
Nanoscale
 Advances

rsc.li/nanoscale-advances

ISSN 2516-0230

Volume 2
Number 10
October 2020
Pages 4275–4970

PAPER
Thomas R. Gaborski et al.
Use of nanosphere self-assembly to pattern nanoporous 
membranes for the study of extracellular vesicles



Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

02
0.

 D
ow

nl
oa

de
d 

on
 3

/1
3/

20
26

 1
1:

59
:3

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Use of nanosphe
aDepartment of Biomedical Engineering, Roc

NY, USA. E-mail: tom.gaborski@rit.edu
bDepartment of Biomedical Engineering, Un

† Electronic supplementary information
SiO2 membranes fabricated with the sam
withdrawal speed optimization and na
polystyrene nanospheres. Supporting inf
taken during membrane li-off. See DOI:

Cite this: Nanoscale Adv., 2020, 2,
4427

Received 20th February 2020
Accepted 8th May 2020

DOI: 10.1039/d0na00142b

rsc.li/nanoscale-advances

This journal is © The Royal Society o
re self-assembly to pattern
nanoporous membranes for the study of
extracellular vesicles†

Marcela Mireles,ab Cody W. Soule,a Mehdi Dehghania and Thomas R. Gaborski *ab

Nanoscale biocomponents naturally released by cells, such as extracellular vesicles (EVs), have recently

gained interest due to their therapeutic and diagnostic potential. Membrane based isolation and co-

culture systems have been utilized in an effort to study EVs and their effects. Nevertheless, improved

platforms for the study of small EVs are still needed. Suitable membranes, for isolation and co-culture

systems, require pore sizes to reach into the nanoscale. These pore sizes cannot be achieved through

traditional lithographic techniques and conventional thick nanoporous membranes commonly exhibit

low permeability. Here we utilized nanospheres, similar in size and shape to the targeted small EVs, as

patterning features for the fabrication of freestanding SiN membranes (120 nm thick) released in minutes

through a sacrificial ZnO layer. We evaluated the feasibility of separating a subpopulation of EVs based

on size using these membranes. The membrane used here showed an effective size cut-off of 300 nm

with the majority of the EVs #200 nm. This work provides a convenient platform with great potential for

studying subpopulations of EVs.
Introduction

Cells are known to secrete extracellular vesicles (EVs) ranging in
size from 30 to 1000 nm.1 These EVs include apoptotic bodies,
and microvesicles as well as exosomes. Apoptotic bodies (50–
1000 nm) are released during cell death containing portions of
the fractionated cell.2 Microvesicles (100–1000 nm) originate
from plasma membrane budding while exosomes (30–150 nm)
are produced intracellularly insidemultivesicular endosomes or
multivesicular bodies.1–4 Exosomes contain proteins and
nucleic acids and take part in cellular communication, and
these small EVs can be found in bodily uids and cell culture
media. They carry a ngerprint from their originating tissue
creating a valuable opportunity for disease understanding and
diagnosis, particularly of cancer.3–14 Moreover, they could
potentially be used in therapeutics as healthy cells shed exo-
somes as well.15–18

The lack of a platform that offers the ability to compare side-
by-side different subpopulations of EVs, in isolation and
cellular co-culture systems, continues to stall our overall
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knowledge of EVs and their effects on cellular communica-
tion.1,19 The preferred methodology for the isolation of small
EVs is ultracentrifugation although many others continue to
emerge such as membrane based isolation.4,20–29 Additionally,
the most commonly used methodology for the study of small
EVs in cellular co-culture is the use of commercially available
track etched membranes. These membranes are thick
rendering them low in permeability and oen contain merged
pores.30–33

A membrane-based approach is valuable since it represents
a dual-purpose platform which can be used in isolation and
cellular co-culture systems for the study of small EVs. The
thickness of these membranes is not trivial given the fact that in
ltration devices designed for nanoscale species the small pores
inherently increase the uid resistance across the membrane.34

