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Abstract

The goal of the thesis is to develop a microfluidic portable device capable of fluorescently detect very
low cell concentrations within the limits legislated for beach water (1-10 cells · ml−1). An E. coli K12
genetically transformed to produce green fluorescence protein (GFP) was successfully captured with a 99
% efficiency using immunomagnetic separation (IMS). Superparamagnetic particles with 1 µm and 250
nm size functionalized with a primary antibody and treated with BSA were used to perform the IMS.
A platform was constructed to flow through the immunomagnetically separated bacteria suspension
using a flow rate of 0.5 ml · min−1. An array of small Nd-Fe-B permanent magnets arranged into
a checkerboard pattern with alternating magnetization directions was encapsulated in the bottom a
microfabricated chamber. The strong magnetic field of the array allowed the use of relatively high flow
rates. Detection on the chip was successfully achieved and although a microfluidic mixing structure
is still to be developed everything leads to believe that an highly sensitive portable device can be
constructed using IMS and a fluorescence detection method.
Keywords: Microfluidic, Immunomagnetic separation, Antibodies, E. coli, Beach water

1. Introduction

One of the main concerns during summer time is the
bathing water quality of the sea at the beaches. The
quality of the sea water relies, among other things,
on microorganisms concentration whether it is Bac-
teria, Archaea or Eukaryota. Bacteria are difficult
to analyse owing to their size (a few micrometers)
and are often the most dangerous because they are
so abundant. Within Bacteria the most harmful
appear to be fecal coliforms, because their optimal
growth temperature is 37 ◦C, which corresponds to
the temperature of the human body. There are sev-
eral strains in this domain but the most common
and principal indicator of fecal microbiological con-
tamination is Escherichia coli [1, 2, 3]. Legislation
regarding quality of this type of water often consid-
ers 1-10 cell ·ml−1 [4, 5, 6, 7] the maximum allowed
concentration for recreational purpose. A high cell
concentration can induce several allergic reactions
or digestive system infections.

Nowadays, water to be analysed is incubated in a
multiple tubes fermentation approach or filtrated
before being cultured in an appropriate medium
[4]. Traditional identification methods are time con-
suming (2-4 days) and imply high labor and reagent
costs [2]. An equally sensible and reliable method

for detection of pathogenic Bacteria, but which is
faster and technologically simple is of utmost im-
portance in ensuring quick responses to putative
contamination threats in these great tourist places
[8, 2, 9, 10].

2. Background
The study of fluid motion in microsystems is de-
noted microfluidics. It is a multidisciplinary field
intersecting engineering, physics, chemistry, bio-
chemistry, nanotechnology, and biotechnology, with
practical applications to the design of systems in
which small volumes of fluids are handled. The
main vision of lab-on-a-chip (LOC) systems is to
develop entire bio/chemical laboratories on the sur-
face of silicon or polymer chips with a small foot-
print.

Currently used separation techniques in microflu-
idics are based on surface acoustic waves (SAW),
dielectrophoreses (DEP) and immunomagnetic sep-
arations (IMS).

2.1. SAW
Solid particles immersed in a standing SAW field
are accordingly pushed to the pressure node aris-
ing from the acoustic radiation force acting on
the particles, referring to the acoustic particle-
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focusing phenomenon. SAW is a promising sepa-
ration method but requires very low flow rates and
may take several hours to perform the separation
of cells in beach water samples [11], since large vol-
umes need to be analysed.

2.2. DEP

DEP is the electrokinetic motion of dielectrically
polarized particles in non-uniform electric fields
[12, 13]. However, if the dielectric properties and
the sizes of the different particle types are not signif-
icantly different, the dielectrophoretic force and hy-
drodynamic drag force exerted on the particle types
are close and the differential driving force acting to
separate the particles will be very small. Li et all
tried to combine DEP with the antibody selective
capture [14], but low survival rate of biological cells
in electrical field and low flow rates are still some
of the drawbacks.

2.3. IMS

Magnetic separation is accomplished by using im-
munomagnetic beads (IMB) which consist on the
conjugation of antibodies specific to the target with
magnetic particles [3]. IMB connected to the tar-
get are then separated from the supernatant by ap-
plying an external magnetic field. With advances
in magnetic bead materials and chemical modifica-
tion techniques, this technique has the potential to
become increasingly efficient and easily integrated
into a portable system [15]. Note that, more than
separating, IMS also allows target concentration.

