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Prospects and limitations of antibody-mediated clearing of lipoproteins from
blood plasma prior to nanoparticle tracking analysis of extracellular vesicles
Morten Mørka,b, Aase Handberga, Shona Pedersena,b,c, Malene M. Jørgensend, Rikke Bækd, Morten K. Nielsena

and Søren R. Kristensena,b,c

aDepartment of Clinical Biochemistry, Aalborg University Hospital, Aalborg, Denmark; bAF Study Group, Aalborg University Hospital,
Aalborg, Denmark; cDepartment of Clinical Medicine, Aalborg University, Aalborg, Denmark; dDepartment of Clinical Immunology, Aalborg
University Hospital, Aalborg, Denmark, part of EVsearch.dk

ABSTRACT
Introduction: Nanoparticle tracking analysis (NTA) enables measurement of extracellular vesicles
(EVs) but lacks the ability to distinct between EVs and lipoproteins which are abundantly present
in blood plasma. Limitations in ultracentrifugation and size exclusion chromatography applied for
EV isolation may result in inadequate EV purification and preservation. In this proof of concept
study, we aimed to evaluate the potential of antibody-mediated removal of lipoproteins from
plasma prior to extracellular vesicle (EV) analysis by nanoparticle tracking analysis (NTA).
Methods: Ten platelet-free plasma (PFP) samples from healthy fasting subjects were incubated
with magnetic beads coated with antibodies against apolipoprotein B-48 and B-100 (ApoB). Plasma
samples were analysed with NTA before and after application of the bead procedure. Four fasting
PFP samples were analysed with an ELISA specific for human ApoB to estimate the degree of
removal of lipoproteins and EV array analysis was used for identification of possible EV loss.
Results: The magnetic bead separation procedure resulted in a median reduction of the particle
concentration in plasma by 62% (interquartile range 32–72%). The mean size of the remaining
particles generally increased. ApoB concentration was reduced to a level close to the background
signal, whereas a median reduction of the EV content by 21% (range 8–43%) was observed.
Conclusion: Anti-ApoB antibody coated magnetic beads may hold potential for removal of
lipoproteins from human PFP prior to EV measurement by NTA but some artefactual effect and
EV loss may have to be endured.
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Introduction

A number of studies have demonstrated the potential
of extracellular vesicles (EVs) as diagnostic and prog-
nostic biomarkers of various health conditions [1–3]
but a major obstacle for EV research is the lack of
standardisation of methods for sample processing pre-
ceding the analysis [4–6].

Nanoparticle tracking analysis (NTA) enables detection
of EVs in the size range of exosomes, i.e. EVs originally
described with a diameter below 100 nm [7,8], now often
stated to be around 30–150 nm [9]. However, although
initial steps have been taken towards refinement of the
technique [10,11], NTA does not at present allow for
distinction between EVs and other particles within the
size range of EVs in plasma, including protein aggregates
and lipoproteins [6]. According to Gardiner et al. the latter
may account for more than 98% of particles detected by
NTA in human plasma [12]. Attempts at isolating EVs
from plasma by differential centrifugation and size

exclusion chromatography (SEC) have been made.
However, ultracentrifugation may damage EVs, aggrega-
tion may occur, the pellet from a high-speed spin yet
contains extravesicular protein aggregates and lipoproteins
[5,6,13] and the procedure may not enable full sedimenta-
tion of EVs [14]. SEC enables extraction of EV-enriched
plasma fractions that, however, probably still contain con-
siderable amounts of very low density lipoproteins
(VLDLs) and are depleted of EVs with a diameter of less
than about 70 nm due to column material [15,16].

VLDLs and other types of apolipoprotein B (ApoB)-
exposing lipoprotein particles, including intermediate and
low density lipoproteins (IDLs and LDLs, respectively),
and chylomicrons, expectedly interfere with measurement
of EVs using NTA. The size range of LDLs is 18–23 nm,
while that of IDLs is 23–27 nm [17,18]. The majority of
VLDLs have a diameter of 27–60 nmwhile a subgroup can
measure up to 200 nm [17,18]. The diameter of chylomi-
crons ranges from 75 to 1200 nm [19]. Besides ApoB-
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exposing lipoproteins plasma contains high density lipo-
proteins (HDLs) which do not expose ApoB. We would
not expect HDLs to interfere with NTA measurements
since they have a diameter of about 10 nm [17,18].