High permeability, at the nanoscale, can be obtained through
membranes with a pore size to thickness ratio close to one,
whereas thicker conventional ultraltration membranes such
as those made of PVDF have pores with tortuous paths and
signicant resistance and potential for loss.34,35 Another reason
for minimal thickness is to improve tissue barrier function in
a direct co-culture format by allowing physical contact and fast
exchange of soluble factors,36–38 establishing a more physiolog-
ically relevant model. Several publications have reported on
processes for the production of nanoscale pores but oen
produce thick membranes, do not successfully demonstrate
membrane release, or are based on patterning approaches that
do not offer control over the full range of EVs sizes.35,39–51

Publications reporting on the fabrication of ultrathin
Nanoscale Adv., 2020, 2, 4427–4436 | 4427
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membranes with control over pore size in the range of EVs
heavily rely on microfabrication technologies requiring harsh
chemicals and time consuming steps.52,53

Our research group has demonstrated the fabrication of
large area ultrathin nanoporous silicon nitride and micropo-
rous silicon oxide membranes obtained by solid phase crystal-
lization and traditional patterning methods, respectively. We
have also demonstrated the viability of utilizing those
membranes for cell culture studies.38,54 In the current work, we
utilize a patterning approach with close control of pore size over
the range of small EVs, together with a simple methodology for
the release and integration of the ultrathin membrane into
a silicone based device for the study of EVs. To the best of our
knowledge, such a comprehensive process has not yet been
demonstrated. This platform will impact cellular co-culture
studies and isolation based methodologies including the
previous research published by our group on the capture and
release of EVs in a tangential ow microuidic device.55

Here, we report the fabrication of ultrathin free-standing
nanoporous membranes using nanosphere lithography. These
membranes can be made of SiN for increased mechanical
robustness or SiO2 for optimum optical transparency and
surface functionalization.38,54 The pores have been patterned
through the use of self-assembled nanospheres, similar in size
and shape to small EVs. This patterning technique is a bottom-
up approach known as nanosphere lithography (NSL) and offers
pore size control over a large area at an affordable cost.35 The
most commonly used techniques for nanosphere self-assembly
are spin coating and interfacial trapping. The latter approach
allows for efficient use of the nanospheres, with virtually no
waste, while spin coating requires a large volume most of which
is ultimately lost. Interfacial trapping can render close packed
or non-close packed arrangements when using neutral or
charged nanospheres, respectively. A non-close packed
arrangement allows for the independent control of pore size
and porosity.51,56 We adopted the latter methodology because of
its versatility and reproducibility.

The last step inmembrane fabrication is the release or li-off
that detaches the membrane from its support, oen a silicon
wafer, rendering it free-standing. This process usually requires
strong chemicals and is time consuming. Reducing the cost can
be achieved by using thinner silicon wafers, however these are
Fig. 1 Ultrathin nanoporous membrane fabrication process. Schematic s
transfer to membrane release.

4428 | Nanoscale Adv., 2020, 2, 4427–4436
more prone to breakage. The use of thin lms acting as sacri-
cial layers, which can be dry or wet etched, has been explored
mainly in the electronics industry but also for membrane
release.54,57–60 We adopted the use of a zinc oxide (ZnO) thin lm
as a sacricial layer due to its low-cost, stability through the
fabrication process, and fast etching rate in mild chemistry. We
have integrated our membrane into a simple silicone device and
evaluated their size cut-off characteristics and permeability of
EVs. These membranes are useful for the isolation and recovery
of EVs for their analysis as well as for the modulation of EV-
mediated communication in co-culture. We expect this plat-
form to aid researchers in contributing to the body of knowl-
edge surrounding the therapeutic and diagnostic potential of
the different subtypes of EVs.
Experimental details
1 Membrane fabrication

The process followed for membrane fabrication has been
depicted in Fig. 1 and will be described in detail in the following
sub-sections. The versatility of this methodology enables it to
adapt to varied specic needs. The initial size of the nano-
spheres can be easily changed as well as their composition
which allows the use of alternative chemistries for size reduc-
tion and control over a different pore size range. The membrane
composition can be substituted by a myriad of materials as long
as selectivity under HCl is maintained. The material used as
overcoat to form the nanoporous etching mask can also be
substituted for other metals and even oxides to modify the
porous pattern transfer or the composition at the surface.
Finally, it is worth noting that there is no inherent limitation to
scale the process to smaller or larger samples.

