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In-flow detection of ultra-small magnetic particles by an integrated giant
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We have designed and fabricated a microfluidic system made of glass and polydimethylsiloxane.
A micro-magnetometer has been integrated to the system. This sensor is made of a giant magneto-
impedance wire known to have very high magnetic sensitivity at room temperature. A liquid-liquid
segmented multiphase flow was generated in the channel using a Y-shaped inlet junction. The
dispersed phase plugs contained superparamagnetic iron oxide (20 nm) nanoparticles at a molar
concentration of 230 mmol/l. We have shown both theoretically and experimentally that in-flow
detection of these nanoparticles is performed by the microsystem for concentration as small
as 5.47 x 10~? mol. These performances show that it is conceivable to use this system for ex-vivo
analysis of blood samples where superparamagnetic iron oxide nanoparticles, initially used as
magnetic contrast agents, could be functionalized for biomarkers fishing. It opens new perspectives
in the context of personalized medicine. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4948286]

With the continuous innovations in biotechnologies, the
“omics,” biomedical imaging, computer technologies, and
nanotechnologies, the concept of “personalized medicine” or
theranostics where patients will benefit from a targeted
therapy in accordance with their molecular profile is pro-
gressing." This approach includes in vitro measurements
performed on biological fluids, ex vivo analysis of biopsies
and/or medical imaging to evaluate the patient’s clinical
status. The development of multifunctional (i.e., diagnostic,
therapeutic, and imaging) nanoparticles is a key component
for its future clinical implementation and nanotechnologists
are looking for an ideal material that can be used at the same
time for in-vivo and ex-vivo analyses.>

Magnetic nanoparticles have long been studied as con-
trast agents (CAs) for magnetic resonance imaging (MRI).
Thanks to recent progress in synthesis and surface modifica-
tion, they are now considered as potential candidates for
theranostics.* Superparamagnetic iron oxide (SPIO) are
probably the most extensively used MRI CAs.>

Their potential application in biomedicine is wide (i.e.,
magnetic particles imaging, controlled drug release, molecu-
lar or cellular tagging, or hyperthermia treatment), since they
are safer than gadolinium and fluorine based CAs.”® They
can be classified into three groups: ultra-small PIO (USPIO,
<50nm), small PIO (SPIO, 50-150nm), and micrometer-
sized PIO (MPIO, >1 um).” USPIO allows imaging of liver
tumors, metastatic lymph nodes, inflammatory atherosclerotic
plaques, functional MRI, magnetic resonance (MR) angiogra-
phy, measurement of tumor microvascular permeability, cell
tracking (i.e., stem cell migration), etc. Clinical benefit from
these particles has moved far beyond the single proof of
concept stage.'”
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Body fluid analysis assumes that the tissues liberate pro-
teins, carbohydrates, lipids, mineral ions, hormones, cells,
and/or cell components in the fluids, and that the disease
change either their spectrum or their concentration.'''?
Several platforms able to detect molecular biomarkers from
body fluids have been developed.'? Unfortunately, very few
have been translated into clinical applications because they
most often rely on a complex preparation of the raw sample,
they can only perform testing at limited and discrete time
points, they have limited access to clinically relevant ana-
tomic sites and they suffer from the small sampling volume
and induced a sampling error. This ascertainment led to the
development of alternative approaches where the entire body
fluid volume can be scanned by in-vivo flow cytometry'*!>
and/or larger sampling volume is performed for further
in-vitro characterization by various molecular profiling tech-
niques.'®™'® Recently, magnetic probe-based fishing coupled
to microfluidics has emerged as a powerful tool for the anal-
ysis of body fluids.'”' Since biological species have very
low magnetic susceptibility, magnetic actuation and sensing
are non-invasive compared to optical, acoustic, or electrical
means. The lack of magnetic background enables actuation
and sensing on magnetically labeled bio-species in unpro-
cessed body fluids without interference with non-tagged
bio-species or sensitivity to physical conditions (pH, temper-
ature, salinity, etc.).

Several types of room temperature solid state magneto-
meters have been designed and tested with the constraints of
microsystems: giant magneto-resistive (GMR) sensors,> %’
fluxgates,”® > hall sensors,*' > and recently giant magneto-
impedance (GMI) sensors.**’ GMI sensors are promising,
thanks to their sensitivity and noise properties.”® Some plat-
forms present a static detection where the magnetic nanopar-
ticles used as labels for the bio-species are immobilized on
the magnetometer.”® This quantitative approach has two

Published by AIP Publishing.
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disadvantages. It is limited by the sensor’s surface and thus
by the number of immobilized species. It also requires care-
ful selection of sample flow rate. Dynamic approach where
the magnetic nanoparticles are detected while flying over the
magnetometer can overcome these drawbacks. First attempts
used ferrofluid droplets (microns size)*° or single particles*'
moving inside micro-channels. Recently, this technique
has been implemented for cytometer application using
GMR**™*® and GMI magnetometer.*’*° A critical issue is to
show the real-time detection at room temperature. Here,
we report on the development of a microfluidic system
integrating a GMI sensor for ex-vivo analysis of blood bio-
markers endogenously or exogenously labelled with USPIO
nanoparticles.

