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Abstract 

 
In recent years there has been an exploration of sustainable and environmental-friendly technologies for ground improvement 

to be used in civil engineering infrastructure developments. One of the most studied and promising biological ground improvement 
method is biocementation through microbially induced calcite precipitation (MICP). The biological induced precipitation of CaCO3 
involves the use of bacteria capable of producing a high amount of precipitates within a short period of time in the presence of 
urea due to their high urease activity. The analysis of this enzyme allows then a possible method for quantifying the amount of 
biocement produced. The present thesis is dedicated to the quantification of urease present in a given soil sample in a way that 
can be used in situ. This is accomplished by employing a lab-on-a-chip (LOC) device utilizing magnetoresistive biochips as 
biosensors in tandem with a read-out electronic set-up, magnetic labels and an integrated microfluidics system. In this thesis it 
was also studied a method of urease sample preparation involving the use of a microfluidic mixer and magnetic separator. A 
calibration curve between 0.5 and 70 mg/ml was obtained using the biochip platform for a pure urease extract from Canavalia 
ensiformis. Urease from Bacillus pasteurii was grown and its urease activity was measured. The urease from B. pasteurii was not 
quantified using the platform since no magnetic signal could be detected, further optimization in the sample preparation being 
needed. The preparation of a urease sample was successfully carried out using only microfluids, though with lower sensitivity. 
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1. Introduction 

 
Population and civil infrastructure continue to expand 

at unprecedented rates, with infrastructure being 
insufficient in countries such as China, where 10 million 
people immigrate to major cities each year. As such, 
rehabilitation and expansion of civil infrastructure is 
required to meet ever-growing societal needs, being 
directly limited by the availability of competent soils upon 
which they can be constructed. Alongside these needs, 
there exists the issue correlating to the environment 
sustainability, which is endangered by the manufacturing 
of cement, a material used commonly in construction 
processes, including in ground improvement [1]. As a 
result, there is a clear societal need for the technologies 
developed to improve soil and be environmentally-
friendly. That’s where the harnessing of biological 
processes in soils promises to be the next transformative 
practice in geotechnical engineering. Some of these 
biological processes include biomineralization, biofilm 
formation, and the production of other extracellular 
polymeric substances (EPS), biogas generation, and 
other processes less developed like algal and fungal 
growth for near surface soil stabilization and bacteria 
and worms for methane oxidation [2]. 

The use of microbes to control and manage the 
chemical processes is attractive given their ubiquitous 
presence in the near and sub-surface and the millennia 
over which they have been active [1]. They also exist in 
high concentrations, almost regardless of saturation, 
mineralogy, pH, and other environmental factors. Near 
the ground surface, more than 1012 microbes exist per 
kilogram of soil [3]. Biomineralization, more specifically, 
microbially induced calcite precipitation (MICP), has 
been the primary focus of research in biogeotechnical 
engineering to date. Microbially induced calcite 
precipitation is the creation of calcium carbonate (calcite) 
as a consequence of microbial metabolic activity [4]. 
Calcite precipitation may be achieved by many different 
processes, of which enzymatic hydrolysis of urea by 
urease being the most energy efficient of these [1].  This 
process also has the added advantage correlating to the 
wide range of microorganisms and plants displaying 
urease activity [5]. 

One of the challenges involving the biological 
approach to biocementation is centered around the 
performance monitoring. Monitoring during treatment is 
necessary to verify that the required distribution and 
magnitude of improvement are realized, and, after 
treatment, to verify that the improvement level remains 
adequate throughout the service life [2]. The 
experimental methods used to assess different 
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components are generally well established in the 
respective fields (Madigan and Martinko, [6]) but do 
require discrete (often pore fluid) samples to be obtained 
and subsequent tests performed on them, usually in a 
laboratory. Consequently, real-time information is not 
attainable, labor is intensive, and potentially destructive 
invasive sampling is required.  This leads to a need for a 
method of monitoring that is non-invasive, fast, reliable, 
and most importantly, able to give in situ information 
about the state of the system.  

A Lab-on-a-chip (LOC) consists of a device that 
integrates one or several laboratory functions on a 
single integrated circuit of only millimeters to a few 
square centimeters to achieve automation and high-
throughput screening [7]. By applying the LOC approach 
to monitor a specific biological component of the 
geosystem, one could overcome some of the issues 
related with the current methods of analysis, mainly the 
in situ monitoring, possible due to the portability of the 
device. 

In this paper a Lab-on-a-chip device consisting of a 
magnetoresistive platform was used for the 
quantification of urease. A magnetoresistive platform 
adapts the format of conventional optical microarrays 
that rely on patterning different types of capture 
molecules on the surface of a substrate for multiplexed 
immunoassays. Instead of using a laser and 
fluorophores for detection and labelling, magnetic 
microarrays use magnetic sensor arrays and magnetic 
particles as detectors and labels, respectively. The LOC 
apparatus consists then of five main components: 
biochips with magnetoresistive sensors, magnetic labels, 
surface chemistry, electronic set-up, and a reusable 
microfluidics system. The LOC apparatus and the 
biochips used for the detection of urease were both 
developed by INESC-MN/ INESC-ID. The optimization of 
the surface chemistry and application of microfluidics in 
sample preparation was also carried out.  

2. Materials and Methods 

2.1. Magnetic Labels 

Diverging from the conventional ELISA (enzyme-
linked immunosorbent assay), the reporter group used in 
this work is not biological in nature. Instead, nanometer 
sized magnetic particles (250 nm, Nanomag-D, 
Micromod, Germany) will be used. These particles are 
75-80% (w/w) magnetite, coated with dextran (40 kD) 
and modified with streptavidin proteins that will 
specifically bind to the biotin modification present in the 
target biomolecules used. The Micromod 250 nm 
particles have a magnetic moment of 1.6 x 10-16 A.m2 
for a 1.2 kA/m magnetizing field and a susceptibility of χ 
~ 5 [8].  