1.1 Substrate preparation. All substrates used were silicon
wafers with h100i orientation purchased from University Wafer
(Massachusetts, United States) coated with 100 nm of ZnO
deposited at room temperature from a Zn target purchased
from Kurt J. Lesker (Pennsylvania, United States) by reactive
sputtering (Kurt J. Lesker, PVD-75) in an Ar: 40% O2 atmo-
sphere, this ZnO lm was annealed for 1 h at 600 �C under N2

ow in a Bruce furnace. The ZnO lm is used as a sacricial
layer for membrane release. The substrate was then coated with
120 nm of low-stress silicon nitride deposited by plasma
ummary of the integrated process, from nanosphere self-assembly and

This journal is © The Royal Society of Chemistry 2020
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enhanced chemical vapor deposition (Rogue Valley Micro-
devices – Oregon, United States).

1.2 Nanosphere self-assembly and deposition. Positively
charged polystyrene nanospheres were purchased from Invi-
trogen (California, United States) with a nominal size of 300 nm
in diameter. The aqueous stock solution was diluted in
a mixture of isopropanol and ultrapure water (2 : 3 v/v). The
substrate was mounted on a holder with a 10� upward tilt and
immersed in a polypropylene beaker containing 175 ml of
ultrapure water. Next, 25 ml of n-hexane were carefully added
through the sidewall of the beaker to form an oil/water inter-
face. Then, 200 ml of the diluted stock solution was injected into
the hexane phase, 1 mm above the interface, at a speed of 50
ml min�1 controlled with a syringe pump. The system was then
covered with a lid and the nanospheres were allowed to self-
assemble for 12 min. Finally, the substrate was withdrawn at
a controlled speed in the range from 25 to 450 mm s�1. The
withdrawal speed was controlled by attaching the substrate
holder to a syringe pump. The NS attach to the substrate as it
travels across the n-hexane/water interface. The methodology
described for nanosphere self-assembly has been adapted from
previous publications.51,61,62 Here, the self-assembly and trans-
fer were carried out inside an enclosure maintained around
50% relative humidity, this parameter was found to be crucial in
ensuring repeatability. Aer the nanosphere monolayer was
deposited on the substrate, the samples were allowed to
completely dry overnight at room temperature.

1.3 Nanoporous etching mask fabrication. The NS mono-
layers were exposed to an oxygen plasma for size reduction.
Because the size of the NS determines the nal size of the pore,
this plasma treatment allows for pore size control. The samples
were placed in a reactive ion etch (RIE) chamber from South Bay
Technology (California, United States) which was lled with O2

to a pressure of 130 mTorr (z45 sccm O2) and supplied with
a power of 130 W. The etch rate under these conditions was
found to follow a linear trend with an approximate slope of
6 nm s�1. Aer NS size reduction, an Al thin overcoat was
deposited by thermal evaporation in a Kurt J Lesker tool. Scotch
tape was used to mechanically remove most of the nanospheres
and then the samples were sequentially sonicated in toluene
and acetone for 10 min, twice in each solvent. Finally the
samples were cleaned in isopropyl alcohol followed by ultrapure
water and dried under an air stream. Aer nanosphere removal,
the Al thin lm exhibited a nanoporous pattern and was used as
etching mask.

1.4 Nanoporous pattern transfer. The pattern was trans-
ferred into the SiN layer through dry etching. The samples were
introduced into the RIE chamber lled with Ar : SF6 (1 : 2 sccm)
to a pressure of 120 mTorr and a supplied power of 175 W. The
etch rate under these conditions was found to be z1 nm s�1.
Next, the Al was fully removed by immersing the samples in
a 1 M solution of NaOH for 1 min.