After concentration and bacteria isolation follows
the detection method. It can rely on the detec-
tion of the cell itself or, indirectly by measuring the
internal deoxyribonucleic acid (DNA) or adenosine
triphosphate ATP [9] content. Analysing the cell
content might substantially increase the number of
steps and consequently delay the detection process.

3. Methods

This project goal is the development and optimiza-
tion of a polymer microfluidic system for magnetic
cell capture aiming at a fast way of measuring
very low cell concentration in large volume water
samples. The basic concept of the method is to
immunomagnetically separate the cells from those
large volume samples and then fluorescently mark
and detect the captured cells. In practice, the idea
is to build a platform that can perform all these
steps at the micro scale in an automated way. This
will be possible by constructing and implementing
micropumps, microvalves, a chip where operations
as mixing, incubation and detection will take place
and a magnetic array to allow magnetic separation.

Bead functionalization and IMS of bacteria were
optimised outside the platform. It becomes faster
to actually test the affinity of the evolved compo-

nents (beads, antibody and cells) without having
the mixing problems regarding the absence of a tur-
bulent flow characteristic of a micro scale. Due to
the duration of the project it was important to ob-
tain concrete results as fast as possible.

3.1. Bacteria transformation and culture

Simulation of a beach water cell sample was
accomplished by culturing two different E.coli
strains: K12 ER2738 (New England Biolabs) and
BL21(DE3) (Life technologies). To minimize the
use of fluorescent dyes and to simplify the experi-
ment work, E. coli strains were transformed to pro-
duce GFP molecules. Part of the produced GFP is
kept inside the cell and a fluorescence microscopy
method can be employed for the detection after a
washing step. E. coli K12 strain was transformed
by electroporation with the ampicillin (Amp) resis-
tant plasmid pRSETA, containing the GFP gene,
under the control of the T7 gene promoter. This
plasmid also contains a DNA sequence added to the
GFP gene, codifying for the N-terminal histidine-
tag, consisting of 6 histidine residues. E.coli BL21
was previously chemically transformed in DTU lab-
oratories with the same plasmid, but not by the
author of this thesis.

Used water was ultrapurified (Milli-Q water; re-
sistivity: 18.2 MΩ · cm) using a Milli-Q Integral 5.
Both strains were grown in Lysogeny broth (Sigma-
Aldrich), LB, at 37 ◦C and 200 rpm.

Transformed cells were inoculated overnight (ap-
proximately 15 hours) in 3 ml of LB medium, with
30 µl of a sterile filtrated 10 mg · ml-1 Ampicillin
(Sigma-Aldrich) solution, in a shaker incubator (KS
4000 i control from IKA) under the previously men-
tioned conditions. After incubation, sterile filtrated
glycerol was added to the suspension until a 30 %
(v/v) was obtained and finally aliquoted and stored
in the freezer at -80 ◦C for further use.

The buffer used for all the incubations involving
magnetic beads and antibodies was 0.01 M PBS
(Phosphate buffered saline, from Sigma-Aldrich),
pH 7.4, supplemented with Tween-20, from VWR
Prolabo, in a proportion of 0.01 % (v/v) to decrease
bead aggregation.

Frozen cells were used as starters for incubations
in 3 ml LB supplemented with 100 µg·ml-1 Amp, for
cell selection, at 37 ◦C and 200 rpm. After approxi-
mately 15 hours, 2 ml of cell suspension was evenly
splitted into two Eppendorf tubes and washed with
PBST to simulate a beach water sample and op-
timise the incubation step with the functionalized
magnetic beads. Washing was accomplished by two
consecutive centrifugations at 1500 rpm (HERMLE
Z 200 M/H Centrifuge from OLE DICH) for 20 min-
utes discharging the supernatant and resuspending
each pellet in 1 ml of PBST. Samples were dis-
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Figure 1: Support to magnetically concentrate the
beads and remove the supernatant

pensed to an acrylic cuvette, and the optical density
(OD) at 600 nm was analysed in a UV-VIS spec-
trophotometer (NanoDrop 2000c, Thermo Scien-
tific). It should be noted that samples were diluted
with PBST to keep absorbance below 1. Reached
cell concentration was approximately 109 cells ·ml-1

for both E. coli strains.