2.2. Detection Methods 

Both direct and sandwich ELISA were used as 
detection methods. Opposed to conventional ELISA, a 
magnetic label conjugated to an antibody via 
streptavidin-biotin interaction was used as replacement 

for the enzyme, and the detection of the magnetic 
particles was accomplished by measuring the fringe field 
produced by those while subjected to an external 
magnetic field. 

The ELISA assays were first performed on gold 
substrates which have the same composition of the 
covering layer of the biosensors on the chips surface. In 
the last stages they were performed on the Biochip 
sensors. The surface functionalization started by first, 
stripping the photoresist from the substrates using 
Microstrip 3001 solution supplied by FujiFilm electronical 
materials. After two hours of immersion on this solution, 
the substrates were rinsed with isopropanol (IPA) and 
deionized water (DI), and blown-dried with a 
compressed air gun. After this, the gold coated 
substrates were exposed to ultraviolet light/ozone 
plasma for 11min at 28mW/cm2 inside an UVO cleaner 
machine from Jelight, USA.  

The crosslinker used in this work is the one proposed 
by Cardoso [9], the Sulfo-LC-SPDP (Sulfosuccinimidyl 6-
(3'-[2-pyridyldithio]-propionamido)hexanoate). The 
antibody used in ELISA was a rabbit polyclonal biotin 
conjugated anti-C. ensiformis urease from Rockland. 
The urease used is from C. ensiformis (Jack bean) from 
Sigma-Aldrich and was prepared by dilution in PBS 0.1 
M pH 7.4 at the desired concentration. Urease produced 
from Bacillus pasteurii in a laboratory was also used. 
The experimental assay for the Direct ELISA follows 
similar guidelines as the ones used by Cardoso [9] and 
Valentim [10]. It starts by manually spotting 1 µL of the 
crosslinker agent on top of the sample.  After a waiting 
period of 20 minutes, the sample is washed with PBS 
buffer 0.1 M pH 7.4 to remove any unbound crosslinker 
molecules. The sample is left to dry at room 
temperature.  A volume of 1 µL of urease is then spotted 
on top of the sample and stored inside a Petri dish in a 
humid atmosphere to prevent evaporation and at room 
temperature (24 ⁰C). The immobilization of the urease to 
the linker takes 1 hour. In the meantime, the magnetic 
particles solution is prepared. This solution is composed 
of magnetic nanoparticles and streptavidin coated 
antibodies in a ratio of 1:1, and PB Tween 20 0.02% 
(v/v) as a solvent. The magnetic particles, antibodies 
and PB Tween-20 are present in the solution in a ratio of 
1:1:10, respectively. One begins by pipetting 10 µL of 
magnetic nanoparticles to an empty Eppendorf. The 
Eppendorf is then placed in contact with a magnetic 
concentrator (DynaMag-2 invitrogen). The suspension 
medium is then collected and discarded. The pellet of 
magnetic nanoparticles is resuspended in 10 µL of PB 
Tween 20. This process is repeated two times more. At 
the fourth time, instead of adding 10 µL of buffer, 10 µL 
of antibody solution are added. The solution is left mixing 
for 45 minutes in a rotator stirrer (model 3000445, JP 
SELECTA) after which the Eppendorf is put in contact 
once more with the magnetic concentrator for one last 
medium substitution. With the magnetic particles solution 
prepared, and after the urease waiting time is over, 1 µL 
of the former solution is spotted on the sample surface. 
The sample should be left to settle for 30 minutes in a 
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humid environment at room temperature. After, the 
samples should be manually washed with PB Tween 20 
and observed under an optical microscope (DFC 300 
FX, Leica) after it has dried. Alongside the standard 
assays, a negative control ELISA was also performed. 
This assay follows the same protocol of the standard 
ELISA with the difference of PBS being spotted instead 
of urease. 

Another experimental method for the ELISA assay 
was also tried. This assay proceeded in the exactly 
same way as the one above described with the 
difference that the urease was pre-recognized with the 
antibody (Ab)-conjugated magnetic particles solution in a 
volume ratio of 1:1. This solution was then left for 1 hour 
in moderate agitation, after which 1 µL of it was spotted 
in the sample. 

The experimental assay for Sandwich ELISA is similar 
to the Direct ELISA, differing in the urease 
immobilization to the surface. After spotting the linker 
and cleaning the sample with PBS, 1 µL of antibodies 
are spotted and left to settle for 1 hour inside a Petri dish 
in a humid environment. After another cleaning step 
using PBS buffer, 1 µL of 0.1% bovine serum albumin 
(BSA) is spotted on the sample for 1 hour. The sample is 
again washed with PBS and the antigen is spotted on 
top of the antibody layer and left to settle in a humid 
atmosphere for 1 hour. From this point onwards, both 
tests proceed in the same manner.  

2.3. Bacillus pasteurii growth 

Culture Growth 
Cultures of B. pasteurii previously grown by Pedreira 

[11] were stored at -80°C in 2 mL cryovials. For the 
preparation of the pre-inoculum, the 5 mL of the 
cultivation medium were inoculated with 50 µL (1% v/v) 
of the thawed cultures. The cultivation medium was 
adopted from [12] and [5] having the following 
composition: Yeast extract (YE), 20g/L; (NH4)2SO4, 10 
g/L; NiCl2.6H2O, 1mM; Urea, 0.5M; Tris-base, 0.13M.  

Six falcons (sextuples) with 5 mL were prepared in 
total. All the medium components were sterilized in 
separate by autoclaving at 121°C for 20 minutes. The 
pre-inoculum was incubated at 30°C in an orbital 
incubator (AgitorB 200 ABALAB) at 250 rpm for 
approximately 12 hours. Afterwards, all six pre-
inoculums were put together in a 50-mL flask, obtaining 
a total of 30 mL of medium. Cellular growth was 
monitored offline by measuring the optical density (OD) 
of samples at 600 nm in a double beam 
spectrophotometer (Hitachi U-2000), using 3 mL glass 
cuvettes with an optical path length of 1 cm. For the OD 
determination, an aliquot of the culture sample was 
diluted with deionized water in order to obtain an 
absorbance value lower than the threshold (ca. 0.5-0.6), 
usually 1:10 dilution. Culture medium not inoculated was 
used as reference.  