1.5 Polymeric scaffold. The scaffold material is SU-8 (3025
from MicroChem Corp. Massachusetts, United States),
a commonly used negative resist. The samples were primed by
immersing them in 1 M HCl for 5 s which etches the ZnO
exposed at the bottom of the pores and signicantly increases
This journal is © The Royal Society of Chemistry 2020
scaffold attachment by improvingmechanical gripping. The SU-
8 was deposited by spin coating through a two-step process.
First, spinning at 500 rpm for 10 s with an acceleration of
100 rpm s�1. Then, spinning at 3000 rpm for 45 s with an
acceleration ramp of 100 rpm s�1. Following SU-8 deposition,
a so bake was performed for 10 min at 95 �C. Then the samples
were exposed with a dose of 225 mJ cm�2 in a Karl Suss 1Xmask
aligner equipped with a broadband lamp. Next, a post exposure
bake was performed; rst at 65 �C for 1 min and then at 95 �C
for 3 min with a waiting period of 10 min between these steps.
Finally, the samples were developed under mild agitation for
5 min and rinsed with isopropanol. All heating steps were
performed with a ramp of 5 �C min�1 from a starting temper-
ature of 60 �C, this minimizes mechanical strain that can
compromise SU-8 attachment. The scaffold exhibits a grid
pattern which is 20 mm thick with 100 � 100 mm openings and
10 mm wide struts.

We have also used the methodology described above for the
fabrication of SiO2 membranes. The specic details of the SiO2

deposition and post-deposition treatment are described in the
ESI† which also includes electron micrographs of the porous
membranes (Fig. S1, ESI†).

2 Device integration

The silicone based device consisted of a bottom channel,
a membrane chip, and a top chamber. The overall process for
device fabrication and layout has been depicted in Fig. 2. The
device was fabricated from 600 mm thick silicone sheets
purchased from Silicone Specialty Fabricators (California,
United States) custom cut with the use of a Silhouette Cameo
digital cra cutter. The bottom channel (2 � 17 mm) was
plasma bonded to a clean glass slide followed by another layer
with two access ports (2 mm diameter) and one central opening
(3 mm diameter) to create an interaction area connecting top
and bottom chambers. A silicone gasket with a central opening
(3 mm diameter) with a backing made from black vinyl was
secured to the bottom channel central opening with the use of
Kapton tape. This silicone gasket was the layer receiving the
membrane aer li-off. The supported membrane was
immersed in 1 M HCl for li-off. It is important to note that this
li-off process only takes a couple of minutes, which is
a remarkable improvement over the through wafer etching
commonly used. Aer release, the free-standing membrane was
carefully removed with tweezers and rinsed in deionized water
(Video S1, ESI†). The free-standing membrane was then placed
over the plasma treated silicone gasket and allowed to bond at
room temperature for 2 h. The top chamber consisted of a sili-
cone piece with a 4 mm center opening that was plasma treated
and bonded to the membrane. Finally, silicone tubing with an
internal diameter of 0.03100 (Cole-Parmer – Illinois, United
Stated) was affixed to the bottom channel outlets.

3 Size cut-off evaluation

The fabricated device operates under convective ow by creating
a simple siphon to pull the uid from the top chamber, through
the membrane, into the bottom channel, and out for collection.
Nanoscale Adv., 2020, 2, 4427–4436 | 4429
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Fig. 2 Membrane integration: (a) overall device layout, and (b) schematic representation of the process flow followed to release the supported
membrane into a silicone device.
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The device was set onto the stage of a uorescent microscope
(Leica Microsystems DMI6000, Wetzlar, Germany), then the top
chamber and bottom channel were lled with ultrapure water,
including the silicone tubing sections which serve as bottom
channel inlet and outlet. To initiate ow a 30 cm height
different was set between the uid level inside the top chamber
and the bottom channel outlet, while constricting the ow
through the bottom channel inlet. Aer most of the ultrapure
water was depleted, the top chamber was relled with a testing
solution containing either 200 or 300 nm uorescent particles
(unmixed). The testing solution was allowed to permeate
through the membrane and into the bottom channel where the
uorescent intensity was tracked as a function of time. The
obtained values were adjusted to the background intensity and
normalized to the intensity at the membrane, the data has not
been adjusted for quenching effects. The uorescent latex beads
were purchased from Magsphere Inc (California, United States)
with nominal particle sizes of 200 nm (green uorescent) and
300 nm (red uorescent).
4 Filtration of extracellular vesicles