3.2. Beads functionalization

Streptavidin coated magnetic beads of 250 nm
were obtained from Micromod, while the 1 µm
(Dynabeads R© MyOne), reactant (T1) and non re-
actant (C1) with BSA, were supplied by Life Tech-
nologies. Protein low binding capacity eppendorf
tubes and tips (Protein LoBind from eppendorf)
were used in all experiments. Bead binding capac-
ities to biotinylated antibodies are 20 µg · mg-1 of
1µm beads and 2 µg · mg-1 of 250 nm beads. Fig-
ure 1 shows the support constructed to wash the
beads in the several steps. The beads washing sup-
port was designed in SolidWorks and fabricated in
5 mm thick PMMA plates using an Epilog Laser
Mini 18 (18 ” x 12 ” work area).

To concentrate the magnetic beads a cylinder
neodymium permanent magnet (6 mm length x 6
mm diameter) was used. Washing of streptavidin
coated magnetic beads was accomplished by adding
and discharging 400 µl PBST, three times.

In order to achieve an efficient mixing between
the beads and the antibody a mixing platform was
built. This was actuated by a computer controlled
stepper motor enabling several parameters to be
tuned in order to optimize the mixing RPM, num-
ber of turns, time and rotation direction.

Eppendorf’s mixer (Figure 2) base plate was
made of two black 5 mm PMMA plates. The ep-

Figure 2: Eppendorf’s support

pendorf’s support was made of 2 mm PMMA plates
and an elastic neoprene fiber sheet. Both were laser
ablated using the Epilog Laser Mini 18 and designed
in SolidWorks. The mixing movement was carried
out by a stepper motor (L4218M1404-KCHE from
Nanotec) connected to an electronic board which
allows its control on a normal laptop computer by
using the program FTDITerminal.exe (provided by
the stepper motor’s company).

To evaluate the number of antibodies not bound
to the beads surface the supernatant was evaluated
by optical density (OD) measurements at 280 nm
(using a UV cuvette). Thus, UV was chosen since
antibodies are constituted by aromatic rings which
absorb at this wavelength. Streptavidin coated
magnetic beads were incubated in a primary anti-
body solution with two times their binding capacity
during 30 minutes at room temperature and the OD
of the solution was analysed before and after incu-
bation. A decrease of 50 % in OD was observed
after incubation, as it was expected.

Bead stock solutions had 10 mg·ml-1, correspond-
ing to (7 to 10)× 109 beads ·ml-1 (assumed 9× 109

beads · ml-1) and 4.9 × 1011 beads · ml-1 for Life
Technologies 1 µm beads and Micromod 250 nm
beads, respectively. Half an hour incubations at
room temperature involving the primary biotiny-
lated anti-E. coli antibody (ab68451 from Abcam)
were performed with concentrations based on six
times bead binding capacity.

Beads functionalized with primary antibody were
washed and stored at 4 ◦C for further use or incu-
bated overnight (around 15 hours) at room tem-
perature in a 5 g · l-1 Bovine serum albumin, BSA,
TRIS solution in PBST. Note that BSA molecules
occupy empty spaces between antibodies on the su-
perparamagnetic particles surface, improving anti-
body orientation and, consequently, accessible its
specific site to the antigen and prevent the beads
from clustering.
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3.3. Immunomagnetic separation of E. coli

Once functionalized with anti-E. coli antibodies,
magnetic beads are ready to specifically capture its
target. Immunomagnetic separation allows bacte-
ria concentration which then facilitates the detec-
tion step. Note that an efficient mixing is of ut-
most importance here, otherwise immunomagnetic
beads may not find the cells in suspension. One
way to increase the chance of finding each other is
by increasing the incubation time. For this reason,
a 7 × 107 functionalized bead · sample-1, with and
without BSA, was incubated with 107 cell ·sample-1

to a final volume of 400 µl during 1 and 2 hours at
room temperature in the constructed mixer.

Another approach was tested by first incubating
the cells with the biotinylated antibody for 1 hour,
followed by a washing step comprising two centrifu-
gations at 1500 rpm (eppendorf Centrifuge 5430) for
20 min, intercalated by a supernatant removal and
resuspension in PBST. Streptavidin coated 1 µm
magnetic beads C1 were then added and incubated
during another hour. This approach avoids steric
hindrance of the antibody specific site but may com-
promise the streptavidin-biotin connection. Note
that optimally the biotinylated antibody should be
present in a concentration higher than the beads
binding capacity and this approach requires a lower
ratio of antibody to beads in order to ensure that
all the anti-E. coli antibodies can be connected to
magnetic particles. For this reason, this approach
was no longer tested with the other magnetic beads.

