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Microfluidic-enabled magnetic labelling of
nanovesicles for bioanalytical applications†
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Bearing multiple functionalities dramatically increases nanomaterial capabilities to enhance analytical

assays by improving sensitivity, selectivity, sample preparation, or signal read-out strategies. Magnetic pro-

perties are especially desirable for nanoparticles and nanovesicles as they assist in negating diffusion limit-

ations and improving separation capabilities. Here, we propose a microfluidic method that reliably labels

functional nanovesicles while avoiding the risk of crosslinking that would lead to large conglomerates as

typically observed in bulk reactions. Thus, the carboxy groups of bi-functional biotinylated fluorescent

liposomes were activated in bulk. They were then covalently bound to amino group presenting magnetic

beads immobilized through a magnetic field within microfluidic channels. Microfluidic design and coup-

ling strategy optimization led to a 62% coupling efficiency when using 1 µm magnetic beads. The yield

dropped to 13% with 30 nm magnetic nanoparticles (MNPs) likely due to crowding of the MNPs on the

magnet. Finally, both populations of these tri-functional liposomes were applied to a biological binding

assay demonstrating their superior performance under the influence of a magnetic field. The microfluidic

functionalization strategy lends itself well for massively parallelized production of larger volumes and can

be applied to micro- and nanosized vesicles and particles.

Introduction

Liposomes are commonly applied labels in analytical assays
due to their inherent signal enhancement capability by encap-
sulating marker molecules in their inner cavity and presenting
binding molecules on their outer surface.1 Signal amplifica-
tion factors of more than three order of magnitude can be
achieved in comparison to single molecule, enzymatic or nano-
particle labelling.2 This is of special interest in trace analysis
such as the detection of minute amounts of biomarkers,
environmental pollutants or foodborne diseases, but also in
scenarios where only small volumes can be analysed such as
microchip strategies.3 Traditionally, liposomes are generated
in bulk, producing large quantities of the same liposome
population. Miniaturized, microfluidic-based approaches have
also been demonstrated enabling more refined particular size
and size distributions. By varying parameters like flow
dynamics, channel design, lipid composition or concen-
trations, the resulting liposome characteristics can also be tai-
lored toward encapsulation efficiency and outer surface com-

positions.4 Other strategies demonstrate the on-chip combi-
nation of characterization and synthesis. For example,
dynamic vesicle formation can be monitored directly by inte-
grating asymmetric flow field-flow fractionation combined
with quasi-elastic light scattering and multiangle laser-light
scattering; or by propane jet-freezing and in situ cryo electron
microscopy.5 Also, the influence of controlled mixing can be
investigated by adjusting the ratio of volumetric flow rates of
different solvent solutions.6

Like other nanoparticle and nanovesicle signalling entities,
liposomes suffer from diffusion limitations when compared to
molecular entities which is caused primarily by diffusion
coefficients that are easily two orders of magnitude worse (see
ESI chapter 1†). Here, magnetic labelling is deemed an ideal
solution as it allows direct manipulation of the liposomes
within a magnetic field without affecting their binding and
signalling abilities, respectively. This was demonstrated suc-
cessfully by incorporating magnetic nanoparticles (MNPs) into
the lipid bilayer7 and applying it to DNA binding assays.
Synthesis of these liposomes is more complicated and limited
as the MNPs can easily lead to membrane disruption and dis-
tortion. Larger MNPs, and hence stronger magnetic properties
can be achieved by encapsulating MNPs into the inner cavity.8

The major drawback here is low colloidal stability of MNPs in
aqueous solution which in turn leads to low MNP concen-
trations and hence low encapsulation efficiency. A third,
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highly attractive approach is the labelling of liposomes on
their outer surface done post synthesis.9 This has the advan-
tage that particles of different size and different coverage can
be bound. Furthermore, since the same liposome batch can be
used during optimization experiments, high comparability
and reproducibility can be achieved. However, obviously, mag-
netic labelling in bulk is impossible as it leads to cross linking
and agglomeration. Thus, the inherent laminar flow properties
of microfluidics to precisely control the convergence and
mixing of components can be used to overcome this challenge.
Fig. 1 shows this strategy. Here, magnetic particles are
immobilized at the bottom of the channel and only one side of
them is facing the solution on top. Thus, liposomes can only
bind from this side and no other magnetic beads can cross-
link. By deactivation of the active carboxy groups prior to mag-
netic release, further crosslinking after release can be pre-
vented. Similar strategies have already been employed for the
formation of multifunctional particles, e.g. by combination of
quantum dots and magnetic particles to single Janus cores
inside acrylate droplets,10 or by fusing liposomes of different
composition by the use of microelectrodes,11 or by coupling
magnetic particles and liposomes to nanochains via solid sup-
ports.12 We developed a new strategy for a directed coupling of
bi-functional biotinylated, fluorescent liposomes to magnetic
particles to result in tri-functional nanovesicles. Exploiting
their multiple functions, these are then further studied as
labels in bioanalytical assays.