EVs were purchased lyophilized from HansaBioMed (Tallinn,
Estonia) and reconstituted according to their specications.
Next, we uorescently labelled the EVs with CFSE dye (5(6)-
carboxyuorescein N-hydroxysuccinimidyl ester) purchased
from Invitrogen (California, United States).63 This dye,
commonly used for the tracking of cells as well as EVs,
permeates through the membrane and interacts with free
amine to generate uorescent protein conjugates which are
much less membrane permeable.63–69 Moreover, we utilized the
CFSE dye because it has been shown to preserve the size char-
acteristics of the EVs.70 In order to prevent non-specic
adsorption due to charge-based interaction between the
membrane and the EVs, we coated the membrane with bovine
4430 | Nanoscale Adv., 2020, 2, 4427–4436
serum albumin (BSA). A 5 mg ml�1 BSA solution prepared in
phosphate buffered saline (PBS) was claried at 2000 rpm for
8 min and loaded onto the top and bottom chambers of the
device. Aer 1 h, the device was thoroughly rinsed with clean
PBS. Similar BSA treatment has been previously shown to yield
a 3.5 nm thick coating,40 this represents a 3% pore size decrease
in our membrane which does not represent a signicant
change. The labelled EVs were loaded onto the top chamber and
allowed to permeate through in the same fashion as the
experiments described in the Experimental details Section 3.
Aer the experiment, the ltered fraction was recovered for
further characterization by nanotracking analysis (NTA).
5 Imaging

Scanning electron micrographs were taken with a Tescan Mira3
(Brno, Czech Republic) or an S-4000 Hitachi Ltd (Tokyo, Japan)
both equipped with eld emission electron guns. The samples
were coated with �10 nm of sputtered gold to reduce charging
effects.
Results and discussion
Withdrawal speed optimization

Many authors have described methods for successful mono-
layer transfer onto varied substrates.56,71 Although the forces
involved are well understood, the transferring methods vary
signicantly. As the substrate travels through an interface,
several parameters come into play to adequately balance
attractive and repulsive forces.56,71

Charged nanospheres are irreversibly trapped at the water/
hexane interface where they form dipoles caused by the
surface functional groups dissociating. These dipoles will
spontaneously align normal to the interface, locking the
nanospheres and ensuring the presence of a monolayer (dipolar
This journal is © The Royal Society of Chemistry 2020
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interaction). Furthermore, electrostatic repulsion forces the
nanospheres to repel each other, allowing the formation of
a non-close packed monolayer (Coulomb interaction). These
repulsive forces are mainly responsible for stabilizing the
nanospheres at the interface. Attractive capillary forces,
however, play a crucial role during the transfer of the monolayer
onto a substrate and should be avoided to prevent aggregation.
This phenomena takes place twice during the process, rst as
the substrate is pulled through the interface, and second as the
transferred monolayer dries undisturbed. Because the relative
humidity directly affects the drying process, we rst set this
parameter constant at 50% for all experiments. Aggregation
during substrate withdrawal is the result of two interlocked
parameters: speed and tilt of the substrate. Large tilt angles
(more vertical) are usually avoided since they require nano-
sphere monolayer compression to maintain inter-nanosphere
spacing. We optimized the withdrawal speed while keeping
the substrate tilt (10�) constant. Optical and electron micro-
graphs of the samples obtained at four different speeds (25, 250,
450, and 900 mm s�1) are shown in Fig. 3 for the 300 nm
nanospheres used; we found similar results for 200 nm nano-
spheres (Fig. S2, ESI†). We found that slow speed (25 mm s�1)
promotes the formation of folds in the monolayer which are
observed as stripes. These folds are most likely due to oscilla-
tions of the interface resulting in secondary deposition of
nanospheres. These defects, aligned parallel to the interface,
are long range defects that locally affect the inter-nanosphere
spacing and result in aggregation within the fold. Faster
Fig. 3 Withdrawal speed optimization. Optical and electron micro-
graphs taken from 300 nm self-assembled monolayers transferred
onto the substrate at different withdrawal speeds.