In order to circumvent lipoprotein interference with
NTA measurement of EVs we explored the potential of
removing interfering lipoproteins from plasma prior to
EV analysis using magnetic beads coated with antibo-
dies against ApoB.

Materials and methods

Study population and blood sample handling

The study was approved by The North Denmark Region
Committee on Health Research Ethics. Ten healthy sub-
jects (4 females and 6 males) were included. Venous blood
samples were collected in 9 mL Vacuette 3.2% sodium
citrate plastic tubes (Greiner Bio-One, Kremsmünster,
Austria) in the morning following an overnight fast.

PFP was obtained by centrifuging the samples twice
at 2500 g for 15 minutes at room temperature as
specified by Lacroix et al. [20] and stored at −80°C.
On the day of lipoprotein removal and NTA analysis
samples were thawed in a water bath at 37°C and
diluted with Dulbecco’s phosphate buffered saline
(PBS) (Lonza, Basel Switzerland) which had been fil-
tered through a sterile 0.2 µm Q-Max syringe filter
(Frisenette, Knebel, Denmark) by a factor of 1000 or
500 which for PFP generally provides a particle con-
centration within the linear range for NTA (1.0–
10.0 × 108 particles/mL)[16] prior to application of
the bead procedure.

As controls were used solutions with human Low
Density Lipoprotein (LDL) 5 mg/mL and Human Very
Low Density Lipoprotein (VLDL) 1 mg/mL (Kalen
Biomedical, Montgomery Village, MD, USA). The lipo-
protein isolates were diluted 20,000 times with filtered
PBS to obtain particle concentrations within the linear
range for NTA.

Cholesterol and triglyceride (TG) levels were measured
in lithium–heparin plasma on a Cobas 8000 Modular
Analyzer (Roche Applied Science, Penzberg, Germany).

Lipoprotein removal by anti-ApoB antibody coated
magnetic beads

Preparation of antibody coated beads
For each sample to undergo the ‘bead procedure’ 50 µL
(100 µL for PFP samples diluted by a factor of 500) of
Dynabeads protein G 30 mg/mL (Life Technologies,
Carlsbad, CA, USA) were transferred to a 2 mL micro-
tube (Sarstedt, Nümbrecht, Germany) after

resuspension of the bead stock solution by vortexing
for 30 seconds. A DynaMag-2 (Life Technologies) mag-
net was used to separate beads from the solution, and the
supernatant was removed. Aliquots of 10 µL (20 µL for
PFP samples diluted by a factor of 500) of polyclonal
anti-human ApoB-48/-100 antibodies 1 mg/mL
(Meridian, Life Science, Inc., Memphis, TN, USA)
were diluted in 200 µL of PBS with 0.02% Tween 20
(Bio-Rad, Hercules, CA, USA) and then incubated with
the magnetic beads under rotation for 10 minutes,
allowing for the Fc-region of the antibodies to bind to
protein G on the beads. The antibody coated beads were
separated from the solution, which was removed. No
antibodies were detectable in this removed solution (i.e.
they were bound to the beads) as determined with mea-
surement of absorption at 280 nm after this incubation.
The antibody coated beads were washed three times
with 200 µL of PBS with 0.02% Tween 20 by gentle
pipetting. The microtube containing the antibody
coated magnetic beads and the PBS used for the third
wash was placed on the magnet, and the solution was
removed from the fixed beads.

Incubation of antibody coated beads with samples
Sample (1000 µL) was added to the antibody coated
beads, mixed by gentle pipetting, and incubated under
rotation for 120 minutes. Theoretically this incubation
facilitates antibody-based binding of the magnetic
beads to VLDL, LDL, and IDL particles which expose
ApoB-100[21] on their surface as well as to chylomi-
crons which expose ApoB-48[21]. Immediately after
the incubation the sample was separated from the
beads before analysis.