Experimental
Chemicals and instruments

All chemicals are of analytical grade unless otherwise specified
and either obtained from Avanti Polar Lipids, Inc. (http://www.
avantilipids.com), Roth (http://www.carlroth.com), Sigma
Aldrich (http://www.sigmaaldrich.com), Fisher Scientific

(http://www.fishersci.com), Merck (http://www.merckmillipore.
com) or VWR (de.vwr.com).

HEPES buffer (10 mM HEPES, 200 mM NaCl, 0.01% (w/v)
NaN3, pH 7.5), phosphate buffered saline (PBS) (137 mM NaCl,
2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and
washing buffer (0.05% (v/v) Tween 20, 0.01% (w/w) bovine
serum albumin in PBS) are prepared with double distilled
water.

An extruder equipped with syringes, filter supports and
membranes for extrusion of liposomes was obtained from
Avanti Polar Lipids, Inc. (http://www.avantilipids.com).

Fluorescence measurements are performed with a BioTek
SYNERGY neo2 (http://www.biotek.com). For more information
on chemicals and instruments view ESI.†

Liposome synthesis

For liposome synthesis, reverse phase evaporation according
to an established procedure from Edwards et al.13 is employed.

Briefly, 20 µmol DPPC (33%), 26 µmol cholesterol (43%),
10 µmol DPPG (16%), 1.5 µmol Biotin-DPPE (2%) and
3.5 µmol N-glutaryl-DPPE (6%) are dissolved in 3 mL chloro-
form and 0.5 mL methanol, 2 mL sulforhodamine B (SRB)
solution (10 mM SRB, 2 mM HEPES, pH 7.5) are added and
the mixture is sonicated. Organic solvents are vaporized at a
rotary evaporator at 60 °C under reduced pressure. 2 mL SRB
solution are added and any remaining organic solvent is evap-
orated at the rotary evaporator. The liposomes are extruded
each 21 times at 60 °C through polycarbonate membranes (1.0
and 0.4 µm). Medium and high concentrated liposome con-
taining fractions are collected ater size exclusion column
chromatography (1.5 × 20 cm, Sephadex G50) and transferred
to dialysis (MWCO 12–14 kDa, spectrumlab.com) against
HEPES buffer.

The concentration of liposome solutions is determined
with a Spectroflame-EOP inductively coupled plasma optical
emission spectrometer (ICP-OES) from Spectro (http://www.
spectro.com) or an ELAN 9000 (ICP-MS) from PerkinElmer
(http://www.perkinelmer.com), whereas hydrodynamic dia-
meters and ζ-potentials are measured by dynamic light scatter-
ing (DLS) at 20 °C with a Malvern Zetasizer Nano-ZS (http://
www.malvern.com) in disposable poly(methyl methacrylate)
(PMMA) cuvettes (semi-micro) and disposable PMMA capillary
cells, respectively.14

Microfluidic setup and coupling procedure

The microfluidic chip is produced with a laser scriber VLS2.30
from Universal Laser Systems (http://www.ulsinc.com). The
channel is cut into double-sided adhesive tape (type 415 from
3 M (http://www.3M.com), 100 µm in thickness), then a PMMA
slide (1.6 mm in thickness) is glued on top and inlet holes are
cut with the laser scriber. Afterwards a second PMMA slide is
clued to the bottom to seal the channel. The PMMA slides are
treated directly before mounting with UV/ozone treatment for
5 min with a Model 42 UV–ozone–cleaner from Jelight
Company Inc. (http://www.jelight.com) to increase the hydro-
philicity of the channel. The overall dimensions of the micro-

Fig. 1 Scheme of the directed coupling of liposomes (purple spheres,
135 nm in diameter) with magnetic nanoparticles (brown spheres,
30 nm in diameter) inside a microfluidic channel. The particles are cap-
tured on a magnet while liposomes bind to the particles on their way
through the channel (flow from back to front).
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fluidic chip are 3.3 × 60 × 30 mm, with a channel height of
100 µm and width from 1.5 to 6.87 mm (Fig. 2B). Then the
chip is inserted into a chip holder with underlying magnet
holder plate, as represented in Fig. S1,† and tubing is attached
to connect the inlet and outlet holes with syringes mounted in
Legato 180 syringe pumps from kd Scientific (http://www.
kdscientific.com).