This journal is © The Royal Society of Chemistry 2020
speed (900 mm s�1) causes the inter-nanosphere spacing to vary
signicantly along the sample. Moreover, fast speed increases
the probability of trapping water resulting in localized aggre-
gation. Due to minimal presence of large size defects and
aggregation, a withdrawal speed of 250 mm s�1 was selected for
further membrane fabrication. These optimized conditions can
be reliably used with Si, SiO2, and SiN. It is worth noting that we
only observed signicant difference on nanosphere arrange-
ment and transfer on surfaces with water contact angles <5�.
These super hydrophilic surfaces, such as oxygen plasma
treated SiO2 and parylene, do cause water to remain on the
surface aer withdrawal with the concomitant effect of nano-
sphere aggregation. Hydrophobic surfaces, such as HF cleaned
Si, with a water contact angle >80� remain unaffected by this
phenomena.
Size control

It is important to note that perfect self-assembly and pristine
transfer onto a different substrate without defects is experi-
mentally impossible. Instead, minimization of defects should
be implemented through an application driven optimization
parameter. In the context of membranes, the most important
defects are the ones pertaining to pore size. Aggregates of
nanospheres cause the average pore size to increase and the size
dispersion to spread. Withdrawal speed optimization together
with post-transfer treatment can greatly reduce the presence of
aggregates. The use of oxygen plasma has been previously
applied to reduce the size of polystyrene nanospheres.72–74 The
dry etching prole is isotropic in nature and can be used to
minimize defects such as aggregates. As shown in Fig. 4a, we
found the nanosphere diameter to linearly decrease in the
etching range tested (0–30 s), with an approximate reduction
rate of 7 nm s�1. Fig. 4b shows a top-view of the reduced NS, the
etch is anisotropic with the height of the nanospheres
decreasing faster than the width resulting in nanospheres than
atten over time. This effect can be seen in the tilted SEM
micrographs included in the supporting info for 200 nm
nanospheres reduced for 10, 20, ad 30 s (Fig. S3, ESI†). The
samples used to evaluate the nanosphere size reduction pre-
sented in Fig. 4 were coated with 24 nm of Al by thermal
evaporation and the nanospheres were removed as discussed in
the Experimental details. The samples obtained were imaged in
an SEM and the micrographs are shown in Fig. 4c. Reducing the
size of the nanospheres also minimizes defects such as merged
pores which are critical for ensuring a narrow pore size in
membranes. An example of this has been included in the sup-
porting info (Fig. S3, ESI†).

In this work, we transferred the porous pattern produced in
the Al masks from nanospheres reduced in size for 10, 20, and
30 s. We will now refer to these samples as membranes with
small, medium, and large pores, respectively. The nanoporous
pattern was transferred onto the underlying SiO2 lm through
RIE in an Ar : SF6 plasma using an adapted version of a previ-
ously reported recipe.38,54 Aer transferring the pattern, the Al
was removed by wet etching in NaOH and the samples were
imaged in an SEM. The shape of the nanospheres transfers to
Nanoscale Adv., 2020, 2, 4427–4436 | 4431
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Fig. 4 Nanosphere size reduction: (a) diameter of the reduced nanospheres and the resulting nanopores in the Al mask, (b) top-view of the
reduced nanospheres, and (c) the resulting pores in the Al mask.
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the pore geometry as seen in the top-view micrographs pre-
sented as insets in Fig. 5a. As the nanospheres decrease in size
and shrink they lose circularity and this can be seen transferred
onto the smallest pores. The pore sizes were evaluated from the
SEM images taken at a 10 000� magnication from 5 different
areas and the results have been summarized as a histogram
presented in Fig. 5a. A comparison between the size of the
reduced nanospheres and the resulting pores is presented in
Fig. 5b. The average measured pore diameters are in good
agreement with the size of the nanospheres, deviating slightly
for the largest pore size which is mainly due to the isotropic
nature of the etching process.