As a control, we tested if an identical 120 minute
incubation period with uncoated beads (i.e. beads sepa-
rated from the stock solution but not undergoing any
preparatory incubation with antibodies) had any effect
on the particle population.

Particle measurement

For particle measurement by NTA we used a
NanoSight LM10-HS (Malvern Instruments Ltd,
Malvern, UK) with a 405 nm laser and a Luca DL-
658 M-OEM EMCCD camera (Andor Technology,
Belfast, UK). NanoSight NTA 2.3 was applied for data
processing.

The duration of particle tracking was 60 seconds
with the camera shutter set to 500, camera gain to
300, and detection threshold to 3. Sample viscosity
was linked to the corresponding viscosity for water at
the given temperature. Automatic settings were
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selected for minimum expected particle size, blur, and
minimum track length.

Samples were diluted in PBS to a concentration
within the linear range for NTA. Samples were loaded
manually into the sample chamber using a 1 mL syr-
inge. The microscopic field of view was positioned near
to the flare spot in the area where the particles were
most clearly visualised. Background signal was sub-
tracted before sequence processing.

Samples were analysed in duplicates and the mean
value given. Daily QC procedures were performed as
previously described [16].

ApoB measurement

The content of ApoB-48 and ApoB-100 was deter-
mined by an ApoB human ELISA kit (Abcam,
Cambridge, UK) using a SpectraMax M2 microplate
reader (Sunnyvale, CA, USA) for measuring the
absorption at a wavelength of 450 nm. The method
was recalibrated against Tina-quant ApoB ver. 2
(Roche Applied Science, Penzberg, Germany).
Samples were analysed in duplicates and the mean
value given.

EV semi-quantification

Microarray slides were printed as described by
Jørgensen et al. [22]. A mixture/cocktail of anti-
human antibodies against CD63 (BioRad, UK), CD9,
and CD81 (LifeSpan BioSciences Inc., WA, USA) each
in the concentration 100 µg/mL, was prepared with
PBS and containing 5% of glycerol and printed as 24
replicated spots. As a positive control, 100 µg/mL of
biotinylated human IgG was printed and PBS with 5%
glycerol was applied as the negative control.

Catching and visualisation of the EVs were per-
formed as described previously by Jørgensen et al.
[23]. with the following modifications: After blocking
100 µl of diluted PFP (1:400) in triplicates were incu-
bated at room temperature for two hours followed by
an overnight incubation at 4°C. Following a wash in
wash buffer (0.05% Tween 20 (Sigma-Aldrich, MO,
USA), in PBS), the slides were incubated for two
hours with biotinylated detection antibodies. The
detection was performed with either the so-called ‘exo-
some cocktail’, which is a mixture of biotin-labelled
anti-CD9, -CD63, and -CD81 (LifeSpan BioSciences)
diluted 1:1500 in wash buffer. After a wash, a subse-
quent 30 minutes incubation step with Cyanine 5
(Cy5)-labelled streptavidin (1:1500, Life Technologies,
Carlsbad, CA, USA) in wash buffer was carried out for
detection. Prior to scanning at 635 nm, the slides were

washed once in wash buffer and once in MilliQ water
and dried using a Microarray High-Speed Centrifuge
(ArrayIt, Sunnyvale, CA, USA). Scanning and spot
detection was performed as previously described [24].

Statistics

Wilcoxon matched pairs signed rank test was used for
comparison of particle concentration before and after
the bead procedure.

For correlation analysis Spearman’s correlation was
applied.

Statistical analyses were performed and graphs cre-
ated with GraphPad Prism, version 6.01 (GraphPad
Software, Inc., La Jolla, CA, USA). Two-sided p-values
were given, and values below 0.05 considered
significant.

Results

Effect of bead procedure on lipoprotein isolates

In the undiluted LDL isolate the cholesterol and TG
concentrations were 22.0 mmol/L and 1.5 mmol/L,
respectively. The undiluted VLDL contained
2.5 mmol/L of cholesterol and 2.2 mmol/L of TG.

