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Understanding the interaction of live cells with macromolecules is crucial for designing eﬃcient therapies.
Considering the functional heterogeneity found in cancer cells, real-time single cell analysis is necessary to
characterize responses. In this study, we have designed and fabricated a microﬂuidic channel with patterned
micromagnets which can temporarily immobilize the cells during analysis and release them after measurements. The microchannel is composed of plain coverslip top and bottom panels to facilitate easy microscopic
observation and undisturbed application of analytes to the cells. Cells labeled with functionalized magnetic
beads were immobilized in the device with an eﬃciency of 90.8 ± 3.6%. Since the micromagnets are made of soft
magnetic material (Ni), they released cells when external magnetic ﬁeld was turned oﬀ from the channel. This
allows the reuse of the channel for a new sample. As a model drug analysis, the immobilized breast cancer cells
(MCF7) were exposed to ﬂuorescent lipid nanoparticles and association and dissociation were measured
through ﬂuorescence analysis. Two concentrations of nanoparticles, 0.06 µg/ml and 0.08 µg/ml were tested and
time lapse images were recorded and analyzed. The microﬂuidic device was able to provide a microenvironment
for sample analysis, making it an eﬃcient platform for real-time analysis.

1. Introduction
Real time data recording is important for studying live cells. Live
cell studies can provide detailed information about cell-cell interaction,
receptor-ligand interaction or downstream cellular pathways [1–3].
Studies such as real time apoptosis, cell-substrate interaction have
been reported [4,5]. Live cell visualization and data recording often
require immunoﬂuorescent markers or nanoparticles such as lipid
micelles. These techniques have been employed to study cancer cell
signaling pathways, metastasis and cancer targeting in vivo [6,7].
Studies have shown cancer cell functional heterogeneity in a tumor
and it is important to study single cells in real time [8,9]. Single cell
analysis of cancer cell would give an understanding of cancer initiation,
progression and metastasis as well as cellular signaling pathways,
which allow us to understand their therapeutic responses [10,11]. Drug
screening studies done on single cells can also help target cells more
speciﬁcally by knocking down some signaling pathways [12].
Single cancer cell studies have been conducted on microﬂuidic
devices or ‘Lab on a chip’ devices to provide a platform to create the
⁎

microenvironment needed to study cellular behavior in a dynamic
system [13–16]. These devices were used for various biological assays
where sample volumes needed for analysis should be minimized [17].
Important requirements for such devices are that they do not disturb
cell-analyte interaction or change cell responses to analytes while
immobilizing them in the channel eﬃciently.
Techniques that have been used to trap single cells in a microﬂuidic
channel include dielectrophoresis (DEP), Polydimethylsiloxane
(PDMS) micro traps, microﬁlteration and immunomagnetic capture
[18–21]. Dielectrophoresis can selectively capture cells for applications
such as cell fusion studies [22]. PDMS traps in a microﬂuidic channel
can easily immobilize cells for on-chip single cell culture [23]. Physical
attributes such as size and stiﬀness are also used for capturing cancer
cells using microﬁltration [24]. Even though these techniques have
successfully demonstrated the ability to capture cells, there are few
drawbacks: PDMS traps disturb uniform ﬂow in the channel and may
absorb molecules or nanoparticles under testing [25], and electric ﬁelds
used
in
dielectrophoresis
may
alter
cellular
activities.
Immunomagnetic capture for cell separation [26,27], culture [28],
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external solenoid for active magnetization of micromagnets. The nickel
patterns are formed on the bottom substrate to locally enhance the
magnetic ﬁeld generated by the external solenoid. The thin PDMS ﬁlm
with a cut-through pattern of the channel was plasma bonded on the
bottom glass substrate such that the nickel pattern was aligned within
the channel. Another glass coverslip was plasma bonded on top of the
ﬁlm to seal the channel. Inlet and outlets were made using PDMS
blocks. The device was placed between the arms of a C-shaped
solenoid. The solenoid produced an external magnetic ﬁeld that in
turn magnetized the nickel pattern. Nickel being a soft magnetic
material, was able to magnetize and demagnetize with application or
removal of external magnetic ﬁeld. Nickel micro-pattern, acting as
small magnets or micromagnets, enhanced the magnetic ﬁeld to
immobilize cells on the channel. The trapezoid geometry of the
solenoid arms was designed to create a focused magnetic ﬁeld that
exerted an addition magnetic force on cells to be pulled towards the
nickel pattern.
For nickel magnets, conventional photolithography using a positive
photoresist (Microposit S1805) was used to pattern thermally deposited nickel (Kurt J. Lesker, PA, USA) on a glass coverslip as seen in
Fig. 2A. Nickel thin ﬁlm was wet-etched to obtain the micromagnet
array (200–250 nm height) of 1000 micromagnets in a single channel.
Each micromagnet (Fig. 2, inset) is in a shape of a diamond with an
edge size of 64 µm. In order to make a microscope friendly channel that
could be used with inverted as well as upright microscopes, thin ﬁlm
channels were designed using PDMS (Dow Corning Sylgard 184, Fisher
Scientiﬁc) ﬁlms. The Y shaped channel (0.024×1 mm) was cut on thin
PDMS ﬁlms (thickness:160 and 240 µm) using an electronic design
cutting machine (Silhouette Portrait, Silhouette, Utah, USA). The use of
the portrait cutter eliminates soft lithography steps that are usually
used in conventional microfabrication of PDMS channels. Before the
channel was covered with the glass coverslip, the channel was treated
with Sigmacote (Sigma Aldrich) to make the surface hydrophobic to
prevent cell attachment to glass coverslip. The C-shaped solenoid with
1600 turns, 21Ω, was developed using low carbon steel bars
(0.5×0.5 in. cross section, McMaster Carr, USA). Solenoid arms facing
the channel were machined at an edge angle α (see discussion in
Section 2.2) to create a 5 mm-wide edge to create focused external
magnetic ﬁeld along the channel. The actual solenoid characterization
was done using a Hall Eﬀect sensor (SS490, Honeywell, USA) attached
to a mechanical stage located at the center of the solenoid arms.

