Flot-1
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in Redox EVs (Fig. 6D). The higher amount of flotillin-1 
and 4HNE-adducted proteins in Remaining EVs suggested 
that Remaining EVs cargo contain more proteins inside 
the EVs, including 4HNE-adducted proteins. Please note 
that ESP with anti-4HNE-adducted protein antibody only 
capture 4HNE-adducted proteins on the surface of intact 
EVs, not 4HNE adducted proteins inside the EVs. To further 
characterize Redox EVs, EM imaging of the isolated Redox 
EVs using an HNE antibody with immunogold labeling was 
performed. As shown in Fig. 6E, immunogold beads (10 
nm) can be seen on the surface of the isolated Redox EVs 

compared with the mouse serum EVs and Remaining EVs 
which contain less HNE-adducted proteins on their outer 
leaflet (Fig. 6E, high magnification).

Redox EVs promote cell viability to GBM cells but kill 
NHA cells via H2O2 production

EVs, secreted from cancer cells, containing oxidatively dam-
aged proteins can interact with neighboring cells releasing 
their contents and furthering damage. Cancer cell-derived 
EVs have been shown to increase cell viability in neighbor-
ing cancer cells but can also have a harmful effect on nor-
mal cells [51]. Here, we validated that the Redox EVs that 
were isolated by the ESP technique are intact and can further 
be used to evaluate their function. We treated glioblastoma 
cells LN18, RR-LN18 (radiation resistant version of LN18) 
and normal human astrocytes (NHA) with both populations 
Remaining EVs and Redox EVs to determine their effect 
on viability of the cells. Each cell lines were seeded sepa-
rately and treated with equal number of Remaining EVs and 
Redox EVs (5×106 EVs per well in a 96 well plate). After 

Table 1   Comparing the different conditions, 0.2 μg Ab/mg bead 
shows best overall Redox EV characteristics. This condition was cho-
sen for all further testing

Albumin Concentration Size HNE

0.2 μg Ab Low High Smallest Medium
1.0 μg Ab Lowest Medium Medium High
5.0 μg Ab Low Low Largest Medium

Fig. 5   Washing steps are 
studied to determine the amount 
of EVs lost and the albumin 
contamination. A NTA shows 
no EVs present in the wash-
ing step. The camera of NTA 
looks at an area of 640 × 480 
pixels, which corresponds to 
460 × 345 μm. B Using 1 μg 
Ab/mg bead removed albumin 
in the wash compared with the 
other two concentrations. C 
HNE levels in wash step which 
are significantly less in 0.2 μg 
Ab/mg bead (**P<0.01). D 
Electropherogram data (green, 
area under curve). E Lane-view 
data of flotillin-1 (EV marker), 
which is marker for both Redox 
EVs and Remaining EVs, was 
slightly detected in the washing 
steps of 1 μg Ab/mg bead
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incubation for 48 h, the cell viability was measured via the 
PrestoBlue cell viability assay. LN18 cells do not show a sig-
nificant increase in viability after the addition of the Redox 
EVs (Fig. 7A), but RR-LN18 show a significant increase in 
viability after treatment with Redox EVs (Fig. 7B). In con-
trast, NHA cells show a significant decrease in viability after 
treatment with Redox EVs (Fig. 7C), while Remaining EVs 
do not have much effect on the NHA cell viability.

We conducted a detailed investigation into the mechanisms 
by which Redox EVs influence GBM cell viability while caus-
ing cell death in NHA cells. Prior research has demonstrated 
that low levels of H2O2 can stimulate cell proliferation through 

Nrf2 activation, while elevated levels of H2O2 lead to cell 
death via protein oxidations and apoptosis [57, 58]. To assess 
H2O2 production following Redox EVs treatments, we utilized 
Ampelx Red after 48 h. Figure 8 illustrates that Redox EVs 
treatment significantly increased H2O2 production in LN18 
cells, RR-LN18 cells, and NHA cells compared with the vehi-
cle group (EV Buffer), with RR-LN18 cells demonstrated 
the highest levels of H2O2 production (0.5 μM). Remaining 
EVs treatment also induced H2O2 production but to a lesser 
extent than Redox EVs treatment, in all cell types. Notably, 
NHA cells treated with Redox EVs exhibited 0.26 μM of H2O2 

Fig. 6   Two populations of EVs 
were formed after using the 
ESP technique. Redox EVs 
which were isolated using HNE 
antibody conjugated beads and 
the EVs that were left behind in 
the isolation (Remaining EVs 
or non-Redox EVs). Compar-
ing the two populations shows 
those that were isolated have 
characteristics of Redox EVs. 
A When EVs bleb from the 
surface, Redox EVs contain a 
higher amount of PtdSer on the 
outer leaflet giving them a more 
negative charge as shown by 
the zeta potential. (*P<0.05). 
B Average size shows that the 
Redox EVs are smaller than 
those remaining (*P<0.05). C 
Electropherogram data (green, 
area under the curve) and 
lane-view data of flotillin-1 
which show slightly shift in 
molecular weight in the Redox 
EVs (possibly due to the nega-
tive charge and salt content). 
D HNE is higher in Remaining 
EVs, however still present in 
Redox EVs (***P<0.001). E 
Representative EM photograph 
of immunogold staining with 
HNE antibody. (E.1) Normal 
mouse serum was used as 
control with no gold labeling of 
HNE presence. (E.2) Remain-
ing EV show labeling of HNE 
(arrowhead) outside the EV, 
whereas (E.3) Redox EV show 
labeling of HNE (arrow heads) 
present on the outer membrane 
of EV. Arrows = EVs at the 
low magnification. Star = EV at 
high magnification
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production, despite no detectable levels of H2O2 production 
at steady state (vehicle EV buffer treatment). This increase 
in H2O2 production correlated with the decrease in NHA cell 
viability, suggesting that Redox EVs induce NHA cell death 
through H2O2 overload. In contrast, Redox EVs induce GBM 

proliferation by promoting H2O2 production as signaling mole-
cule. To further confirm that H2O2 contributing to cell viability 
of NHA cells and GBM cells, we further treated LN18 cells, 
RR-LN18 cells, and NHA cells, with 500 units of PEG-CAT, 
an enzyme that scavenges H2O2, for 24 h before administering 