3.4. E. coli detection and separation efficiency

Functionalised beads were incubated with the bac-
teria suspension and then 9 µl of each sample trans-
ferred to a MicroWell96 for GFP detection on a
Axio Observer.A1 with a AxioCam MRm Camera
(from Carl Zeiss, filter Set 38 HE from Zeiss).

To evaluate primary antibody specificity to the
species under study a fluorescent secondary anti-
body Donkey Anti-Rabbit IgG H&L Alexa Fluor R©

594 dye, ab150076, (supplied by Life Technologies),
specific for the Rabbit IgG primary antibody, was
used. This secondary antibody will recognize and
link to the primary antibody heavy chain. In this
way it is possible to detect the primary antibody
and by detecting the bacteria’s GFP, it is possible
to conclude their connection.

Both E. coli strains were incubated with the pri-
mary antibody anti-E. coli for 1 hour, followed by
a washing step consisting of two centrifugations at
1500 rpm (eppendorf Centrifuge 5430) for 20 min,
intercalated by a supernatant removal and resus-
pension in PBST. Finally, the secondary antibody
was incubated with the complex E. coli - Anti-E.
coli for 1 hour and then washed by two centrifuga-
tion steps as mentioned before. Samples were then

Figure 3: Constructed platform under the micro-
scope

loaded into a MicroWell96 and observed under a flu-
orescent microscope Axio Observer.A1 with a Ax-
ioCam MRm Camera (from Carl Zeiss). Note that
Alexa Fluor R© 594 dye pictures were taken using a
filter set 71 from Zeiss.

In order to perform cell counting, an hemocy-
tometer was used on the same fluorescence micro-
scope with the same excitation and emission filters
mentioned previously. Pictures were then analysed
on ImageJ using the manual counting mode to effec-
tively reach the total number of cells in each sample.

3.5. Platform construction and flow rate calibration

The initial platform described in [16] was adapted
to the current application. Significant modifica-
tions consisted on: replacing PDMS microfluidic
ribbons, by commercially available tubing; replac-
ing lego servo motors, with more robust and accu-
rate stepper motors (Figure 3). Working with bac-
terial cells requires the use of peristaltic pumps to
avoid environmental contaminations and clogging
of the system. Peristaltic pump components and
interconnect ports (for tubing connections made of
Polyether ether ketone (PEEK) were milled in a
computer numerical controlled (CNC) milling ma-
chine (Mini-Mill/4 from Minitech Machinery corpo-
ration) at DTU laboratories but not by the author
of this thesis. Interconnect ports were placed be-
fore and after the peristaltic pump to prevent tube
displacement with the motor movement.

A computer controlled stepper motor
L4218M1404-KCHE from Nanotec was used
to actuate the peristaltic pump. A micro pump
tubing made from ethylene propylene diene
monomer (thomafluid-EPDM/PP) rubber rein-
forced by polypropylene (PP) particles, with an 0.8
mm inner diameter, from Reichelt Chemietechnik
was used to pump the solutions through the chip.

The idealized microfluidic chip was composed of
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three PMMA layers. PMMA was chosen because of
its low autofluorescence in the visible range, chem-
ical resistance and ability to be laser ablated us-
ing a CO2 laser. In this way different chip designs
could be easily designed and fabricated. Also al-
lows their disposability which decreases contami-
nation problems. As in most microfluidic devices
there is a need for sealing the fabricated structures.
Even though PMMA can be easily bounded through
thermal bonding the preferred method, due to time
restrictions, was the use of pressure sensitive adhe-
sives (typically ∼ 100 µm thick). Therefor the chip
consisted of three layers:

-middle layer, containing the microfluidic channel
(0.5 mm mm × 5 mm), the capturing chamber (6
mm × 16 mm) inlet (0.75 mm), outlet (0.75 mm)
and screw (0.975 mm) holes. The layer had the
minimum thickness available in the laboratory (0.5
mm), indeed to enhance magnetic capture efficiency
the distance between the magnetic array and the
beads in suspension should be the minimized;

-bottom layer, containing inlet (0.75 mm), outlet
(0.75 mm) and screw (0.975 mm) holes. The thick-
ness of this layer was also the minimum available in
the laboratory (0.5 mm) for the same reason stated
above;

-top layer, containing screw holes (0.975 mm).
On the other hand, the top layer had to thicker (2
mm) to provide structure to the chip. When using
thin layer on top the chip would crash easily.