sorting [29–31] and sifting [32] on a microﬂuidic platform has been
demonstrated. The inclusion of micron sized iron-PDMS posts [33] and
pillars [34,35] within microchannel have been studied. Magnets have
been integrated within the microﬂuidic channel as stripes and toothed
pattern [36] from paramagnetic [37] and ferromagnetic materials [38],
magnetic beads [39] and electroplated metal stripes [40]. In order to
magnetize these patterns within the microchannel, an external magnetic ﬁeld source is applied such as permanent magnet [26] and
solenoids [41,42]. These external magnetic ﬁeld sources either surround the channel or are placed directly on top or bottom of the
channel. This makes the device less compatible with commercially
available upright or inverted microscopes for long term real time cell
analysis. Here we aim to design a simple microﬂuidic device for
eﬀective immunomagnetic cell capture and undisturbed serial sample
analysis in a single device in the following way:
1. An array of thin micromagnets was built through minimal fabrication steps to achieve easy cell immobilization. A ﬂat C-shaped
solenoid designed to ﬁt most microscopes was used to activate the
soft micromagnets and made the process of immunomagnetic
immobilization reversible.
2. The use of standard plain coverslips as top and bottom panels, made
the microﬂuidic device simple and useful for general live cell on-chip
analysis under either an inverted or upright microscope. The design
facilitates addition of reagents under a uniform laminar ﬂow to study
captured single cells.
In order to assess real time live cell analysis, we use lipid bilayer
nanoparticles as a model drug and quantify cell-nanoparticle interaction [43]. An application of this device is studied using ﬂuorescent
nanoparticles (liposomes) that are a potential drug delivery vehicle
[44,45]. This analysis provide quantitative information useful in drug
testing on rare cancer cells. Nanoparticles being a model for drug
delivery, their interaction with cells is of importance in a microﬂuidic
channel as their delivery into the cells can be studied in detail with this
device.

2. Materials and methods
2.1. Microchannel fabrication
The schematic in Fig. 1 shows the device design. The main objective
is to design a microﬂuidic device which immobilizes cells without
causing additional stress to the cells with high eﬃciency and enables
real time analysis on-chip. The microﬂuidic device consists of a
microﬂuidic channel, patterned nickel as the micromagnets and an

2.2. Magnetic ﬁeld analysis
Magnetic separation has been well studied for detection of circulating tumor cells [27,46]. Theory behind magnetization of a soft magnet
under an external magnetic ﬁeld has been described in detail [47].
Brieﬂy, when an external magnetic ﬁeld Hext is applied, the magnetic
dipole of a soft magnetic material align to produce a net magnetization.
Magnetic force (Fm ) that acts on a magnetic bead can be calculated
as

Fm =

Nbead ·V ·∆χbead
∇B2…
2μ0

(1)