Applying the bead procedure on diluted VLDL and
LDL isolates resulted in a reduction in particle concen-
tration by 93 and 91%, respectively (Figure 1). The
concentrations measured after the bead procedure
were below the linear range for NTA measurements,
which implies that they are subject to some uncer-
tainty. Notably, the VLDL as well as the LDL isolate
needed to be diluted significantly more than PFP to
reach concentrations within the linear range for NTA,
and unexpectedly, in both isolates we observed signifi-
cant numbers of particles with a markedly larger dia-
meter than that described for the respective ApoB-100-
exposing lipoprotein particles [18]. A similar observa-
tion was described by Sódar et al. [13] who, using
tunable resistive pulse sensing, demonstrated the pre-
sence of particles sized 100–500 nm in purified human
LDL from a different manufacturer. Since, in our study,
the majority of the large particles, as the smaller ones,
were removed by the bead procedure, they plausibly
primarily represented aggregates of ApoB-exposing
lipoprotein particles. To further evaluate the effective-
ness of the method, the remaining amount of ApoB
was quantitated by use of the ApoB ELISA which
indicated that the ApoB content in the diluted VLDL
isolate was reduced by 97%, whereas the diluted LDL
isolate, which had a distinctly higher baseline
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concentration of ApoB, was only subjected to a
decrease by 69% (see Figure 4(a)).

Effect of bead procedure on PFP samples

Preliminary experiments

Effect of incubation of PFP with beads and anti-ApoB
antibodies on particle population
Initially, we studied the effect of various incubation
periods for antibody coated beads with diluted fasting
PFP on particle concentration. Incubation periods of
10, 30, 60, and 120 minutes were applied, data shown
in Figure 2. Periods of 60 and 120 minutes had com-
parable effects on particle content, whereas a less sig-
nificant effect was seen when shorter incubation
periods were applied. Hereafter, on all samples under-
going the bead procedure, we applied a standardised
incubation period of 120 minutes, which was also used

in the abovementioned experiment on lipoprotein
isolates.

To investigate to what extent the magnetic beads
in themselves, i.e. without preceding antibody coat-
ing, would affect the particle population in PFP, we
applied an identical bead procedure, except that we
abstained from coating the beads with anti-ApoB
antibodies prior to the incubation with the diluted
PFP sample. This resulted in no changes in particle
concentration and size distribution curve (Figure 3
(a)). In addition, we conducted a parallel experiment
with a two-hour incubation of diluted PFP with
10 µg of anti-ApoB antibodies that had not been
attached to magnetic beads, which resulted in an
increase in particle concentration by 105% as well
as a notable shift of the size distribution curve to
the right with appearance of a substantial amount of
particles with a diameter between 100 and 400 nm
(Figure 3(a)).

The potential additional effect of a repeated bead
procedure was evaluated by applying an identical bead
procedure in immediate continuance of the first one on
a PFP sample prior to NTA analysis. The data demon-
strate a minor additional reduction in the particle
count after the additional bead procedure, but also a
shift of the size distribution curve to the right
(Figure 3(b)).

Effect of standardised bead procedure on ApoB
concentration
ApoB ELISA results are shown in Figure 4(a).
Reductions in ApoB concentration in fasting PFP
from four healthy subjects after application of the
bead procedure varied between 93 and 97%. In all
four PFP samples the ApoB concentration was reduced
to a level close to the lower limit of quantification of
the ELISA.

Figure 1. Effect of application of the bead procedure on particles in (a) VLDL (1 mg of protein per mL) and (b) LDL (5 mg of protein
per mL) isolates from a commercial source. Prior to measurement and application of the bead procedure the isolates were diluted to
obtain particle concentrations within the linear range of NTA as specified in the materials and methods section.