Fig. 7   Treatment of glioblas-
toma cells LN18, radiation 
resistance glioblastoma LN18 
(RR-LN18), and normal human 
astrocytes (NHA cells) with 
Redox EVs show contrasting 
trends in cell viability. Cell 
viability using PrestoBlue was 
performed after EV treatments. 
A LN18 cells. B RR-LN18 
cells, C NHA cells (*P<0.05) 
(****P<0.0001)

Fig. 8   Increased extracellular H₂O₂ production by Redox EVs in 
GBM and NHA cells are correlating to cell viability. Cells were 
treated with EV buffer (vehicle), Remaining EVs, or Redox EVs 
and incubated for 48 h before measuring H₂O₂ production using the 
Amplex Red assay. A LN18 cells, B RR-LN18 cells, and C NHA 
cells were analyzed. Compared with EV buffer and Remaining EVs, 
treatment with Redox EVs significantly increased extracellular H₂O₂ 
production in LN18 cells, RR-LN18 cells, and NHA cells. NHA cells 

produced detectable levels of H₂O₂ (0.26 μM), while RR-LN18 cells 
demonstrated the highest H₂O₂ production (0.5 μM). ND, non-detect-
able. D–F Cell number using Trypan blue were counted with hemo-
cytometer after EV treatments. Polyethylene glycol catalase (PEG-
CAT, 500 unit) were added to the cells 24 h prior to EV treatments to 
scavenge H2O2 production inside the cells. *P<0.05, **P<0.01 indi-
cates statistically significant differences compared with controls
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Remaining EVs or Redox EVs. Following treatments of EVs, 
we measured cell numbers using Trypan blue as described in 
the “Treatment with Redox EVs and cell viability of LN18 
glioblastoma and normal human astrocyte cell lines” section. 
As shown in Fig. 8D–F, PEG-CAT pre-treatment significantly 
rescued NHA cells from the cytotoxic effects of Redox EVs, 
indicating a protective effect against H2O2-induced cell death. 
Moreover, in LN18 cells and RR-LN18 cells, PEG-CAT pre-
treatment inhibited the cell growth that was otherwise pro-
moted by Redox EVs. These data suggest that cancer-derived 
EVs that contain HNE (Redox EVs) are likely to be harmful 
to normal cells, while promoting cancer progression evinced 
by increased cell viability, at least in part by H2O2.

Even though, the treatment of irradiated GBM-derived 
EVs on both malignant and normal cells had varying effects, 
the impact on cancer cells’ growth was minimal, but the 
impact on normal cells was drastic [59]. We postulate that 
the mechanism of Redox EVs uptaking on normal cells may 
contribute to such the differences. EVs shed from the plasma 
membrane often expose PtdSer [60]. Redox EVs expelled 
into the extracellular space are likely to have higher levels 
of PtdSer on the outer leaflet, enabling their uptake by sur-
rounding cells through the TIM4 receptor [61]. NHA cells 
were observed to express higher levels of TIM4 receptor, 
thus facilitating increased uptake of Redox EVs which could 
resulting in higher H2O2 production in NHA cells, compared 
with GBM cells which have lower level of TIM4 receptor. 
Together, our findings suggest that the cargo released by 
Redox EVs into the cytosol of recipient cells has the poten-
tial to induce cell signaling pathways, including the upregu-
lation of ROS production in the form of H2O2.

Conclusion

EVs have emerged as a biologic moiety and a platform for 
the use of liquid biopsy. Every normal and pathological cell 
can release EVs into the circulation, and different molecules 
encased within the EVs can be identifiers of features associated 
with the tissues from which they are derived. Due to the size 
and various subpopulations of EVs, selecting the appropriate 
isolation method that can effectively yield a wealth of EVs 
from small volume samples while also selecting for specific 
EVs populations. We recently identified that serum of GBM 
patients contain an abundant amount of EVs compared with 
serum from non-cancer individuals. More importantly, GBM-
derived EVs contain a high level of 4 HNE-adducted proteins, 
both inside and on the surface of EVs (Redox EVs). However, 
current methods for isolating Redox EVs (e.g., flow cytometry 
sorting, immunoprecipitation) have limitations including being 
labor-intensive, high background noise, requirement for high 
volume of sample, and uncertainty regarding whether the EVs 
functionality can be assessed downstream (e.g., via irreversible 

binding of isolation reagents). Our study is the first to show 
that these limitations can be overcome by using the ESP tech-
nique. Further, we found that Redox EVs promote cell viability 
in GBM cells but kill normal astrocyte cells, via activation of 
H2O2 production. This finding could pave the way for under-
standing how cancers [62] and cancer treatments, i.e., radiation 
[29], which known to produce high levels of HNE, cause cog-
nitive impairment in cancer patients, particularly cancers with 
high ROS levels. Establishing role(s) of GBM-derived Redox 
EVs in cognitive impairment will further highlight the novelty 
of exploiting EVs as a cancer stimulator or marker for neuronal 
injury. In summary, our study established and quantified, for 
the first time, the ability of ESP technology to isolate Redox 
EVs. The ESP technology provides an ideal experimental con-
text to isolate Redox EVs and study the impact of Redox EVs 
on cognitive impairment, all of which is expected to have a 
broad translational application to other types of disease that 
are releasing EVs.
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