Here, μ0 =4π×10−7, is the magnetic permeability of vacuum, B is
the magnetic ﬁeld intensity, Nbead is the number of beads attached to
cells, V and Δ χbead are the volume and eﬀective magnetic susceptibility
of the magnetic bead, respectively [48]. We used the value of
Δ χbead =0.65, according to Sinha et al. [48].
COMSOL Multiphysics (version 4.4), AC/DC module was used to
simulate the magnetic ﬁeld produced by the solenoid. The magnetic
ﬁeld generated by solenoid arms with edge angles of α=25°, 45° and
60° was simulated for comparison. Fig. 2B shows the magnetic force
acting on a single bead (see Eq. (1)) in z direction plotted for −6 mm <
z < 6 mm, considering the edges of the arms to be z=0. As shown in

Fig. 1. Schematic of the cancer cell immobilization device with microﬂuidic channel
patterned on a thin PDMS ﬁlm and enclosed between two coverslips.
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Fig. 2. (A) Microﬂuidic device was kept between the solenoid arms with ﬂow direction perpendicular to magnetic ﬁeld direction. Cells attached to functionalized beads were captured at
the micromagnets (inset). (B) The magnetic force generated in the z-axis was compared for diﬀerent α values (25°, 45° and 60°) and the channel was positioned to maximize cell
immobilization. (C) The magnetic ﬁeld intensity between the two poles was plotted and channel was positioned between −0.5 and 0.5 mm along x-axis.

(2)

Vcell=Scell / Ccell ⋯

Fig. 2A, the channel is raised by 1 mm to obtain negative forces to
move cells in a downward direction. At the channel bottom (z=1 mm),
cases with α=25° and 45° showed negative force values that can attract
cells to the substrate. We used α=45° considering the ease of machining. Fig. 2C shows the magnetic ﬁeld intensity along x-axis between the
two poles. Within the microchannel (−0.5 mm < x < 0.5 mm, measured from the center) change in the magnetic ﬁeld is small.

2

We measured Scell =9 cells/(s mm ) and Ccell was prepared as 833
cells/mm3. From Eq. (2), the calculated Vcell was 10.8 µm/s.
For cell capture, the microchannel was placed between the arms of
the solenoid. The whole setup was made on an upright microscope
stage for real time cell immobilization imaging. Once the channel was
ﬁlled with Phosphate-buﬀered saline (PBS) and air bubbles were
removed, cell suspension was added to the inlet. The outlet was
connected to the syringe pump that was operated at a withdrawal rate
of 15 and 20 µl/h for 160 and 240 µm channel, respectively. After cells
are added, the external magnetic ﬁeld created by solenoid (20 V) was
switched on to activate the micromagnets. The immobilization experiment was conducted for n=5 samples to ﬁnd the capture eﬃciency.
Each immobilization experiment was conducted for 10 mins and the
number of cells entering the channel were counted.
While cells are captured, they will experience the drag force exerted
by the ﬂuid ﬂow. The force can be calculated using Stoke's equation:

2.3. Cell culture with magnetic beads
MCF-7 cells (American Type Culture Collection, VA) were cultured
in Dulbecco's modiﬁed eagle medium (DMEM, Thermo Fisher
Scientiﬁc), 10% fetal bovine serum (FBS, Thermo Fisher Scientiﬁc)
and 1% Penicillin/Streptomycin (10,000 U/ml, Thermo Fisher
Scientiﬁc). Once cells reached 80% conﬂuency, they were trypsinized
(Trypsin, Thermo Fisher Scientiﬁc) and the cell suspension was used
for the experiment. A cell suspension of 250,000 cells/ ml was prepared
and anti- Epithelial cell adhesion molecule (EpCAM) functionalized
polystyrene magnetic beads (JSR Micro, Inc) (3 µm) were added at a
concentration of 5 µl/ml. The cells are incubated with the magnetic
beads for 30 mins at room temperature and 1000 cells are added to the
inlet well of the microchannel.
Glass substrates with nickel pattern were seeded with 10,000 cells
each and cultured for 3 days in an incubator to test the cytotoxicity of
nickel on cells. Cells were trypsinized and trypan blue (Sigma Aldrich)
was added to cell suspension to observe diﬀerence between live and
dead cells.