Figure 2. Effect of application of the bead procedure on PFP,
employing incubation periods of 10, 30, 60, and 120 minutes,
respectively.
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Effect of standardised bead procedure on particle
concentration

We applied the standardised bead procedure on fasting
PFP from 10 healthy subjects. Characteristics of the
study population are summarised in Table 1. The
data suggest a positive correlation between TG and
particle concentrations in plasma (Figure 5(a)) but no
significant correlation between cholesterol and particle
concentrations (Figure 5(b)).

Application of the bead procedure on the diluted
PFP samples resulted in significantly decreased particle
concentrations (p < 0.01), although for one participant

(subject 3, who was the participant with the lowest TG
concentration at 0.41 mmol/L) the concentration
reproducibly increased, results shown in Figure 6.
The median particle concentration was 7.9 (interquar-
tile range 6.0–10.8) × 1011 particles/mL before and 3.3
(interquartile range 2.5–4.7) × 1011 particles/mL after
the bead procedure. Overall, we observed a median
reduction by 62% (interquartile range 32–72%). In
addition to the general decrease in total particle con-
centration, we observed a tendency of the size distribu-
tion curve being shifted to the right. Thus, the smallest
detectable particles in the solution were apparently
removed, while more particles larger than 100 nm
appeared. The median mean particle diameter was
54.7 (50.2–59.9) nm before the bead procedure and
91.7 (85.2–96.1) nm after the bead procedure, reflecting
a statistically significant increase (p < 0.01).

Effect of standardised bead procedure on EV content
Measurements performed with the EV array on the
samples in the main study were close to the limit of

Figure 3. Effect of application of (a) bead procedure on PFP without antibodies and antibody procedure without beads and (b) a
single and double bead procedure, respectively.

Figure 4. (a) Effect of bead procedure on apolipoprotein B content in PFP (n = 4) and lipoprotein isolates from a commercial source.
Lines combine levels measured before (open circles) and after (closed circles) application of the bead procedure on PFP samples
from four healthy persons (empty ‘before beads’ circles), diluted VLDL isolate (‘before beads’ circle with dot), and diluted LDL isolate
(‘before beads’ circle with cross). (b) Effect of bead procedure on EV content measured as relative fluorescence intensity by EV array
in PFP (n = 4). Lines combine levels measured before (open circles) and after (closed circles) application of the bead procedure on
PFP samples from four healthy persons.

Table 1. Study population characteristics (n = 10).
Gender

Females, [No.] 4
Males, [No.] 6
Age [years] 39 (27–60)
Particle concentration [particles/mL] 7.9 (2.1–25.7) × 1011

Cholesterol concentration [mmol/L] 4.7 (3.7–6.6)
TG concentration [mmol/L] 0.84 (0.41–1.25)

Continuous data are given as median (range).
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detection for the EV array before as well as after the
bead procedure. To explore the possibility of applying
the bead procedure on less diluted plasma we tested it
on PFP at several dilutions from 1:400 to 1:100 dilu-
tions on additional blood samples. At 1:400 dilutions,
using 25 µg of ApoB antibodies and 125 µL of magnetic
beads, we obtained particle reduction results compar-
able to those seen with the standardised bead proce-
dure. However, using dilutions lower than 1:400 the
particle reductions became increasingly less effective.

Experiments on samples diluted 1:400 provided a
sufficient fluorescence signal for EV semiquantification
by EV array, showing a median reduction of EVs by
21% (range 9–43%). The relative fluorescence intensi-
ties are given in Figure 4(b).

Discussion

In this study we have performed antibody-mediated
removal of ApoB-exposing lipoproteins from plasma
using magnetic beads as solid phase, a method of
sample preparation for EV measurement that, to our
knowledge, has not previously been explored. We
observed a seemingly effective clearing of ApoB, while
EV content decreased variably using a two-hour incu-
bation of diluted PFP with anti-ApoB antibody coated
beads followed by magnetic removal of the beads from
the samples. The bead procedure prompted a median
reduction in particle concentration by 62% and an
increase in mean particle size as measured by NTA.
Taken together, the results indicate that this approach
may have a potential as a way of overcoming hin-
drances to obtaining useful results with NTA on
plasma content of EVs caused by the co-existence of
lipoproteins in this medium, while on the other hand
some artefactual effect and EV loss may have to be
endured.