All PMMA plates used as a support and to build
the chip structure were designed in Solid Works and
cutting was performed in an Epilog Laser Mini 18.
The bond of the three layers was achieved by using
a bonding machine PW 10, from P/O/WEBER, at
10 kN for 10 minutes and at 35 ◦C.

In order to magnetically capture Dynabeads My-
One in the chip chamber an array of permanent
magnets (Figure 4) as described in [17] was used.
It was constructed and gently provided by Profes-
sor Mikkel Hansen from DTU Nanotech.

The magnets in the array are arranged in a 3× 8
checkerboard pattern with their magnetization di-
rections alternating up and down to achieve a long-
range capturing force over the entire separation
chamber. The system employs an array of external
Nd-Fe-B permanent magnets, each with a dimen-
sion of 2 mm × 2 mm × 2 mm. By increasing the
magnetic array area it ensures that a higher number
of beads will be captured. Beads dispersion was en-
hanced in [17] by using permalloy elements between
the magnet array and the chip chamber. This op-
tion was not tested because it would increase the
complexity and time involved in the chip manufac-
turing process.

An ideal concentration of beads allows a uniform
layer of magnetic particles on the bottom of the

Figure 4: Array made of 24 cubic magnets (16
mm × 6 mm) was used to capture superparamag-
netic beads in the chip chamber

chip’s chamber. The defined sample volume on the
chip was 400 µl (1.5 times the hold up volume of
the system - 270 µl). Thus was followed by a wash-
ing step inserting 1.1 ml of PBST to simulate a
future washing step and verify that beads will not
be flushed away. Distribution studies were made
using a Canon EOS 550D attached to a microscope
(LEICA MZ16).

In order to delay magnetic particles sedimenta-
tion, over the magnet, denser inlet solutions were
tried. Therefore, Dynabeads R© MyOne C1 were also
tested on the platform using 50 % and 70 % sucrose
solutions followed by a washing step with PBST.

3.6. Magnetic bead quantification procedure
Capture efficiency of superparamagnetic beads on
the platform, was studied by measuring the mag-
netic moment of inlet and outlet samples on a Vi-
brating Sample Magnetometer (VSM) 7400 Series
from Lake Shore Cryotronics. This is a highly sen-
sitive instrument, which is able to measure the mag-
netic moment of a sample vs. applied magnetic
field. It worked by simply applying a magnetic
field Bapp, which was ramped from 2 T to -2 T
within ten minutes (401 equidistant field points),
while measuring the induced magnetic moment m
[Am2] of the sample. Measurements of m vs. Bapp

can be used to determine the amount of magnetic
beads collected in a small plastic tube. However, in
addition to the magnetic bead signal, the measured
value of m may contain parasitic contributions from
the plastic tube, the sample holder and the sample
rod. These contributions are linear in the magnetic
field and may be of the same magnitude or larger
than the signal from the magnetic beads when the
amount of magnetic beads is small. Moreover, the
signal is subject to noise from the measurement sys-
tem.
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The advantage of using superparamagnetic mi-
crobeads is two-fold. Firstly, such particles have a
vanishing average magnetic moment in the absence
of an external magnetic field, and secondly, they
exhibit only a tiny hysteresis effect, meaning the
average magnetic moment returns to the value zero
after removing any applied external magnetic field.
Samples with the same type of superparamagnetic
nanoparticles are described by the same hysteresis
behavior, i.e., they show the same shape of the mea-
sured m vs. Bext curve with a scaling factor that is
proportional to the amount of magnetic beads.

We use this feature to accurately determine the
amount of magnetic beads in an unknown sample
containing a potentially very small amount of mag-
netic beads.

3.7. E. coli detection on the platform

Using the optimised flow rate (0.5 ml · min-1) and
medium (50 % sucrose solution), 3.6 × 107 My-
One T1 magnetic beads were incubated with the
primary antibody as described and then incubated
with 8 × 106 GFP transformed E.coli K12 as de-
scribed before but using a final volume of 700 µl.

After demonstrating the possibility to detect the
bacterial cells on the chip 1.8 × 107 functionalized
MyOne T1 magnetic beads were incubated with
samples of 10 to 106 cells · ml-1 but in a final in-
cubation volume of 400 µl instead of the 200 µl or
700 µl as tried before.

An Axio Imager.M1m fluorescence microscope
(upright) with an accopled Neo sCMOS Camera
(from ANDOR) was used with a Filter Set 38, from
Zeiss, to detect the GFP inside the immunomagnet-
ically separated bacteria. Whenever needed, tubes
and chips were cleaned with 1.5 ml sodium hydrox-
ide (NaOH) solution at 0.1 M.