Fdrag=6πμVR⋯

(3)

where µ is viscosity of ﬂuid, V is ﬂow velocity, R is radius of cell. The
average velocity at 20 µl/h for 240 µm is calculated to be V =23 µm/
sec, which gives the drag force on cells to be 5pN.
At the end of this duration, the ﬂow was stopped and the number of
cells captured throughout the channel were quantiﬁed to calculate the
intra-channel immobilization eﬃciency of the device. Images of the
captured cells were obtained to quantify the average number of beads
attached to each captured cell. After immobilization, cells are released
from the micromagnets by switching oﬀ the external magnetic ﬁeld and
introducing higher ﬂow rate of 200 µl/h.

2.4. Cell Immobilization and release

2.5. Nanoparticles preparation and characterization

Cell sedimentation in the channel was measured in the following
experiment: Cells were added at a known concentration (Ccell ) to the
channel inlet and microscope was focused at the bottom of the channel.
Images were captured every two seconds to account for the number of
cells reaching the substrate per second per unit area (Scell ). The
sedimentation velocity (Vcell ) of cells was calculated using

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) sodium salt (DPPG)
were purchased from Avanti polar lipid without further puriﬁcation.
DPPC and DPPG were dissolved in chloroform in round ﬂask with a
9
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Once cells were captured on the micromagnets, nanoparticles
(50 nm) were added to the inlet and particles were ﬂown into the
channel for 4 mins. The channel was then washed with PBS for next
16 mins. Time lapse images were captured every 30 s for the whole
duration of the experiment. To avoid photo bleaching of the sample, a
shutter was used to block the excitation light except for duration of
700 ms exposure. The images were analyzed using a custom made
program on MATLAB. The ﬂuorescence intensity of the captured cells
as well as the ﬂuorescence intensity changes produced by the particle
ﬂow in the channel was quantiﬁed. Two particle concentrations of
0.06 µg/ml and 0.08 µg/ml at 20 µl/h were tested using the microﬂuidic channel.

was mapped (Fig. 3B). Fig. 3C shows the force (red curve) that acts on a
single magnetic bead calculated using Eq. (1) and magnetic ﬁeld along
the z-axis, at y=0 position (black arrow in Fig. 3B). Due to external
magnetic ﬁeld, force experienced by the cells is zero at the center
position as seen in the graph. The channel is placed 1 mm above the
solenoid arm edge so that the cells are pulled down towards the
maximum magnetic ﬁeld region. The z-directional force acting on a
single bead was calculated to be 0.11 pN.
The solenoid and micromagnet geometries were modeled with the
SolidWorks software (version 2015) and integrated with COMSOL
Multiphysics for magnetic ﬁeld simulation. A magnetization used for
the solenoid was such that a uniform magnetic ﬁeld of 0.038 T was
produced at center of the solenoid arms. Nickel was assigned to the
micromagnets similar to the actual device. Fig. 4A shows the magnetic
ﬁeld produced by the solenoid and micromagnets. It can be seen that
the micromagnets in line with the external magnetic ﬁeld enhanced the
magnetic ﬁeld by 61.1%. These intensiﬁed areas of high magnetic ﬁeld
serve as concentration positions for eﬀective cell capture.
For micromagnet force analysis, ∇B2 (see Eq. (1)) was calculated
using Bx, By and Bz along the 0, 10, 25 and 40 µm, in the z direction
above the micromagnet. The graph in Fig. 4B shows force versus the
distance along the y axis, along the micromagnets (indicated in Fig. 4A,
dotted line). The cells will experience maximum magnetic force when
they are closest to the micromagnets in the z direction. The magnetic
force is 5 times more at 10 µm compared to 40 µm. This shows
reduction in force as the cells move away from the base of the
microchannel.

3. Results

3.2. Cell immobilization and release

3.1. Magnetic ﬁeld characterization

Cells immobilization eﬃciency was calculated and compared for all
the channels. The immobilization eﬃciency for 160 and 240 µm
channel was 92.2 ± 2.7 and 90.8 ± 3.6%, respectively, for n=5 experiments. An average of 439 ± 81 cells entered the channel for the
duration for the experiment and 408 ± 83 cells were immobilized by
the micromagnets. We used four frames of images to pick up the total

molar ratio of 1:200, and homogenized with NileRed Fluorescent dye
(Sigma-Aldrich Chemical co., USA). The NileRed to total lipids molar
ratio was 1:200. Then, chloroform was evaporated through a rotary
evaporator and was under vacuum at 55 °C for overnight in order to
remove residual organic solvent. The sample was hydrated with PBS
buﬀer (pH =7.4) at 25 °C, vortexed and sonicated to reduce the size of
the liposomes. Subsequently, liposomes underwent multi-stage (31
passes) extrusion at 58–65 °C through the Mini-Extruder (Avanti polar
lipids Inc., USA) using 50 nm polycarbonate ﬁlter. The size (hydrodynamic radius, RH) and size distribution of liposomes was measured
using dynamic light scattering (DLS) ALV CGS-3 MD, German) after
diluting to the desired concentration (0.1 wt%) in PBS.
2.6. Cell interaction with nanoparticles