The effect of the method was tested on VLDL
and LDL solutions, showing a reduction in particles
to a low level (Figure 1). Measurement of ApoB
showed a reduction to a negligible level in the
VLDL solution whereas in the LDL solution about
30% remained after the bead procedure. A probable
explanation for this is the potential presence of
LDLs too small to be detected by NTA. The lower
detection limit of NTA has been reported to be
approximately 10–35 nm, depending on the refrac-
tive index of the particles [25–27]. In our experi-
ments particles with a diameter down to
approximately 20 nm were apparently detected.
Since the diameter of LDL particles is roughly
18–23 nm, a substantial fraction of LDLs, each car-
rying one molecule of ApoB [21], may not be
detectable by NTA. Consequently, although we did
dilute the LDL isolate to obtain a concentration of
detectable particles within the linear range of NTA
prior to application of the bead procedure, the
actual amount of ApoB-bearing LDLs in the diluted
LDL isolate may have exceeded the capacity for
ApoB capture by the amount of antibodies used in
the bead procedure. However, considering the
apparent dissimilarities between native LDLs and
LDLs in the isolate, it could also be speculated
that the position and conformation of the ApoB in
some LDLs from the commercial source may not
always imply exposure of the relevant epitopes of
the ApoB molecule to the bead-bound anti-ApoB
antibodies, resulting in some ApoB molecules steer-
ing clear of removal. Regardless of the specific rea-
son for the incomplete LDL depletion from the
isolate, the bead procedure seemed to effectively
remove ApoB from the samples of our main inter-
est, i.e. the PFP samples.

The observed reduction of EV content in the PFP
samples which is an unwanted side effect of the removal

Figure 5. Correlation between (a) TG concentrations and particle concentrations in plasma (Spearman’s rs = 0.64; p = 0.05) and (b)
cholesterol concentrations and particle concentrations (Spearman’s rs = 0.47; p = 0.18).
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of ApoB-bearing lipoproteins may be difficult to avoid,
since LDLs have been shown to bind to EVs in vitro [13].
Because of the high dilutions of the samples we were not
able to distinguish between specific EV markers to
uncover if some subtypes are particularly prone to be
lost as a consequence of lipoprotein removal.

Performing the bead procedure with beads in the
absence of antibodies did not interfere with the content
of particles (Figure 3(a)), whereas the procedure in the
presence of antibodies without beads resulted in a high
number of larger particles (Figure 3(a)), plausibly
because of aggregation of antibodies and lipoproteins.

Figure 6. Effect of application of bead procedure on particles in PFP (n = 10).

JOURNAL OF EXTRACELLULAR VESICLES 7



It is therefore important to avoid admixture of
unbound ApoB antibodies.

Although lipid levels do not directly reflect the num-
ber of lipoprotein particles [21] the observed correla-
tion between TG (which is mainly present in VLDLs in
the fasting state [28]) levels and particle levels supports
the premise that lipoproteins constitute a considerable
part of the particles measured in fasting plasma by
NTA. Using NTA with our chosen settings, our obser-
vations on the effect of the bead procedure mainly
apply to particles in the size range of exosomes. NTA
does not enable distinction between these small-sized
EVs and lipoproteins present in plasma in the fasting
state, which have diameters below 100 nm [18], except
for the less plentiful large VLDLs [18] and any remain-
ing chylomicrons present in plasma in spite of an over-
night fast in individuals who clear lipoproteins at a low
rate [19]. Accordingly, we applied EV array with inclu-
sion of capture antibodies against tetraspanins that are
predominantly expressed by exosomes [29] to yield
information on the abundance of these EVs before
and after applying the bead procedure. The unavoidable
reduction of the EV content may be acceptable, not
precluding subsequent EV analysis but we were not
able to determine whether it is a random loss or specific
EVs were removed. Recently, in vitro attachment of
LDLs onto the surface of EVs upon in vitro mixing
was demonstrated for the first time [13]. This phenom-
enon may explain the observed reduction in EV content
after the bead procedure, as some EVs may be bound to
the lipoproteins being removed. In case interaction
between EVs and lipoproteins primarily occurs in an
in vitro setting it may be possible to decrease the
undesirable effect of the bead procedure on the EV
population by applying it immediately after blood sam-
pling and centrifugation, minimising the time for lipo-
proteins to adhere to EVs. However, the observed shift
of the particle size distribution curve generated by NTA
indicates that the procedure had an effect on the sam-
ples other than merely reducing the particle concentra-
tion. Comparison of this effect with the effect of the
presence of large amounts of unbound anti-ApoB anti-
bodies (Figure 3(a)), which resulted in a similar yet far
more marked increase in the concentration of larger
sized particles, could indicate crosslinking of potentially
unbound anti-ApoB antibodies to ApoB causing forma-
tion of aggregates of antibodies and lipoproteins in the
sample. However, we could not detect the presence of
free antibodies in the fluid removed from the mixture
of beads and antibodies. Alternatively, it could be
speculated that the presence of lipoproteins in plasma
to some degree prevents EVs binding to each other
forming larger particles. Consequently, removing