Before coupling can take place, carboxy modified liposomes
have to be activated by EDC-sNHS coupling with a modified
procedure by Bogdanov et al.15 Activated liposomes solution
are prepared freshly each day and always used for three or four
consecutive couplings. A typical activation solution contains
60 µM carboxy groups on the surface of liposomes and each
15 mM EDC and sNHS. Activation is performed for 20 min at
23 °C in a ThermoMixer C (online-shop.eppendorf.de).

Magnetic beads (1 µm in diameter, MB) are diluted with
HEPES buffer to 0.11 mg mL−1, equalling 44 nmol mL−1

amino groups, while magnetic nanoparticles (30 nm in dia-

meter, MNP) are diluted to 0.17 mg mL−1 (no number given
for concentration of amine groups by producer). Ethanolamine
is diluted to 25% (4.2 mM) with HEPES buffer.

Four syringes are loaded with liposome solution, ethanol-
amine, HEPES buffer and MB/MNP solution, respectively.
Liposomes are connected to the top inlet in Fig. 2B, MBs/
MNPs to the bottom inlet and ethanolamine and HEPES
buffer are added through the middle inlet, syringes connected
by a T-piece. Channels are filled by hand to ensure that no
bubble remain. Flow speeds and volumes are given in Table 1.
Liposomes are added in two steps: first faster (10 µL min−1) to
ensure total coverage of the magnetic particle spot with lipo-
somes, than with very slow flow speed (1 µL min−1) to ensure
enough time for sufficient coupling. Based on previous
studies, low flow rates enable best chemical interactions with
liposomes.16 Therefore, the lowest flow rate possible of 24 µm
per second was applied to promote the chemical reaction
between liposomes and magnetic beads. After this procedure,

Fig. 2 (A) Same particle amount caught on simple (top) and optimized (bottom) channel. The underlying magnet is visible as faint grey square (flow
direction from left to right). (B) Shape and dimensions of the optimized microfluidic chip with three inlets and one outlet. The black box represents
the underlying magnet with a size of 5 × 3 mm. Its magnetic field lines lead to the capture of the magnetic beads as shown in (A). (C) Comparison of
phospholipid concentration measured by ICP-OES for simple and optimized channel layout (4 samples, 3 times measured).

Table 1 Microfluidic protocol with flow speed and volumes

Solution Flow speed/µL min−1

Linear velocity/mm s−1

Infused volume µL−1 Infused amount1.50 mm 3.95 mm 6.87 mm

MB/MNPs 10 1.1 0.42 0.24 150 6.6 nmol amine groups/∼25 µg particles
Liposomes 10 1.1 0.42 0.24 10 0.6 nmol carboxy groups

1 0.11 0.042 0.024 70 4.2 nmol carboxy groups
Ethanolamine 10 1.1 0.42 0.24 150 630 nmol amine groups
HEPES buffer 15 1.7 0.63 0.36 100

Three different linear velocities are given as the channel has different widths over its length (see Fig. 2 and Fig. S1†).
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the magnetic plate is removed and the coupling product is
flushed out by hand and collected (in the following called
‘microfluidic product).

Concentration determination

Concentration determination is performed with three different
methods: fluorescence measurements, ICP-MS and ICP-OES
measurements and the Bartlett Assay.13 For details view ESI.†

Determination of coupling efficiency

Consecutive washing steps in black half area 96-well microtiter
plates (http://www.gbo.com) are performed to determine fluo-
rescence intensity of unlysed and lysed microfluidic product
before and after magnetic separation. SRB, a fluorescent dye,
is encapsulated into the liposomes’ inner cavity in high con-
centration, inducing self-quenching. By lysis of the liposomes
with a surfactant (n-octyl-β-D-glucoside, OG) the dye is released
and a fluorescent signal can be detected.