The OD of the 30 mL medium was measured and the 
volume necessary to achieve an OD of 0.1 was pipetted 
from the medium and diluted with culture medium not 
inoculated in a flask. In total, three flasks with OD of 0.1 

were prepared and incubated at 30°C in an orbital 
incubator at 250 rpm. OD measurements were made 
during the growth until a desired OD of 1 was reached 
and the culture growth stopped. 

The resulting culture medium was then centrifuged in 
Centrifuge 5810 R from Eppendorf at 6000g, 4ºC and for 
5 minutes. The supernatant was discarded, and the 
pellet was kept at 4ºC overnight. The pellet is 
resuspended in PBS 50 mM pH 7.4, after which 4 mL of 
this solution are sonicated for 10 minutes with the 
settings of 60s ON, 60s OFF, 45 W, MS 72 in a 
sonicator from Bandelin. 
 

BCA Protein Assay 
In order to measure the concentration of total protein 

in the solution, a Pierce TM BCA Protein Assay kit was 
employed. The absorbances of the wells were read at 
562 nm in the SpectraMax Plus Microplate Reader 
(Molecular devices). 
 

Urease Activity Assay 
For the measurement of the urease activity, the 

Urease Activity Assay kit (Sigma) was used. The 
absorbances of the wells were read at 670 nm in the 
SpectraMax Plus Microplate Reader (Molecular 
devices). However, the presence of ammonia in samples 
will result in assay background. As such, ammonia in the 
samples was removed by filtration with an Amicon Ultra-
4 Centrifugal Filter Unit with 10 kDa Molecular Weight 
Cut-Off (MWCO) membrane (Merckmillipore). The 
amicon was centrifuged at 3320 g and 16ºC for 40 
minutes using a swinging-bucket rotor. In the end, each 
amicon (two in total) had a concentrate of approximately 
70 µL. These solutions were each diluted with 130 µL of 
PBS pH 7.4 buffer. 
 

Protein Gel Electrophoresis and Western Blot 
Before preparing the gel, 2.5 mL of the sample were 

centrifuged using Amicon Ultra-0.5 mL 100 kDa 
(Merckmillipore) at 4000G, 4ºC and for 15 min. A protein 
gel electrophoresis was run with both the cell lysate and 
the pure urease from C. ensiformis. A polyacrylamide gel 
at 12% was prepared, where denatured samples were 
posteriorly loaded. After loading the samples, a constant 
voltage of 80 V was applied. The polyacrylamide gel 
obtained after electrophoresis was stained using 
Coomassie Blue and afterwards, a 0.15% Silver Nitrate 
solution. The gel was then scanned using a GS-800 
Calibrated Densitometer (BIO RAD). 

For the western blot, filter papers (Thermo Scientific), 
polyvinylidene difluoride (PVDF) Western Blotting 
Membranes (BioRad) were mounted in a transfer system 
(Enduro Electrophoresis Systems). The system is 
immersed in transfer buffer and run at 250 mA for 90 
minutes. After the transfer is finished, a blocking solution 
with 5% nonfat milk was used for 1 hour at 25ºC and 60 
rpm. The membrane was incubated with a primary 
antibody during the night at 4 ºC. As primary antibody, 
an anti-urease rabbit antibody diluted 1:1000 in a 
mixture of 2 mL of TBS and 0.25% nonfat milk was used. 



In order to detect the protein of interest, a mixture 
containing 40 mL of TBS, 0.02% nonfat milk, 0.05% 
Tween 20 and secondary antibody at 1:2000 was added. 
The incubation takes place for 2 hours at 25ºC and 60 
rpm. Finally, a volume of 100 mL of the detection 
solution (3,3’-Diaminobenzidine, 0.5 g/L; Hydrogen 
peroxide, 30%) was poured over the membrane and it 
was left immersed until the bands appeared. 
 

2.4. Microfabrication 

The fabrication of the spin valve magnetoresistive 
biochip compromises several steps of fabrication, mainly 
photolithography, etching and lift-off techniques. The 
process steps were similar to the ones used in [13] and 
[14]. The stack structure of the spin valve deposited is 
Ta 15 Å /NiFe 28 Å /CoFe 28 Å /Cu 27 Å /CoFe 33 Å 
/MnIr 75 Å /Ta 50 Å. The spin valve sensors used were 
characterized, showing a minimum resistance of 390-
440 Ohm and a magnetoresistance of ∼8 %. The chip 
layout used has 30 U-shaped spin valve sensors 
arranged in 6 distinct sensing regions (figure 1 a-b).  
Each region compromises 4 biological active sensors 
plus a reference sensor. The biological active sensors 
are surrounded by aluminum current lines and are 
coated with a gold film (Ti 5 nm/ Au 40 nm).  

 

Figure 1: (a) Schematic layout of the Biochip mask made with AutoCAD and with dimensions 
of 6.0x7.2 mm2. (b) Sensing region amplified with 4 biological active sensors and a reference 
sensor.  

2.5. Magnetoresistive Platform 

The electronic read-out set-up used in this thesis was 
the one created by Martins et al. [15]. This platform 
compromises three different parts:  1. a power supply 
/battery; 2. a control and acquisition board which serves 
to encrypt the data collected from the sensors and to act 
as a bridge between the device and the user interface; 3. 
a magnetic field generator/inductor. The parameters 
used during testing were 1 mA DC current and 13.5 Oe 
rms. The DC field for which the maximum sensor 
response appears is 30 or -30 Oe, depending on the 
sensors. A bandwidth of 4 Hz and a magnetic AC drive 
type were used. The difference between the ELISA 
assays performed with the platform lies in the passage 
of the magnetic particles solution that happens using a 
microfluidic channel instead of being manually spotted. 
After the biochip is inserted inside the biochip platform 
and the system is turned on and let to acquire a baseline 
for 5-10 minutes, the syringe pump (New Era Pump 
systems) is set to run at the same flow rate of 5 µL/min 

until the magnetic nanoparticle solution covers all the 
PDMS channel. The pump flow rate is then set to zero 
until the resistance signal read by the platform stabilizes 
in a new baseline, after which the pump flow rate is set 
to 10 µL/min for the PB Tween 20 to wash the sample 
until another baseline is achieved. 