Initial bacterial cell concentrations and super-
natant after incubation were measured using a
hemocytometer and an inverted fluorescent micro-
scope Axio Observer.A1 with an AxioCam MRm
Camera (from Carl Zeiss). Pictures were finally
analysed on ImageJ using the manual counting
mode.

4. Results
4.1. Off the Platform

First IMS experiments were performed with E. coli
BL21 because it had already been transformed, be-
ing easier to detect on a fluorescent microscope,
but only a few BL21 cells were immunomagnet-
ically separated. Different incubation conditions
were tried, eg. increasing the incubation time for
overnight, preincubating the functionalized beads
with casein instead of BSA. However, better results
were not achieved.

Besides being specific for all types of E. coli (as
mentioned by the supplier), the chosen primary an-

(a) (b)

Figure 5: Overlayed pictures of the secondary an-
tibody (red) and, (a) E. coli BL21-GFP or (b) E.
coli K12-GFP (green), using a fluorescent micro-
scope with a 20 × magnification objective

(a) (b)

Figure 6: Picture of immunomagnetically separated
E. coli K12-GFP (green) using (a) Dynabeads My-
One T1 with BSA or (b) 250nm superparamag-
netic particles on a fluorescent microscope with a
10 × magnification objective

tibody might connect better to one of the bacterial
strains than to the other.

Due to these bad results using the first experi-
mented E. coli strain, E. coli K12 was transformed
and then cultured to look for better results. The
primary antibody was incubated with each cell type
and then incubated with the secondary antibody.
Overlayed pictures of transformed cells’ GFP (in
green) and secondary antibody (in red) show that
actually the primary antibody has a higher affin-
ity with E. coli K12 (Figure 5b) than with E. coli
BL21 (Figure 5a).

Given the high specificity of the primary anti-
body to the E. coli K12 strain further experiments
were carried out only using the transformed E. coli
K12 and immunomagnetic separation of the new
strain led to better results than the obtain before.

Functionalized streptavidin coated 250 nm super-
paramagnetic particles have captured less bacteria
(Figure 6b) than functionalized Dynabeads MyOne
T1 with BSA (Figure 6a) when incubated with the
same initial cell concentration.

All the results so far described are only qual-
itative and were only used to prove cell sepa-
ration through an IMS approach. The 10 and
20 × magnification objectives were the ones which
allowed a larger field of view while still being suffi-
cient to collect the fluorescence signal.

6



Figure 7: Calculated cell capture efficiency for the
MyOne Dynabeads T1 in three different conditions.
A - Functionalized one week before using; B - Func-
tionalized the day before they were used; C - Func-
tionalized beads from B but incubated overnight
with a BSA solution.

Durability of beads functionalization was tested
by functionalizing Dynabeads MyOne T1 a week
before their use in IMS. On the other hand, func-
tionalized Dynabeads MyOne T1 a day before, with
and without the incubation step with the BSA so-
lution were performed to verify BSA importance in
cell separation efficiency. In order to obtain some
quantitative results initial and final E. coli suspen-
sion concentrations, as well as their concentration
on the magnetic beads were calculated using the
counting chamber.

Finally, after analysing all images and averaging
results for each sample, a percentage of captured
cells, given by the ratio between immunomagneti-
cally captured cells and the initial number of cells,
was calculated and presented in Figure 7. Note that
the final incubation volume was increased to 700 µl
of PBST, instead of the 200 µl previously tried. The
volume per sample was increased to allow a faster
liquid drop inside the 1.5ml eppendorf tubes when
incubated in the constructed mixer.

Quantitative results show that bead functional-
ization should be performed just before their usage
on cell capture, if BSA is not added, rather than
functionalizing them a week before thus allow a 20
% increase on their capture efficiency. Furthermore,
it appears that BSA has important role leading to
an increased cell capture of about 15 %. Note that,
this efficiency is only applicable to the tested condi-
tions and that any other change, namely the mixing
step, might give different results.

4.2. On the Platform

Having proved and optimised Dynabeads MyOne
T1 functionalization, cell separation and its detec-

(a) (b)

Figure 8: Dynabeads R© MyOne C1 distribution in
the chip’s flowing through (from the left to the right
side of the image) (a) 3.5 × 107 and (b) 7 × 107

particles on a PBST suspension at 0.5 ml · min-1

tion using a fluorescent microscope, the aim was
then to test microbeads magnetic capture and E.
coli K12 detection on a microfluidic platform. For
the design and fabrication of this portable plat-
form for determining the concentration of bacteria
in large volume samples of beach water several as-
pects had to be taken into consideration: the avail-
able fabrication facilities, available time, handling
a genetically modified organism (GMO) and com-
patibility with fluorescence detection.