Prior to measurement, all wells are blocked with washing
buffer (2 × 50 µL per well) and washed with HEPES buffer (2 ×
50 µL per well). Then the microfluidic product (each 30 µL per
well) is added. Analysis is performed with consecutive washing
steps with fluorescence measurement after each step. First, the
unaltered sample as collected from the microfluidic chip
diluted in HEPES buffer (pure in Fig. 3) as well as an equally
diluted sample in OG solution for lysis (pure lysed) are
measured. After measurement, the microtiter plate is posi-
tioned on a magnetic plate (96S Super Ring Magnet Plate with
NdFeB magnets, http://www.alpaqua.com) and the supernatant
of the pure sample solution in HEPES buffer is taken off. The
remaining beads are resuspended in HEPES buffer and
measured again (mag. sep.). This step is repeated, but with

addition of OG solution instead of HEPES buffer (mag. sep.
lysed).

Biotin–streptavidin-binding-assay

Streptavidin coated microtiter plates (MTPs) are used for the
following assay. All steps are performed in parallel on two
identical MTPs, with the difference that during liposome incu-
bation, one of the plates is positioned on a permanent magnet
while the other one is positioned outside the magnetic field.

Before incubating the streptavidin-coated wells with biotin-
containing liposome sample, each well is washed with
washing buffer (2 × 200 µL per well) and HEPES buffer (2 ×
200 µL per well). Then the microfluidic product (varying con-
centrations, 100 µL per well) is added and incubated for
60 min at room temperature. In between, both MTPs are posi-
tioned three times on a ThermoMixer C and shaken for 10 s.
Unbound liposomes are removed and the wells are washed
with HEPES buffer (2 × 200 µL per well).

Background fluorescence is measured in 100 µL HEPES
buffer once. Afterwards, the supernatant is removed and OG
(30 mM, 100 µL per well) is added to lyse the liposome bilayer.
After 5 min incubation, fluorescence is measured again.

Results and discussion
Liposome and magnetic particle characterization

Liposomes were synthesized using standard protocols13 and
then characterized regarding their hydrodynamic diameter
(135 nm, PdI of 0.116) and zeta potential ((−25.2 ± 1.2) mV) by
DLS (Fig. S2†), which are typical values for liposomes and
yields dispersions with high colloidal stability. Two differently
dimensioned particles were investigated: MBs with a diameter
of 1 µm and MNPs with 30 nm in diameter, both modified
with amino groups at the surface. Together with the carboxy-
modified liposomes a simple covalent coupling strategy can be
realized in which liposomes are activated with a linker (EDC
and sNHS), bonded to the MNPs/MBs, and remaining active
binding sites are deactivated by ethanolamine before release
off the magnet and hence out of the channel. The pure mag-
netic particles, mixed with inactivate liposomes and the coup-
ling product were studied using DLS supporting expected
values prior and post microfluidic coupling (compare ESI
chapter 5†). Also, prior to coupling in the microfluidic chan-
nels, the coupling chemistry was confirmed in bulk experi-
ments. The formation of cross linked conglomerates as a pre-
dominant peak around 5000 nm in the DLS spectrum could be
easily observed in comparison to the separate peaks of free
liposomes and MNPs (after sonication) (Fig. S3†).

Channel optimization

Various microfluidic channel designs were investigated to
promote best spreading of magnetic particles on an external
magnet, prevent clogging of the channel and consequently
create a large reactive magnetic particle surface. In the end, a
straight channel with a widened area above the external

Fig. 3 Coupling efficiency determined by fluorescence measurement
of unlysed (fluorescence background) vs. lysed product (fluorescence of
released SRB) with and without magnetic separation for coupling of
liposomes to MBs and MNPs. Normalized fluorescence values after
background subtraction are provided (3 samples, 3 times measured).
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magnet was chosen. Here, depending on the widened channel
cross section, magnetic bead collection can be tailored and
reproducibly carried out (Fig. 2A), whereas care has to be
taken to pair particle concentration and channel width in
order to avoid clogging. Also a mismatch of channel width and
external magnet can cause hotspot capturing which should be
avoided. It should be pointed out that the magnetic field lines
will heavily influence coverage distribution, i.e. complete cover-
age of the widened area is not possible with one external
magnet (compare ESI chapter 6†). However, interestingly, even
simple designs lead to efficient liposome coupling when com-
pared to those carefully optimized with respect to channel/
magnet dimensions and hence optimized surface coverage (1.2
fold improvement) (Fig. 2C). Minimal optimization of the
microfluidic design was done, which focused mainly on
enabling magnetic bead flow, capture and release. In the
future, further optimization strategies will be used in order to
enhance mass transport within the channels and hence
increase the percentage of liposomes getting into contact with
the active magnetic bead layer. Here, microfluidic mixers as
designed in earlier studies will be used.17