 

2.6. Microfluidics 

AutoCAD Mask 
The micromixer has a design similar to the one in [16]. 

The dimensions of the mixer are represented in figure 2.  

Figure 2: AutoCAD design for the micromixer with a close-up of the individual units containing 
the obstacles on the right. The inlets have a diameter of around 1800 µm and the outlet a 
diameter of 2500 µm. 

The magnetic separator layout was taken from [17]. 
The dimensions of the separator can be seen in figure 3. 
The magnet (Q-12-08-02-N from supermagnete) used in 
this work was made from NdFeB and had dimensions of 
12x8x2 mm. Three of these magnets were coupled 
together and used in the experimental set up. 

Figure 3: AutoCAD design for the magnetic separator. The inlets and outlets have a diameter 
of around 1600 µm. 

 

COMSOL Multiphysics Simulation 
Simulations for fluids in the micromixer, with and 

without obstacles, were carried out using COMSOL 
Multiphysics 5.3. The studies made were for laminar flow 
and transport of diluted species. Some parameters were 
initially imposed, including the Inlet flow rate of 0.1 
µL/min to have a residence time of approximately 11 
minutes, the inflow urease concentration, calculated 
based on the average concentration of the concentrate 
solution obtained after filtration with amicon MWCO of 
10 kDa, obtaining the value of 0.108 mol/m3. The inflow 
MNP concentration was calculated to be approximately 
8.136x10-7 mol/m3, which was obtained considering the 
use of 10 µL per assay and that there were 4.9x1011 
particles per mL of solution. 

 

SU-8 and PMMA Molds 

First, an aluminon mask of the AutoCAD design was 
fabricated by using photolithography, followed by wet 
etch using an aluminum etchant (solution with 
phosphoric, nitric and acetic acid). The substrate is 
immersed for around 3 minutes in this solution, after 
which the photoresist is stripped in a Microstrip hot bath 
at 65ºC for 20 minutes. The SU-8 used to achieve a 
height of 50 µm was the SU-8 50 from Microchem. 
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Silicon was used as a substrate. The sample is washed 
with IPA, rinsed with DI water, and blow-dried with a 
compressed air gun. It is then left in the UVO cleaner for 
20 minutes, after which it’s heated at 100ºC for 10 
minutes in a hotplate. The sample is placed in a spinner 
(Model WS-650Mz-23NPP from Laurell) located inside a 
laminar flux chamber. SU-8 is manually poured in the 
sample, and is let to rest for 30 seconds before spinning. 
The sample is spinned at 500 rpm for 10 seconds with 
100 rpm/s acceleration, followed by spin at 2000 rpm for 
37 seconds and 300 rpm/s acceleration. The next step 
involves soft-baking. This step involves a pre-bake for 3 
minutes at 65ºC followed by 8 minutes at 95ºC in a 
hotplate. The substrate is let to cool-down for 5 minutes. 
The SU-8 coated substrate is then put in contact with the 
aluminum mask, the closest as possible, and exposure 
to UV light is performed with 600 mJ/cm2 for 20 seconds. 
After, the post exposure bake (PEB) is done by baking 
the substrate for 1 minute at 65ºC in a hotplate followed 
by a bake at 95ºC for 7 minutes. Finally, the photoresist 
is developed using propylene glycol methyl ether acetate 
(PGMEA) (Sigma-Aldrich). The substrate is immersed 
for 6 minutes in the developer with strong agitation. The 
sample is then rinsed with IPA and blow-dried. 

After the mold fabrication, the final heights were 
measured using a profilometer (Tencor Instruments). 

The PMMA molds used for the casting of PDMS to 
make the U-channels were fabricated by Valentim [10]. 
 

PDMS Structures 
PDMS (Sylgard 184-Dow Corning) was prepared by 

mixing the curing agent and the base in a 1:10 mass 
ratio in an analytical balance (SA 80 Scientech). This 
step was followed by a 1hour degassing step in an 
exicator (Bel-Art). The PDMS is then poured over the 
SU-8 mold inside a petri dish or injected in the PMMA 
molds whose holes are then plugged with hollow tubes 
(SC22/15, instech). The molds are then cured in an oven 
(Memmert) at 70ºC for 1 hour. After baking, the PDMS is 
released from the mold. In the PDMS casted over the 
SU-8 molds, the inlets and outlets are made by manually 
perforation with a syringe tip (LS22 22ga x 12mm, 
instech). For the microfluids used in the urease sample 
preparation, the PDMS had to be bonded to a substrate 
of boroaluminosilicate (CORNING 1737 AMLCD Glass 
substrates) of 0.7 mm thickness (2 x 2 in). PDMS was 
then immersed in water for 30 minutes at 65ºC while the 
glass was submerged in IPA (30 minutes in the bath at 
65°C) followed by rinsing with DI water. Afterwards, both 
glass and PDMS are placed in an oxygen plasma 
chamber for 1 min. In the final step, glass is immediately 
placed over the PDMS.  

3. Results and discussion 

3.1. Jack Bean Urease Assays in Biosensors 

Direct ELISA assays were performed on gold pads 
and biochips with varying concentrations (figures 4a-d). 
A negative control was also made. In these assays 
urease was immobilized on the surface first, and then 

the magnetic particles solution with antibodies was 
added. Even though some particles are still observable 
in the negative control, the difference between the 
control and bioactive substrate is clearly notable. The 
fact that some of the particles still attach to the surface 
despite not existing urease in the negative control, might 
be due to the free cysteine residues present in the 
antibody that bind to the linker via amine bonds. The 
functionalized biosensors where also read in the 
magnetoresistive platform.  

 
Figure 4: (a) Negative control (no urease) direct ELISA assay on a biochip (40x 
magnification). (b) Negative control (no urease) direct ELISA assay on a biochip (200x 
magnification). (c) Direct ELISA using 60mg/mL of urease and spotted on a biochip (40x 
magnification). (d) Direct ELISA using 60mg/mL of urease (200x magnification).   