The first step to effectively control the platform is
to test its achievable flow rates. Understanding the
relationship between the controlled stepper motor
rotational velocity (rpm) and flow rates (ml ·min-1)
inside the system was done by timing and weighing
the amount of water that flowed trough it when ap-
plying different stepper motor velocity parameters.
Table 1 shows the flow rate spectrum achievable by
the constructed system.

Table 1: Tested stepper motor speeds and the cor-
respondent calculated flow rates

Motor Speed Flow rate
(rpm) (ml · min-1)
100 0.175 ± 0.001
200 0.354 ± 0.008
300 0.528 ± 0.014
400 0.663 ± 0.009
500 0.819 ± 0.003
600 0.965 ± 0.004

The main goal is to capture as many beads as
possible, but these should not be agglomerated at
the inlet of the capture chamber, since it will hinder
the fluorescence detection method.

Experiments were performed with 1.8×108 bead·
ml-1 and half of that value, flowing through the
beads on PBST (Figure 8).

In both cases beads were trapped on the inlet side
of the chamber, meaning that the magnetic field is
very strong and traps all beads on the bottom of
the chamber as soon as they enter the chamber.
All further tested conditions used denser solutions
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Figure 9: Dynabeads R© MyOne C1 distribution in
the chip’s chamber using 50 % sucrose solution at
0.53 ml · min-1

and flow rates varying from 0.18 to 0.82 ml · min-1

(results not shown).

At 0.5 ml·min-1 bubble trapping inside the cham-
per started to occur when using a buffer solution
supplemented with 0.01 % of Tween 20. This was
then the higher flow velocity used in further ex-
periments whenever introducing a solution supple-
mented with Tween 20.

While trying to get a uniform distribution on
the chamber another questions was raised: If beads
are reaching the last three magnets on the array it
means that some might escape, is it measurable?

To get an answer to these questions, regarding
the capture efficiency of superparamagnetic beads
on the platform, the magnetic moment of inlet and
outlet samples was measured using the VSM ma-
chine.

Results showed that the VSM is able to detect
something as low as the number of beads contained
in 100 µl with a 1000 times dilution from the stock
of magnetic microbeads. The same test was per-
formed for non coated 250 nm magnetic beads from
Micromod giving similar results and just differ-
ent parameters for the fitting equation (results not
shown).

After verifying the method, samples with the in-
let concentrations tested in the distribution studies
above and respective outlet, when the magnet’s ar-
ray was under the chip, were analysed.

There is a considerable loss of magnetic particles
when using a solution with 50 % sucrose and a flow
velocity of 0.5 ml · min−1 but bead’s dispersion on
the chamber is good (Figure 9) and it was consid-
ered the optimised condition for the next and final
step (bacteria detection).

Immunomagnetically captured E.coli K12 were
then passed through the chip and captured on the
magnetic array. The glue used to attach the mag-
nets on the array was fluorescent which would make

Figure 10: Picture (830 µm×700 µm) of fluorescent
bacteria IMS from a sample which, theoretically,
had 4 cells before incubation. Magnetic array was
removed to avoid fluorescent background under the
immobilised bacteria on the bottom of the chip’s
chamber

harder bacteria detection. The array was removed
before fluorescence analysis was performed and af-
ter the intended volume was pumped through the
chamber.

Having demonstrated the possibility to detect the
bacterial cells on the chip functionalized MyOne T1
magnetic beads were incubated with samples of 10
to 106 cells · ml-1. Table 2 summarizes the results
obtained for the several E. coli concentrations.

Only the first two sample could be completely
analysed through this method and, according to
these results 99 % of the cells were captured un-
der the tested incubation conditions. Note that
the incubation volume of beads and bacteria was
increased to allow a better mixing inside the ep-
pendorf tube but not to 700 µl, because the cell
counting would be difficult using the hemocytome-
ter due to the increased dilution. Immunomagnet-
ically captured transformed E.coli K12 were then
passed through the chip and captured on the ar-
ray. The array of magnets was removed and an
upright fluorescence microscope used to detect the
number of fluorescent bacteria immunomagnetically
separated (Figure 10).