Conjugation product characterization

The amount of non-conjugated liposomes in the microfluidic
elute was determined by measuring the fluorescence of lysed
and non-lysed microfluidic product before and after magnetic
separation. In the case of MBs, (61.6 ± 0.7)% of the liposomes
were effectively conjugated with magnetic particles (Fig. 3A).
This substantial coupling efficiency is hence by far superior to
other strategies studied, considering that bilayer integration or
encapsulation of MNPs yield in maximum a 15% magnetic
labelling.18

In the case of microfluidic MNP coupling, a lower coupling
efficiency of only (12.7 ± 0.4)% was observed (Fig. 3B). While
this could be due to MNPs forming multiple layers hence effec-
tively lowering the surface available for coupling, it may also
represent the fact that more than one MNP per liposome is
needed to achieve sufficient magnetic labelling. It should be
noted that some loss of liposomes is observed in all coupling
processes due to lysis of the liposomes, as indicated by the
free SRB dye available in the solution leading to a smaller
increase in fluorescence signal in the untreated microfluidic
product when compared to the purified product.

Previous research using liposomes has shown, that an
inherent size distribution vs. monodisperse systems does not
negatively affect the analytical performance with respect to
reproducibility and accuracy. Since hundreds to thousands of
liposomes are involved in the signal generation of such bioa-
nalytical assays, we assume that their size distribution does
not have an effect on the assay itself.

Biotin–streptavidin-binding assays

The analytical performance of the newly generated tri-func-
tional liposomes was evaluated by conducting biotin–streptavi-
din binding assays. Specifically, liposomes were synthesized
bearing both a carboxy group and a biotin moiety on their

Fig. 4 Biotin–streptavidin-binding assay with microfluidic coupling
product between magnetic particles and liposomes bearing biotin on
the surface, performed in parallel in the absence and presence of an
external magnetic field. top: Pure product with 1 µm MBs without any
purification. middle: Product with 1 µm MBs after magnetic separation
(mag.sep.), concentration given in percent of pure MB product
(undiluted product after magnetic separation equalling 61.6% of pure
MB product). bottom: Product with 30 nm MNPs after magnetic separ-
ation (mag.sep.), concentration given in percent of pure MNP product
(undiluted product after magnetic separation equalling 12.7% of pure
MNP product) (3 samples).
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outer surface prior to microfluidic magnetic labelling. This
moiety can obviously be exchanged for other bioreceptors for
varying recognition purposes in the future.

Lipid concentration of the product was determined with
fluorescence measurements, by ICP-MS/-OES and with the
Bartlett assay. The total lipid concentration of the microfluidic
product is determined to be between 34 and 48 µM (Table S3,
Fig. S9†). For the following assays, a concentration of the
undiluted microfluidic product of 40 µM was assumed.

All magnetic tri-functional liposomes demonstrated
superior bioassay performance in comparison to non-magnetic
conditions (Fig. 4A), i.e. for optimal comparison, the same
liposomes were used with and without magnet in the bioassay.
Finally, when concentrating liposomes coupled to MBs and
MNPs via magnetic separation prior to conducting the bioas-
say and hence separating out non-magnetic liposomes, they
performed even better (Fig. 4B and C), although their concen-
tration was significantly lowered (from 40 µM to a maximum
of 25 and 5 µM total lipid, respectively).

Conclusions

Simple microfluidic strategies can be used for magnetic lab-
elling of nanovesicles and nanoparticles. Through controlled
convergence in a microchannel the risk of conglomeration as
observed in bulk coupling strategies can be effectively
avoided. Here, bi-functional biotinylated, fluorescent lipo-
somes were labelled with either magnetic microbeads or
magnetic nanoparticles. Their superior performance as sig-
nalling label in biological binding assays was demonstrated,
because their manipulated movement in a magnetic field
could overcome diffusion limitations. This microfluidic mag-
netic modification strategy is not limited to liposomes, but
can be used also for other colloidally stable nanoparticles
and vesicles such as quantum and carbon dots, upconver-
sion nanoparticles, silica particles, and Raman labels like
gold or silver nanomaterials. In addition, through mass par-
allelization and by expansion of the location and size of the
magnetic field, large scale production is possible. These mul-
tifunctional conjugates can then be applied for sensing,
imaging, directed drug transport etc. In analytical chemistry
as well as life science and biomedicine they can serve as
smart components in lab-on-a-chip systems,19 as barcode
elements for multianalyte detection10 or as combined separ-
ation tools and labels.20
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