An example of a resistance curve is seen in figures 
5a-b, for both a negative control, and one with 50 mg/ml 
of jack bean urease. While in the negative control the 
signal obtained after washing practically returns to the 
previous baseline, the one with urease has a greater 
difference between the initial and final resistance values 
due to the immobilization of the magnetic particles.  

 
Figure 5: (a) Voltage signal acquired from a negative control direct ELISA assay by the 

MR platform. (b) Voltage signal acquired from a direct ELISA assay with 50 mg/mL urease 
immobilized. (Vbaseline= resistance value from the initial baseline; Vbinding= resistance value 
obtained correlated to the number of magnetic particles remaining in the sensor surface after 
washing; ΔV= Resistance difference between Vbaseline and Vbinding) 

 
Using concentrations of urease between 0.5 mg/ml 

and 70 mg/ml, a calibration curve for quantification of 
urease was obtained (figure 6). Since no information 
was known about the concentration of urease in the 
field, the range was chosen by taking into account that at 
70 mg/ml the urease starts to precipitate in solution 
giving very inconsistent results, and that 0.5 mg/ml 
seems to be the detection limit. One way to decrease the 
sensitivity of detection is by enabling particle attraction 
during the assay which will guarantee that the particles 
are attracted to the sensors. This wasn’t done in this 
paper but is something to consider if field values are of 
low concentration. In the calibration curve a stabilization 
seems to be occurring around 60 mg/ml, meaning the 
saturation of the sensors is being reached.  

 
 
 
 



Figure 6: Calibration curve for urease quantification using the MR platform. Concentrations 
between 0.5 mg/mL and 70 mg/mL were measured. A fitting using a logistic equation 
(y=a/(1+b*exp(-k*x)) was made, obtaining the following parameter values: a=10.861; 
b=11.613; k=0.064 and a R2=0.951. (ΔV= Resistance difference between Vbaseline and Vbinding , 
V= Vbaseline ) 

Finally, sandwich ELISA assays were also performed 
to see if less non-specific binding occurred. The 
difference between the two detection methods didn’t 
seem to yield different results, meaning urease is still 
attaching to the surface in the sandwich ELISA 
methodology. With a sample containing other proteins 
other than urease, in the sandwich ELISA they would 
less likely attach to the surface since they aren’t 
recognized by the immobilized antibody while in the 
direct ELISA they would most likely attach, preventing 
urease from doing so as efficiently. 

One thing that is important to note is that during some 
of the assays using the platform, some sensors were 
short circuited with resistance values tending to zero in 
the middle of the assay. The short circuit can be 
explained by the holes seen in the aluminum. If the 
passive layer covering them was too thin or degraded, 
an ionic solution coupled to current being passed could 
lead to corrosion of the current lines, eventually leading 
to the short circuits.  

3.2. B. pasteurii urease growth 

The growth curve obtained by measurements of the 
cultivation medium inoculated with B. pasteurii 
absorbance at 600 nm is represented in figure 7. 
Triplicates were made.  

Using the Eq.1 from [12] and considering usage of 
similar culture medium it’s possible to convert the OD 
read at 600 nm for the B. pasteurii to concentration of 
cells. 

 
Where  is the OD value obtained at 600nm and  is 

the concentration of cells per mL. Knowing the volume 
present in the flask is then possible to obtain the total 
number of cells. Doing the calculations an average value 
of 1.38x108 cells is obtained for the start of the growth 
and an average value of 2.52x108 cells is obtained for 
the last OD measured, meaning the number of cells 
almost doubled during the assay. 

Figure 7: B. pasteurii growth curve in the culture medium described in table 3.1 using an 
inoculum cultivated in the same medium. Triplicates were made. 

3.3. Total Protein Quantification 

Using the calibration curve obtained by the BSA 
standards, it was possible to obtain the corresponding 
protein concentration in the different samples, as seen in 
Table 1. 

 
Table 1: Average Absorbance values measured at 565nm for total protein quantification in the 
samples previously filtrated with amicon 10 kDa. The BCA kit was used for the quantification 
and the values calculated with the calibration curve. All the measurements taken from samples 
centrifuged with amicon with MWCO of 10 kDa were diluted initially with a dilution factor of 
1:2.86 that is already taken into account here. 
 

 Absorbance (565nm) Protein Concentration 
(mg/mL) 

I 1.157 3.176 

II 1.190 3.280 

 

3.4. Urease Enzymatic activity and specific activity 

A linear equation from the calibration curve of the 

ammonium chloride standards was obtained with a R2 

coefficient of 0.986. The absorbance of samples with 

different concentrations of the culture medium were 

analyzed. The measured absorbance and respective 

conversion to urease activity is present in Table 2. The 

specific activity of an enzyme is an important factor that 

can give insight about the purity of the sample. It’s 

calculated by diving the enzymatic activity by the total 

number of proteins present in the sample. 
Table 2: Absorbance values measured at 670nm for urease activity quantification in the 
samples previously filtrated with amicon 10 kDa. The urease activity was calculated with the 
calibration curve obtained with urease activity assay kit. The specific activity of urease was 
obtained by dividing the urease activity by the total protein present in the sample and 
presented in table 1. The values in the table are already being multiplied by the dilution factor. 
All the measurements taken from samples centrifuged with amicon with MWCO of 10 kDa 
were diluted initially with a dilution factor of 1:2.86 that is already taken into account here. 