The detection of the USPIOs P03299 (20nm diameter
functionalized with polyethylene glycol, GUERBET,
France.) relies on the application of an external magnetic
field H,,, to induce their magnetization M (D).

—

—
M =y v Hex, ey

where y and v, are the magnetic susceptibility and the total
volume of the USPIOs, respectively. A magnetic sensor
senses the stray magnetic induction B (2) generated by the
presence of magnetized USPIOs. It yields

. — (M7
B = Z“gmd( r), )
.

where (i is the permeability of free space (47 x 10~ H/m).
As the magnetic susceptibility is proportional to the concen-
tration of USPIOs (1), the magnetic induction depends on
both their volume and concentration. Usually, the external,
magnetic induction is perpendicular to the sensitive axis of
the sensor’ " to prevent its saturation and to enable high
dynamic range measurements (Fig. 1). The detection of the
USPIOs is carried out in a fluidic microsystem which con-
sists of a rectangular micro-channel (70 um x 170 um) and
glass round capillaries (75 um) for the injection of the fluid.
A thin 10/500 nm thick metal (Ti/Au) bilayer is depos-
ited on a glass substrate, 150 um thick, through an aluminum
shadow mask by cathodic pulverization to pattern the electric
pads to connect the GMI wire. The shadow mask is made of
an aluminum foil machined by drilling technology. This
technique is classically used when the size of the patterns is
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FIG. 1. Simplified sketch view of the detection principle.
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in the millimeter range. The shadow mask is placed on the
glass substrate and both of them are fixed on the chuck of
the deposition equipment. Ti/Au layers are deposited by
the bombardment of solid material target with energetic
particles extracted from cold argon plasma at low pressure
(250 W —125V -80sccm). The deposition process is per-
formed during 25s for the titanium layer and 1 min for the
gold layer. The GMI microwire (10 mm long and 40 um in
diameter), made of CoFeSiBNb alloy (MXT Inc), is man-
ually set up between the pads and bonded to the pads by
conductive epoxy glue. In parallel, the polydimethylsiloxane
(PDMS) microfluidic part is fabricated using replica mold-
ing. PDMS is classically used since it is easy to process,
biocompatible and transparent. The material is supplied in two
components, a base and a curing agents (DOW CORNING
SYLGARD 184 Silicone Elastomer). Silicon hydride groups
present in the curing agent react with vinyl groups present in
the base and form a cross-linked elastomeric solid. The fabri-
cation of the microfluidic network starts with the production of
the master mold in the silicon substrate (Siltronix Silicon
Prime wafers CZ) (diameter: 76.2 = 0.3mm, thickness:
380 =25 um, orientation: (100), type doping: P-Boron,
resistivity: 1-10 Q cm). Selective etching of silicon is obtained
by protection of the silicon surface with a resist mask. AZ9260
positive photo-resist (from MicroChemicals) is spin-coated
to obtain a 10um thick layer. The spin parameters are:
speed = 1500 rpm, acceleration = 3000 rpm s~ ', and time 40s.
The substrate is soft-baked during 90s at 110 °C on a hotplate
and AZ9260 is exposed to UV radiation at 4 =365nm for
20s. Exposed resist is removed by the AZ351B developer
(from MicroChemicals) during 90's and rinsed with water dur-
ing 15s. The resist-covered substrate is put in a 110 °C furnace
for an hour to improve the masking efficiency during the etch-
ing process. The substrate is etched by a deep reactive ion
etching (DRIE) process, with C4F8 passivation and SF6 etch-
ing steps. This technique is called “Bosh” process and is per-
formed with an STS DRIE plasma equipment. The parameters
are: C4F8 flow rate = 100 sccm; passivation time = 2.2 s; RIE/
ICP power =20 W/1500 W; SF6 flow rate = 450 sccm; etching
time=3s; and RIE/ICP power =50 W/2200 W. During this
process, the substrate chiller is cooled down to —10°C in
order to improve the thermal evacuation. The etching rate is
5.5 um/min and the etching depth is 150 ym corresponding to
the outer diameter of the glass capillaries that are bonded to
the device and connected to the fluidic pumps. After this etch-
ing step, a thin layer of “Teflon” like coating is deposited on
the surface of the silicon substrate using a C4F8 plasma to
make easier the peeling of PDMS. The liquid mixture con-
taining the precursor and the curing agent (10:1 (v/v)) is
poured on the silicon mold and polymerized on furnace at
80°C during 1h. It conforms to the shape of the mold. The
resulting micro-structured elastomer is peeled off by hand.
The sealing of the PDMS microfluidic structure to the glass
substrate (backside of the sensing part) is performed by acti-
vation of the glass and PDMS surfaces by oxygen plasma.
This plasma treatment is performed with an OXFORD
RIE machine and the following parameters: oxygen flow
(20sccm), power (75 W), pressure (150 mTorr), and time
(155). This treatment makes the PDMS surface hydrophilic
and allows bonding of both surfaces. The fluidic connections
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FIG. 2. Left to right 3D schematics of the microfluidic system showing the PDMS micro-channel on one side of the glass substrate and the GMI micro-wire
and electrical connections on the other side, picture of the actual device (scale bar is 5 mm).