Solenoid calibration using the Hall Eﬀect sensor at the center
position (x=y=z=0) between the two arm edges was done to ﬁnd the
relationship between applied voltage and magnetic ﬁeld generated
(Fig. 3A). The magnetic ﬁeld at the center y-z plane between the arms

Fig. 3. Characterization of the solenoid magnetic ﬁeld was done using Hall Eﬀect sensor.(A) The magnetic ﬁeld at the center position of the two arms was calibrated with increase in
voltage. (B) A 20×8 mm2 area was scanned at operating voltage of 20 V in the yz-direction to map the magnetic ﬁeld distribution between solenoid arms. The center was found to have
maximum magnetic ﬁeld than the edges. (C) Magnetic force (red) calculated at center of the solenoid arms along z-axis.(For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)
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Fig. 6. Dynamic light scattering result which shows the size distribution of nanoliposomes. The hydrodynamic radius, RH of lipid spherical carriers after encapsulation of
ﬂuorescent dyes was 23.1 nm and the result demonstrates monodispersity of the
nanoparticles.

3.3. Nanoparticle Characterization
DLS results (Fig. 6) showed a monodispersed liposomes with a peak
RH of~23.1 nm corresponding to the half of the ﬁlter size. Most
importantly, DLS data clearly indicated the absence of nanoparticle
aggregation in the solution. Moreover, there is no sub-5-nm particle
seen in the solution, implying the absence of free NileRed molecules.
Therefore the obtained ﬂuorescent signals were primarily attributed to
the encapsulated liposomes.
3.4. Nanoparticle Cell interaction Study
Cancer cell interaction with liposomes can be seen in Fig. 7A-E.
Fig. 7A, B, C, D shows time points 2, 4, 6 and 16 mins, respectively.
Cells captured on micromagnets show no ﬂuorescence for the ﬁrst
2 mins. When particles were added after 2 mins, ﬂuorescence can be
seen in the channel as well as within cells from 2.5 to 6.5 mins. Wash
starts at 6.5 mins and clears the channel to reduce particle related
ﬂuorescence in the channel whereas cells still show accumulation of
particles. The channel ﬂuorescence intensity closest to the cells was
used as particle concentration in the channel for analysis. Cell and
channel intensity was measured using MATLAB by forming a virtual
box around the target cells and background area within few microns
from the target cell as seen in Fig. 7E, white boxes show the cell
intensity and yellow boxes represent the area selected for background
analysis. Fig. 7F shows the ﬂuorescence intensity plots versus time for
nanoparticles of two concentrations, 0.6% and 0.8%, with 20 µl/h ﬂow
rate.
Channel ﬂuorescence values (Fig. 7F, blue plots) were converted to
concentration values using concentration and ﬂuorescence intensity
standard curve. An increase after 2.5 mins (Fig. 7F, indicated by T1)
and a decrease after 8 min is observed in particle concentration in the
channel. The time delay is attributed to the time for particles to travel
to the observation site. The delay time for the clearance of nanoparticle
through the wash buﬀer, which was introduced into the channel at
6.5 min (Fig. 7F, T2) was also observed for the same reason. Cell
ﬂuorescence intensity (red plots) also undergoes a rise after 2.5 min
time point but retains ﬂuorescence with a slight decrease.

Fig. 4. (A) COMSOL simulation showed micromagnet edge aligned with the external
magnetic ﬁeld acted as the enhanced magnetic ﬁeld area for cell capture. (B) Force
analysis showed that the cells experienced maximum magnetic ﬁeld when they were close
to the micromagnets. With increase in height away from the micromagnets, the
downward pulling force also reduces.