 

 Dilution 
Factor 

Absorbance 
(670nm) 

Urease 
Activity 

(U/L) 

Specific 
Activity 
(U/mg) 

I 1:1 1.137 12.72 0.004 

I.1 1:5 1.999 150.95 0.048 

I.2 1:25 2.358 936.6 0.295 

I.3 1:50 2.897 2419 0.762 

I.4 1:100 3.034 5116 1.611 

I.5 1:200 2.635 8615 2.713 

I.6 1:1000 2.778 45975 14.48 

 (1)  
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Observing the data, it is clearly noticeable that the 
urease activity is increasing with the dilution factor, 
which is unexpected. Various tests were repeated with 
the same results, indicating it wasn’t a manual error. 
According to Sumner and Howell [18] urease activity 
increases with increasing buffer dilution until a point is 
reached beyond which further dilution may cause the 
activity to decrease. Further dilutions should be made to 
see if a stabilization occurs as expected. The fact that 
the dilution of the sample increases urease activity 
means there is some type of inhibition occurring in the 
solution. Sunmer and Howell [18] found that urease can 
be inhibited by urea. This effect depends upon the pH of 
the buffer, for when the pH is below pH 6.0 there is no 
inhibition of urease activity when as much as 10 per cent 
urea is used, while if the pH of the buffer is above pH 6.0 
the amount of urea required to inhibit urease activity 
decreases with decreasing acidity. At pH 7.9 the 
optimum urea concentration with phosphate buffer is 
calculated to be about 0.7 per cent. Considering that the 
initial medium contained a little above 1% of urea and 
the pH of the medium was 9, it is possible that the 
urease is being in fact inhibited by urea.  Deasy [19] 
proposed that the urease was not inhibited by urea itself 
but by the complex ammonia-urea whose formation is 
favored in alkaline solutions with high urea 
concentrations. 

 

3.5. Polyacrylamide Gel Electrophoresis 

The scan of the polyacrylamide gel taken after silver 
staining can be seen in figure 8 with the lanes labeled. In 
this gel duplicates of concentrate with a dilution of 1:100, 
filtrate and pure urease from Jack bean at 40 mg/ml 
concentration were run. 

Figure 8: Scanned 12% polyacrylamide gel after electrophoresis. The samples in the lanes 
are: (1) Protein Ladder, (2) Concentrate with dilution factor of 1:100, (3) Jack bean urease with 
40 mg/mL, (4) Filtrate, (5) Protein ladder, (6) Concentrate with dilution factor of 1:100, (7) Jack 
bean urease with 40 mg/mL, and (8) Filtrate. Some of the molecular weights of the protein 
ladder are represented in lanes 1 and 5. 
 

In the filtrate lane we can see that there aren´t any 
proteins above the 100 kDa molecular weight, which is 
expected due to the separation previously made with 
amicon 100 kDa MWCO. On the other hand, protein 
bands with a molecular weight inferior to 100 kDa are 
obtained in the concentrate lanes, in spite of the 
filtration. This happens due to the denaturation of 
proteins and separation into their subunits. Urease has a 
high molecular weight, but, due to denaturation, it breaks 
into its subunits, varying their weight depending of the 

nature of the urease, bacterial or plant. Urease from 
Jack bean is made up of identical subunits, its molecular 
mass without Ni(II) ions amounting to 90.77 kDa, 
assembled as hexamers, having a total of 545.34 kDa 
(the 12 nickel ions included). Unlike plant and fungal, 
bacterial ureases, like the one produced by Bacillus 
pasteurii, are composed of three distinct subunits, one 
large (αβγ, 60–76 kDa) and two small (β, 8–21 kDa and 
γ, 6–14 kDa), commonly forming (αβγ)3 trimers, resulting 
in the enzyme molar masses between 190 and 300 kDa 
[20].The denaturation into smaller units makes it hard to 
distinguish the possible urease band from the gel. 

The bands of jack bean urease are the most 
prominent (indicating very high concentration). 
Strangely, three distinct bands with despairing weights 
appear in the pure urease lane, when supposedly only 
one should appear. The top band seems to have a 
weight of around 100 kDa which is the expected for this 
urease. The other bands could be explained if there was 
a possible contamination by other proteins. 

3.6. Western Blot 

A gel with both concentrate samples and pure urease 
samples was transferred to a PDVF membrane. Only the 
top jack bean urease bands appeared in the membrane. 
The fact that only the 100 kDa bands appeared in the 
pure urease lane may explain that the remaining bands 
not revealed might indeed be part of protein 
contaminants. 

No bands from the urease present in the concentrate 
were revealed. This can both mean that either the 
antibody doesn’t bind strongly enough with this urease, 
or that it was present in very small quantities that 
couldn’t be detected using a western blot, although the 
last one is extremely unlikely since the technique as a 
sensitivity of 0.1 ng [21]. Another possible cause is that 
the dab may not be working properly which explains why 
the jack bean urease band has so little intensity for a 
band that contains approximately 1 mg/ml of protein.  
 

3.7. B. pasteurii urease assays in biosensors 

After obtaining samples containing urease from 
Bacillus pasteurii, tests using direct ELISA and sandwich 
ELISA in the biosensors were employed. In the assays 
using the concentrate undiluted, no particle attached to 
the gold is observed. Instead, the sensor seems to be 
covered in a layer, possible of proteins, that were at 
different depths than the gold, and as such couldn’t be 
easily focused in conjunction with surface. It was 
hypothesized that this protein layer could be preventing 
the attachment of the urease to the linker. As such, 
assays where the urease was pre-recognized by the 
antibody-magnetic particle complex before surface 
immobilization were conducted. These tests showed 
similar results as the ones with urease directly 
immobilized on the surface, with no B. pasteurii urease 
being detected, thought the layer was no longer present. 
The fact that no B. pasteurii urease was detected 
despite the proteins, that were possibly preventing the 



attachment, being no longer present during 
immobilization, could mean that the antibody isn’t 
recognizing the urease or that the enzyme is present in 
an extremely low amount. These results are in 
accordance to the ones obtained by the 
immunodetection through western blot. One of the other 
possible explanations for B. pasteurii urease not being 
detected might be that the antibodies conjugated to the 
magnetic particles are not recognizing the enzyme. This 
can be explained by the fact that the high concentration 
of other proteins makes it difficult for the diffusion of 
recognition complexes to diffuse in the sample and bind 
to urease, which could be solved by increasing the ratio 
of Ab-magnetic particles complexes to the concentration 
of solution. Other explanation could be that there are 
proteins interfering with urease, inhibiting it from 
interacting with the antibodies. To test this hypothesis 
assays samples containing urease from B. pasteurii 
were diluted in jack bean urease solution (figure 9 a-d).  