Size cut-off

The size cut-off of a membrane is a complex attribute,
commonly measured experimentally for the species of interest.
It has been shown that, in general, as the particle diameter
Fig. 5 Final pore size as a function of nanosphere reduction time: (a)
electronic imaging, the insets show representative SEM micrographs of
comparison between the reduced nanosphere size and the obtained po

4432 | Nanoscale Adv., 2020, 2, 4427–4436
approaches the size of a given circular pore the hindrance factor
decreases from 1 to 0.30,75 A hindrance factor of 0 indicates full
blockage of particles. One of the objectives in this work is to
allow permeability of small EVs while limiting permeability of
larger species (microvesicles and MVBs). We selected the
membrane with 250 nm pores as these would show hindrance
factors close to 1 for small EVs and close to 0 for large EVs. This
membrane was integrated into a silicone-based device with top
and bottom chambers separated by the membrane to evaluate
its size cut-off. The devices were assembled following the
process described in the Experimental section (Fig. 2). The top
chamber was loaded with a testing solution containing either
200 or 300 nm uorescent latex beads (unmixed). Fig. 6a shows
the size dispersion histogram obtained through nano particle
tracking analysis (NTA) for the different beads used in the
experiment. The particles with a nominal particle size of 200 nm
showed an average measured diameter of 180 nm with a mode
data presented as a histogram from the pore sizes calculated from
the pores resulting from different nanosphere reduction times, and (b)
re size.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Size cut-off characteristics for a membrane of medium pore size 250 nm: (a) size dispersion for the pores and the 200 and 300 nm beads
used, and (b) fluorescent intensity change tracked as IF/IS for the permeating solution containing fluorescent beads of either size (unmixed).
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of 181 nm. The particles with a nominal particle size of 300 nm
showed an average measured diameter of 296 nm with a mode
of 290 nm. The testing species were allowed to permeate
through the membrane into the bottom channel where
a change in uorescent intensity was tracked as function of
time. The average intensity of the images has been plotted in
Fig. 6b, the values have been adjusted for background and
plotted as the ratio IF/IS which corresponds to the intensity
recorded for the ltrate (IF) over the source (IS). IF was measured
in the bottom channel and IS was measured at the center of the
membrane. A size dispersion histogram of the pores in the
membrane has also been included in Fig. 6a. The 200 nm beads
were able to pass through the membrane as evidenced by the
increase in intensity seen in the bottom channel during the
experiment. We did not observe an increase in uorescent
intensity in the bottom channel when testing the 300 nm beads.
The latter is not unexpected and is due to the hindrance factor
being zero or very close to zero for this case. For example,
a 270 nm bead (smallest in the testing solution) and a 300 nm
pore (largest in the membrane) show an approximate convective
hindrance factor �0.05.75 This is in good agreement with the
results shown in Fig. 6b where the 300 nm beads have been
blocked by the membrane.
Filtration of extracellular vesicles

Although polystyrene beads can be an acceptable model for EVs
they are hard, rigid, and neutral in charge while EVs are so,
exible, and exhibit surface charge. We further decided to
evaluate the feasibility of utilizing our membranes for the study
of EVs. As stated in the experimental details, a BSA coating was
applied to neutralize the charges on the membrane therefore
minimizing charge-based interaction. The EVs were uo-
rescently labelled with CFSE and allowed to permeate through
a membrane with 250 nm pores coated with BSA. Fig. 7a
provides the size dispersion of the pores as well as the CFSE
labelled EVs, source and ltrate, as measured by NTA. The
uorescent intensity in the bottom channel was tracked as
a function of time. The results have been background corrected
and the ratio IF/IS has been plotted in Fig. 7b. The increase in
This journal is © The Royal Society of Chemistry 2020
intensity seen in Fig. 7b indicated traffic across the membrane
was most likely due to small EVs, this was further conrmed
using NTA. The size distribution curve for EVs narrows and
shis to smaller particle sizes aer ltration. Quantitative
determination of the NTA results was performed by comparing
the mode and the mean of the particle size. The EVs source
showed a mode value of 200 nm with a mean value of 253 nm.
The ltered fraction recovered from the bottom channel showed
a mode of 110 nm with a mean value of 166 nm which repre-
sents the small EVs. The membrane used here showed an
effective size cut-off of 300 nm with the majority of the EVs
#200 nm. These characteristics are in agreement with theo-
retical and experimental evidence of pores exhibiting an effec-
tive size cut-off smaller than their physical diameter.30,75

Moreover, because of minimal convective hindrance of EVs
similar in size to the pores, EVs in the range between 200 and
300 nm represent a minor fraction. The observations found
here demonstrate the capability of these membranes to
modulate the permeability of EVs based on size.