Fig. 5. As the cells suspension passed through the channel with the ﬂow (A), the cells
experienced a higher localized magnetic ﬁeld at the micromagnets. This ﬁeld attracted
them to get temporarily immobilized on channel surface (B). Once the magnetic ﬁeld was
turned oﬀ, the cells were released from its immobilized state and channel was cleared for
next sample (C). Both the cells seen immobilized in B are release in C.

of 100 captured cells to count the number of beads per cell. The average
number of magnetic beads per cell was found to be 5 ± 2. Out of the 100
cells counted, 35% cells consisted of three or less magnetic beads. Cell
release was quantiﬁed depending on the number of cells that were
released once external magnetic ﬁeld was switched oﬀ and the ﬂow rate
was increased. Cells release was achieved after the external magnetic
ﬁeld was turned oﬀ and higher ﬂow rate was introduced to clear the
channel faster for serial sample analysis. The images in Fig. 5 show the
sequences of cell capture and release. Fig. 5A shows cell moving
towards the micromagnet, being captured at the micromagnet (Fig. 5B)
and ﬁnally being released (Fig. 5C) from the immobilized state when
magnetic ﬁeld is removed.

4. Discussion
The microﬂuidic device designed and fabricated in this study
provides high live cell immobilization eﬃciency. A wide range of
eﬃciencies in antibody mediated cell capture has been reported,
ranging from more than 30–95% [13]. The micromagnets along with
the focused external magnetic ﬁeld in this study were able to
immobilize cells with high eﬃciencies of 90–92%. The technique of
11
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Fig. 7. Nanoparticle interaction with cells immobilized in the channel was recorded using time lapse images. (A) Initially there was no ﬂuorescence recorded in the channel. (B) After
pulse nanoparticle input was given, the cells gradually started ﬂuorescing showing nanoparticle-cell interaction. The ﬂuorescence increased with time (C) and after the channel was
washed the cells retained their ﬂuorescence (D). (E) For analysis, ﬂuorescence intensity of the single cells and channel ﬂuorescence intensity close to that cell was quantiﬁed. (F) The
experimental data shows an increase in ﬂuorescence intensity after particles are introduced into the channel (T1=2.5 min). When channel is washed (T2=6.5 min), the channel intensity
(blue plots) drops gradually with ﬂow but the cells (red plots) retain the ﬂuorescence with a slight decrease over time.(For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

can be recorded in real time for analysis.

immunomagnetic capture on nanometer thickness nickel pattern
allows cells to be trapped without physical hindrance in a ﬂow chamber
or a large electric ﬁeld as in previously reported methods [25]. Nickel is
a soft magnet, non-toxic material and it has been used for various
biomedical applications [49]. Nickel ﬁlm showed no visual toxicity
when cells were cultured on the patterned glass substrate for 3 days
and a viability percentage of 86.42 ± 4.65% was obtained. Studies have
shown low remnant magnetism for nickel nanoplates and nanowires
[50,51]. Even though nickel shows slight remanence magnetism, the
device can be easily ﬂushed when external magnetic ﬁeld is removed
and a faster ﬂow is applied.
Along with immobilization of cells, analysis including cell stimulation or cell-cell interaction [52] is equally important. The real-time
single cell analysis allows us to monitor the trapped cells in an optically
clear ﬁeld for visualization and data recording. Even though PDMS is a
widely used material for microﬂuidic devices, this material has high
diﬀusivity to materials such as nanoparticles and ﬂuorescent dyes [53].
The glass coverslip top and bottom panel avoids presence of PDMS
either in the ﬂow path or in the light path. Thin PDMS ﬁlm was only
used for channel walls which did not aﬀect nanoparticle cell interaction
data. Due to thin ﬁlm handling convenience, 240 µm-height channel
was used for nanoparticle cell interaction study.
Nanomaterials such as liposomes have been used in biomedical
engineering for phototherapy, imaging and drug delivery [54]. Drugs
can be entrapped inside or within the phospholipid bilayer of the
liposomes [55]. In this study, ﬂuorescent nanoparticles were used to
study the interaction with immobilized cells in a microﬂuidic channel.
The reaction model is analogous to surface plasmon resonance (SPR)
biosensor analysis [56], where molecular interaction is studied by
immobilizing a reactant in the device and its interaction with
suspended reactant is monitored. Here, we immobilized cells and
nanoparticles ﬂow in a channel allowing cell-particle interaction, which

5. Conclusion
In conclusion, the designed microfabricated device can be reused
for serial sample analysis and provides an optically clear path for real
time ﬂuorescence microscopy without absorption of ﬂuorescent agents
in PDMS. The device is able to provide statistically relevant data which
is diﬃcult for devices on which only one cell can be studied at a time.
Interaction of immobilized cells with liposomes was analyzed in real
time for two concentrations. Device geometry enabled pulsed dose of
analyte to the cells in a time-controlled manner.
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