Unfortunately, due to time restrictions, only the
two experiments with the most diluted initial bac-
teria concentration (Table 2) were analysed on the
chip. After magnetic concentration of IMB on the
capture chamber, a fluorescence microscope was
used to carefully count the number of immunomag-
netically separated fluorescent cells. On the most
diluted sample which theoretically should have four
cells, with the careful analysis of the chamber five
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Table 2: Obtained results from the ImageJ analysed pictures of cell solutions before and after incubation
with functionalized Dynabeads MyOne T1. First column has the expected concentration based on OD
measurements

Theoretical Stock Before After Capture
before incubation dilution incubation incubation efficiency

(cells · ml−1) ( 1: ) (cells · ml−1) (cells · ml−1) (%)

4 × 106 1 1.97 × 106 6.38 × 103 99.7 %
4 × 105 10 2.59 × 105 2.13 × 103 99.2 %
4 × 104 100 5.95 × 104 0 -

4000 1000 2.13 × 103 0 -
400 104 0 0 -
40 105 0 0 -
4 106 0 0 -

cells were identified. On the sample 10 times more
concentrated than this last one, 27 cells could be
counted.

5. Conclusions

The primary antibody used in the experiments was
not as general for E. coli strains as it has appear
to be. In fact, E. coli BL21 could not be sepa-
rated using IMS. E. coli K12 could be captured
using antibody-conjugated magnetic microbeads,
with capturing efficiency exceeding 99%.

The constructed platform met the requirements
needed to run all the experiments performed for this
thesis. The stepper motor, showed robustness, ac-
curacy and most of all flexibility. It was successfully
implemented in the constructed incubator.

The beads distribution studies were also positive,
demonstrating the powerful magnetic force of the
array. Note that, it allows the use of a smaller cap-
ture chamber, since most of the beads could be to-
tally captured in its first half of the chamber when
using PBST. A flow rate of 0.5 ml · min−1, used in
most of the experiments would allow a flow through
of a 1 ml beach water sample within 2 minutes.
Even adding a incubation time and the detection
step it will be possible to get results in a very rea-
sonable time.

Finally, the detection step showed that this sys-
tem can detect an isolated cell when using a 20 ×
magnification objective.

5.1. Outlook

Further experiments should be performed with real
beach water samples and bacteria detection and re-
sults compared to the most sensible methods used
nowadays. A multi (different) anti-antigen coated
superparamagnetic nanoparticles approach could
increase the robustness of the system. Additionally,
vancomycin which is an antibiotic could be explored
as a magnetic bead coating [18] to amplify the bac-
teria spectrum capture and also diminish method

cost.
An efficient mixing microfluidic device as to be

developed in order to enable a high throughput
sample analyse. One possible option would require
an incubation chamber where the primary antibody
solution or water samples would be loaded. A vari-
able applied magnetic field would induce superpara-
magnetic microbeads movement inside that same
chamber ensuring the mixing [19]. Another option
would be a recirculating system were the magnetic
particles would be magnetically fixed at the bottom
of the designed chamber and the primary antibody
or the beach water sample would be injected from
and to the same recipient. Note that, analysing
drinking water is still impossible using this microflu-
idic approach, the bottleneck resides in the mixing
and flow through of more than 100 ml per sample.
Even using several devices in parallel it would re-
quire a lot of them making the project unprofitable.

Constructed platform was pretty simple but some
improvements as introducing valves (for automation
reasons) and a more complex chip design could be
explored in the future. This complexity would in-
volve the mixing structure, already discussed, with
other inlet and outlet channels to the chamber
which could also be smaller. The size of the used
chamber turned out to be quite big hindering the
detection step because it is time consuming to scan
such area to eventually find only a few bacterial
cells. Regarding magnetic beads distribution on the
chamber, other techniques might also be explored
to optimize their magnetic capture efficiency like us-
ing spacers to increase the distance of the magnets’
array (when inserting the beads with PBST) or use
permalloy elements in between or increase the flow
rate and implementation of bubble traps.

Eventually, another way of fluorescently mark the
cells need to be developed. In real applications a
live and dead staining of the cells would be ideal,
as it would great improve the dilution of viable but
non culturable cells. This approach was not used
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in this thesis because the used cells were already
fluorescent due to their GFP production.

Finally, cell counting was done manually but an
automatic mode can be developed to count and then
calculate bacteria concentration of the initial sam-
ple. The microscope used is not an option for a
portable device but some simpler and smaller ones
have already been developed [2].
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