The evidence of the important role that EVs play in medi-
ating cellular communication is undeniable.76 However, the
vast majority of studies published to date have utilized poly-
disperse populations of EVs. Amore sophisticated approach has
become necessary, one that allows side-by-side comparison of
the effect of different subtypes of EVs.19 The platform presented
here fullls this present need by offering an extensive process
for the fabrication of ultrathin nanoporous membranes with
the ability for pore size control over the full range of EVs.

Two attributes make this platform superior. Control over
pore size determines the selectivity of the membrane to allow or
block different subpopulations of EVs and nanoscale thickness
increases the permeability of species and allows for physical
contact between cells across the membrane. These two char-
acteristics are crucial for the improvement of current and
emerging isolation and cellular co-culture platforms.1,77,78

Additionally, by simply changing the number of nanospheres
introduced at the hexane–water interface one can control the
overall spacing between pores. This is an advantageous attri-
bute since it has been shown that membrane pore spacing can
Nanoscale Adv., 2020, 2, 4427–4436 | 4433
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Fig. 7 Filtration of EVs: (a) size dispersion of the CFSE labelled EVs before and after filtration as measured by NTA, and (b) fluorescent intensity
increase on the bottom channel for EVs permeating through a membrane with 250 nm pores.
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inuence cell-substrate and cell–cell interactions.79 Lastly, the
affordable and efficient nanoscale patterning and membrane
li-offmethodologies utilized here also represent an additional
improvement over current processes.

Conclusions

Here, we presented a process for the fabrication and integration
of ultrathin nanoporous membranes with great potential for the
study of EVs. At its basis, this process allows for pore size
control into the nanoscale and offers a simple approach for
membrane release. The membranes presented here achieved
pore sizes in the range of small EVs and demonstrated their
potential for the separation of EVs based on their size. This
selectivity is crucial for lter-based isolation as well as for the
modulation of EVs exchanged in co-culture systems. The ability
to establish these models enables sophisticated interrogation of
cellular behavior. Overall, this work provides a platform for the
direct and indirect study of EVs for which interest will continue
to grow.
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D. Koensgen, A. Mustea, J. Sehouli and P. Altevogt, Cancer
Lett., 2009, 278, 73–81.

69 V. Pospichalova, J. Svoboda, Z. Dave, A. Kotrbova, K. Kaiser,
D. Klemova, L. Ilkovics, A. Hampl, I. Crha, E. Jandakova,
4436 | Nanoscale Adv., 2020, 2, 4427–4436
L. Minar, V. Weinberger and V. Bryja, J. Extracell. Vesicles,
2015, 4, 1–15.

70 M. Dehghani, S. M. Gulvin, J. Flax and R. Thomas, bioRxiv,
2019, 532028.

71 N. Vogel, M. Retsch, C. A. Fustin, A. Del Campo and U. Jonas,
Chem. Rev., 2015, 115, 6265–6311.

72 T. M. Blättler, A. Binkert, M. Zimmermann, M. Textor,
J. Vörös and E. Reimhult, Nanotechnology, 2008, 19, 075301.

73 A. Plettl, F. Enderle, M. Saitner, A. Manzke, C. Pfahler,
S. Wiedemann and P. Ziemann, Adv. Funct. Mater., 2009,
19, 3279–3284.

74 N. Vogel, S. Goerres, K. Landfester and C. K. Weiss,
Macromol. Chem. Phys., 2011, 212, 1719–1734.

75 P. Dechadilok and W. M. Deen, Ind. Eng. Chem. Res., 2006,
45, 6953–6959.

76 M. Mathieu, L. Martin-Jaular, G. Lavieu and C. Théry, Nat.
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