A positive control using urease from jack bean 
immobilized in the surface via direct ELISA was 
performed. Comparing it with the other assays, where a 
small volume of the concentrate solution was diluted in 
it, a significant decrease in the amount of particles 
present in the surface is observed. This means that 
some sort of inhibition of both ureases is occurring that 
is caused by a protein present in the concentrate 
solution. By further diluting the urease from B. pasteurii, 
an increase in particles interacting with the urease is 
seen, though not quite as many as in the control. 

Figure 9: (a) Positive control assay with direct ELISA using a 50 mg/mL concentration of 
urease (200x magnification). The next photos pertain to Direct ELISA assays using the 
concentrate solution with B. pasteurii urease diluted in a 50 mg/mL jack bean urease solution 
with different dilution factors: (b) Dilution factor of 1:4 (200x magnification), (c) Dilution factor of 
1:20 (200x magnification), and (d) Dilution factor of 1:100 (200x magnification). 

3.8. COMSOL Multiphysics Simulations 

Comsol simulations for the mixer considering laminar 
flow and transport of diluted species were first carried 
out. By analyzing the results, it is seen that around the 
obstacles there is a great increase in fluid velocity as it is 
to be expected, varying one order of magnitude. Using 
the simulations, the Reynolds number, as well the Péclet 
(Pe) number were calculated. To calculate the Reynolds 

Number, the equation  was employed, with  

being the velocity of the fluid (m/s),  being the 

characteristic linear dimension (m) and   being the 

kinematic viscosity of the fluid (m2/s). The Reynolds 
number was plotted as a function of the velocity of the 
fluid between the micromixer walls, along different cut 
lines. The  was assumed to be the smallest dimension, 

in this case the width of the channel through which fluid 
can pass. Depending on the cut lines, we then could 
have a  of approximately 1.9x10-4 and 2.22x10-4 m. The 

kinematic viscosity of the fluid was obtained by the 

following expression:  , where  is the dynamic 

viscosity (kg/m.s) and  is the density (kg/m3). 

Considering the fluid as a PBS solution at 25°C, the  is 

0.001 kg/m.s and the  is 1006.2 kg/m3. The value 

obtained for  was 9.94x10-7 m2/s. Reynolds number 

below 1 is typical for microfluidic devices, indicating 
creeping flow. 

The Péclet number was calculated using the equation 

, with  being the diffusion coefficient (m2/s) and 

 the average velocity of the fluid (m/s). This last 

parameter was acquired in COMSOL after integration of 
the velocity function in all the domains (7.25Ex10-4 m/s). 
The diffusion coefficient was obtained with the Stokes-

Einstein relation: , with = Boltzmann constant 

(1.38065x10-23 m2.kg.s-2.K-1), = temperature (293 K) 

and =particle diameter (250 nm). The value calculated 

was 1.717x10-12 m2/s. Having the diffusion coefficient , 

the Péclet number was calculated, obtaining a  of 

9.33x104. This high Péclet number indicates that the 
diffusion of the species occurs slowly, as opposed to the 
phenomenon of advection. As such, the interfaces 
between flow streams are dictated only by the flow rate 
in the inlets. 

The same simulations were made for the mixer 
without the obstacles to compare their relevance in the 
mixing (figure 10 a-b).  

 
Figure 10: COMSOL simulation results for the Velocity magnitude (m/s) observed along the 
(a) the obstacles in the micromixer and (b) the mixer without obstacles. For the simulation 
laminar flow was considered. Other inputs: Inlet flow rate of 0.1 µL/min; average concentration 
of the concentrate solution of 0.108 mol/m3; inflow MNP concentration of 8.136x10-7 mol/m3. 
 

The Reynolds number was calculated like described 
for the micromixer with obstacles. The only difference 
here is the value of  , which is 2.40x10-4 m. Both the 

velocity and Reynolds number are lower when there are 
no obstacles present. In one cutline from the mixer with 
obstacles, the Reynolds number was double the one 
obtained in here, meaning there is a better mixing, with 
more turbulence, in the case of the structures containing 
the obstacles. The average velocity obtained in 
micromixer without obstacles was 6.24x10-4 m/s, slightly 
lower than the mixer with the obstacles. The Péclet 

(a) (b) 
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number was, as such, also lower, with the value of 
8.723x104. 

 

3.9. Microfluidics for sample preparation 

Before doing the assay with biological samples, dyes 

were used to see if mixing occurred in the mixer and if 

the fluids flowed as supposed in the magnetic separator. 

Two syringe pumps were used: one injected the red and 

green dyes at flow rate of 25 µL/min in the inlets of the 

micromixer while the other injected blue dye in the inlet 

of the separator closed to the magnet at a flow rate of 25 

µL/min. Both PDMS structures were joined by a tube. 

The setup of the experiment can be seen in figure 11a. 

Initially only the green dye was passing to the mixer due 

to pressure differences, but after manual tweaking, both 

the green and red dyes started to enter the mixer at the 

same time. The fluids traveled through the mixer and 

passed to the magnetic separator with no issues, 

sticking to the left side of the magnetic structure as seen 

on figure 11b. After the pumping of the blue dye started, 

both fluids were still going out through the left outlet, 

instead of the expected (blue dye leaving through the 

right outlet and red dye leaving through left outlet). This 

started to happen at the same time that a leak of dyes 

occurred in the mixer, indicating too much fluid pressure 

or improper bonding.  

Figure 11: (a) Experimental set-up for the sample preparation using the microfluidic modules: 
(1) Syringe pump connected to the inlets of the micromixer and containing the syringes of 
urease sample and of Ab-magnetic particles solution in the biological assay, or the red and 
green dyes in the dyes assay, (2) Syringe pump connected to one inlet of the magnetic 
separator and containing the syringe of buffer in the biological assay, or the blue dye in the 
dyes assay, (3) Micromixer PDMS structure connected with a tube to the (4) Magnetic 
separator PDMS structure. (b) Photo the mixing of red and green dyes in the micromixer. 