lipoproteins from the sample would cause EV adher-
ence, which may possibly reduce the fluorescence signal
from the EVs detected by EV array, representing an
alternative explanation for the reduction of the mea-
sured EV content. On the other hand, as challenges
related to performing precise NTA on polydisperse
samples have been described [12], the apparent increase
in EV size after the bead procedure could conceivably
have to do with a change in the relative number of
larger particles caused by the lipoprotein depletion step.

The results on ApoB concentration in PFP samples
indicate that the procedure provides effective removal
of the amounts of ApoB, and thereby ApoB-exposing
lipoproteins, present in these samples. This compared
with the median reduction of particle concentration by
62% after application of the bead procedure suggests
that a substantial part of the particle concentration in
fasting samples is accounted for by particles different
from ApoB-exposing lipoproteins, feasibly essentially
EVs. However, some of the particles may represent
protein aggregates as shown by György et al. [30].

A limitation of our study is that the bead proce-
dure only showed consistent effect on particle con-
centrations when performed on samples that had
been diluted at least 400 times. The high dilutions
narrow the range of other methods for EV detection
which can be applied on the samples after the bead
procedure. Applying an equivalently efficient bead
procedure with regard to lipoprotein removal on
undiluted plasma may theoretically be possible but
would expectedly necessitate a sizeable concentra-
tion of anti-ApoB antibodies in the incubation step
in order to capture the high amounts of ApoB-
bearing lipoprotein particles present in plasma as
indicated by the findings by Sódar et al. [13].
However, in our study even the application of
amounts of antibodies and beads corresponding to
the lower plasma dilutions did not enable consistent
particle reduction.

As particles detected by NTA may represent lipo-
protein aggregates and these had a considerable size in
the LDL and VLDL isolates, it is not inconceivable that
even the small non-ApoB-exposing HDLs can form
aggregates measurable with NTA. It may be possible
to remove HDLs from plasma using antibodies against
apolipoprotein A. Consequently, a residual interference
on NTA measurements from lipoproteins present in
the samples even after ApoB-depletion is thinkable as
also protein aggregates may be a possible source of
noise in NTA measurements on EVs [6,30].

The results in this study represent a proof of concept
for the adapted procedure with regard to removal of
measurable ApoB. However, the study also
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demonstrated some limitations of the procedure, and
for validation and improvement of the method addi-
tional investigations are warranted to evaluate the
impact of using various sample dilutions, incubation
times, wash steps, and amounts and types of antibodies
(e.g. monoclonal anti-ApoB antibodies as an
alternative).

Conclusion

Based on our data, targeted lipoprotein removal from
plasma by use of magnetic bead-coupled antibodies
specifically directed against apolipoproteins appears to
be achievable. However, data also indicate that applica-
tion of the described bead procedure causes some
reduction in the EV content of the samples and some
increase in the number of relatively large particles.
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