are obtained by bonding of fused silica capillaries laterally
introduced in the PDMS channels and fixed by Araldite glue.
Figure 2 represents 3D schematics of the resulting device and
a picture of the actual device, respectively.

The experimental setup consists of two sets of
Helmbholtz coils to magnetize the USPIOs and to polarize the
GMI magnetometer, respectively. The principle of the detec-
tion system has been described elsewhere.*® The whole sys-
tem is placed into a shielded box having a residual magnetic
induction of around 0.13 uT (Fig. 3).

A liquid-liquid segmented multiphase flow is generated
in the channel using a Y-shaped inlet junction and three
programmable syringe-pumps (NE 1000 - New Era Pump
Systems, Inc.).”! Its pattern is characterized by dispersed
phase plugs (water-based with the USPIOs) with equivalent
diameter larger than the channel diameter that flow along the
channel separated by the continuous phase oil-based plugs
(Fig. 4). The size of the plug depends on many parameters of
which the flow rates applied to the three inlets (from 0.5 mm
to several mm). For instance, when we apply 0.9 ul/mn for
the oil phase and 0.8 ul/mn for the water phase, we generate
plugs 70 um wide and 2 mm long (volume ~20nl). A video
camera (DigiMicro 2.0, 2 MegaPixel, x20-x200) records
the displacement of the USPIOs plugs. The amplitude and
excitation frequency of the GMI magnetometer are 8 mT and
1.9 kHz, respectively. The signal to noise ratio (SNR) is 1.6
for a bandwidth of 7.8 Hz when the GMI wire is perpendicu-
lar to the micro-channel.

Helmbholtz coils ]
_ microcamera

syringe

bias

According to our theoretical modeling,** and considering
the geometry of the microfluidic device used, the minimum
amount of USPIOs that can be detected is around 4 x 10~° mol,
which corresponds to almost 20 nl plugs of USPIOs with molar
concentration of 230 mmol/l. This is confirmed by the experi-
ment (Fig. 5), where mono-phase (oil) flow (from O to 87s.)
induces only magnetic noise in the magnetometer while two-
phase flow with the USPIOs (2 mm long, i.e.: 23.8 nl) generates
magnetic field variations detected by the GMI sensor. One can
observe that the signal increases when a plug approaches the
GMI wire and decreases when it moves away, explaining
its periodic variation. The detection of 5.47nmol USPIOs
plugs (2mm x 70 um x 170 um, 230 mmol/l) is experimentally
demonstrated.

Blood velocity is about 20cm/s (i.e.: volumetric flow
rate of 1.9ml/s) in a small vein (i.e.: 3.5mm diameter).’>">
For safety reason, the molar concentration of USPIOs in the
human body cannot exceed 40 umol/l.>* At a flow rate of
1.9 ml/s, it corresponds to 76 x 10~ mol/s of USPIOs, which
can be captured by high magnetic field gradients as in
Refs. 55 and 56. Magnetic capture during 72 ms would form
samples with USPIOs amount above the experimentally dem-
onstrated detection level of our system (5.47 X 10~? mol).
Capturing particles over a longer period of time would
further increase the amount of particles and consequently
improve the SNR for the ex-vivo detection and subsequent
analyses. It would be useful to introduce a microfluidic con-
centrator in front of the GMI detector to reduce the size of

shielded box Helmbholtz coils
, ~

microfluidic

syringe pumps

FIG. 3. Picture of the experimental bench where one can see the programmable syringe pumps, the shielded box, the Helmholtz coils, and the microfluidic

system.
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FIG. 4. Picture extracted from video showing plugs of 6nl in the micro-
channel, with W =70 um (cross section 70 x 170 um?) and L =490 um.
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FIG. 5. Measured magnetic signal before and after (black dotted, t=287.55)
injection of the USPIOs plugs with 5.47 x 10~ mol contents (2mm long-
20nl volume with a molar concentration of 230 mmol/l). The dotted red
curve is obtained from simulation with the model detailed in Ref. 49.

the plug as reported by Lin,”” Zborowski,”® or Wang.”® In
summary, this work is a first step toward a proof of concept
of the feasibility to use USPIOs as CAs for in-vivo MRI
and as biomolecules tags for ex-vivo bio-fluids analyses with
lab-on-chip technology.

This work was partially supported by the French
RENATECH network, the CNANO-NO Nanotrans program
and the region Basse-Normandy.
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