 

An assay using only the magnetic separator and two 
dyes was performed. Both the dyes were injected with a 
flow rate of 25 µL/min. In figure 12a, a clear distinction 
between the dyes can be seen, as it is expected, with no 
mixing observed. The individual structure of the 
magnetic separator was also used to see if, when 
passing a magnetic particle solution through the 
channel, the magnet on the side opposite to the passage 
would attract the particles (figure 12b). Passing a diluted 
magnetic solution in the right inlet and a buffer in the left 
inlet, it was possible to see that the particles were 
attracted to the left side of the separator into the buffer 
solution. If the flow rate was low (5-15 µL/min), the 
particles would stay attached to the wall, however, if the 
flowrate was increased, the particles would still be 
attracted to the magnet but would then keep moving 
alongside the wall and leave through the outlet.  

 
 

 

Figure 12: (a) Passage of red and blue dyes in the magnetic separator. Clear separation of 
dyes with no diffusion of fluids is observed. (b) Attraction of the Micromod 250nm magnetic 
particles passing on the left side of the separator to the magnet in the opposite side. 

 
For the biological sample preparation, two syringe 

pumps were also used, one to inject the urease solution 
(60 mg/ml) and magnetic particles-antibodies solution 
previously prepared, in the inlets of the mixer with a flow 
rate of 25 µL/min. The second syringe pump was used 
to inject the PB Tween 20 buffer in the right side of the 
magnetic separator at a flowrate of 15 µL/min (side close 
to the magnet). In the magnetic separator the option of 
the slower flowrate of buffer was adopted, meaning the 
particles were attracted to the magnet and stayed 
attached. After passing all the urease solution, pumping 
of the syringes in the mixer was stopped and the magnet 
removed. The magnetic particles flowed with the 
passage of buffer and were collected in an Eppendorf, 
though some of the particles were lost. The collected 
particles were then used to perform a sandwich ELISA in 
biochips surface (figure 13a). In the microfluidics assay, 
the concentration of magnetic particles in the surface is 
lesser than the ones in the conventional assay, which is 
explained because of the higher dilution of the former 
magnetic particles solution. The fact that magnetic 
particles are visible in figure 13a is an indicator that the 
antibodies were able to attach to the urease during 
mixing, and that the magnetic particles were successfully 
separated in the magnetic separator.  

Figure 13: (a) Sandwich ELISA assay using the sample prepared on the microfluidic 
structures (200x magnification).  Urease solution with 40 mg/mL was used. (b) Positive control 
with a direct Sandwich using 40 mg/mL of jack bean urease pre-recognized with Ab-magnetic 
particles without microfluidic sample preparation (200x magnification). 

4. Conclusions 

The work developed in this paper aimed at optimizing 
a magnetoresistive platform for urease quantification that 
acts as a LOC. This was accomplished by testing which 
were the best detection methods, obtaining a calibration 
curve for urease, growing B. pasteurii followed by urease 
concentration and quantification using colorimetric 
methods, and finally, obtaining a rough PDMS device 



capable of preparing the sample without much manual 
work. 

Both direct ELISA and sandwich ELISA were 
compared as detection methods for jack bean urease, 
no visual difference being obtained between the two, 
though the sandwich ELISA is the preferred method for 
analyzing samples containing other proteins other than 
urease. Using concentrations of urease between 0.5 
mg/mL and 70 mg/mL, a calibration curve for 
quantification of urease using the direct ELISA method 
was obtained, with 0.5 mg/mL being the detection limit 
for the conditions employed, and 70 being the saturation 
limit of urease in solution. During the assays performed 
using the platform, some sensors were short circuited 
due to aluminum corrosion most likely caused by 
degradation of the passivation layer coupled with the 
electric current passing and immersion in an ionic 
solution.  

A culture of B. pasteurii was grown, obtaining a growth 
curve using OD measurements at 600 nm. The proteins 
and cell debris resulting from sonication and 
centrifugation of the B. pasteurii cells and medium were 
subjected to total protein quantification by BCA kit, as 
well as urease activity assay in order to calculate the 
specific enzymatic activity. What was observed was that 
there was an increase in the specific enzymatic activity 
with the dilution factor. According to Sumner and Howell 
[18] this increase can be explicated by the inhabitation of 
urease caused by urea in alkaline solutions as the one 
used in this work, or by the inhibition of the complex 
ammonia-urea whose formation is favored in alkaline 
solutions with high urea concentrations [18], [19]. 

A biosensor functionalized with B. pasteurii urease 
using the sandwich ELISA detection method was read in 
the platform, with no shift in the baseline being 
observed. These can be due to low urease amount, 
antibody not recognizing the enzyme, difficulty for the 
recognition complexes to diffuse in the sample and bind 
to urease due to a high concentration of other proteins, 
or that there are proteins interfering with urease. By 
doing dilution of the B. pasteurii urease in a jack bean 
urease solution, a significant decrease in the amount of 
particles present in the surface was observed, with 
gradual increase with dilution factor. This means there is 
occurring some sort of inhibition of both ureases that is 
caused by some protein present in the concentrate 
solution.  

Using the sample preparation module fabricated in 
PDMS with both dyes and biological samples, some 
issues occurred regarding the passing of solutions 
through the mixer inlets and the magnetic separator 
outlets, with one of the inlets/outlets being preferred for 
the entering/leaving of the fluids. This happens due to 
difference in pressures. The final solution obtained in the 
biological assay containing the magnetic particles diluted 
in PBS buffer was used to perform a sandwich ELISA in 
a biochip. Magnetic particles were observed attached to 
the sensors surface, although in less quantity when 
compared to manual sample preparation due to, most 
likely, the dilution factor. This indicates that the sample 

preparation using the microfluidic structure was 
successful. 

Concerning future work, both the sandwich detection 
method as well as the method using urease pre-
recognized with antibodies and magnetic particles 
should be read in the platform for more quantitative 
information. The assays in the platform should use 
particle attraction for a more sensitive measure. Finally, 
the sample preparation PDMS module should be 
optimized, mainly finding the best flow rates that lead to 
a better fluid separation in the outlets as well as improve 
the structures to guarantee perfect flow. 
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