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Microbial Geotechnology is a recent branch of geotechnical engineering, whose focus is to 
apply microbiological methods to geological materials used in engineering. Microbially Induced 
Calcite Precipitation (MICP) originated one of the first patents on ground improvement and 
focused on the biocementation process. This work focuses on optimizing (generating a 
calibration curve for the sensors and integrating a microfluidic system) a monitoring device, 
using a lab-on-chip approach, to quantify the biocement produced by the amount of urease 
found in a sample. The first tests, following a direct ELISA methodology, were carried out on 
silicone dies with gold pads, designed to mimic the biochips surface. The biochip was used with 
a magnetoresistive platform developed at INESC-MN/INESC-ID capable of detecting a signal 
from magnetized nanoparticles. Various concentrations of urease (10, 15, 20, 25 and 30 mg/L) 
were used to calibrate the biochip sensor, arriving at a value of R2 = 0.9854. The microfluidic 
integration was completed and used as a proof of concept. 
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1 – Introduction 
Microbial Geotechnology is an emerging 
branch of Geotechnical engineering, 
focused on the application of 
microbiological methods to geological 
materials often used in field works. The 
goal of said applications is to improve the 
mechanical properties of the soil, making it 
more suitable for construction and/or 
environmental purposes. 
One way in which microbiological methods 
can be employed to aid in engineering 
works is by using certain species of bacteria 
(Shewanella sp., Sporosarcina pasteurii, 
Pseudomonas sp., Vatiovorax sp., 
Leuconostoc mesenteroides [1] [2] [3] [4], 
etc.) to produce biocement.  
Microbial Induced Carbonate Precipitation 
(MICP) is the fruit of biochemical reactions 
commanded by two enzymes, urease and 

carbonic anhydrase, produced by the 
microbes that use urea as a substrate and 
calcium as a source for mineralization. Of 
all the known mechanisms used by bacteria 
to induce calcium precipitation, only one is 
relevant to the scope of this work: urea 
hydrolysis. 
 
                                            

     
      (1) 

          
                                              (2) 

 

Building upon previous results [reference], 
this work is aimed at optimizing a 
methodology to detect the presence of 
urease (from the species Canavalia 
ensiformis) in a sample of soil previously 
treated with the MICP technique. 
Quantification will be made possible by 
using a biochip platform developed at 
INESC-ID [5] to detect the signal from the 
urease spotted on a biochip and tagged 
with magnetic nanoparticles. A strong 



2 
 

signal from the biochip sensor’s correlates 
directly with the quantity of urease in the 
sample and to the amount of biocement 
produced. Further studies will allow 
establishing a correlation between this 
enzyme and the formation of calcium 
carbonate for given environment 
conditions. 
In a later phase of the work, a microfluidic 
system was devised and optimized in order 
to automate the whole process 
(functionalization and detection) and 
remove any variability caused by the user. 

2 – Biosensors  
A biosensor is an analytical used for 
detecting an analyte, which combines a 
biological component with a 
physicochemical detector.  Figure 1 
illustrates the basic principles behind the 
operation of a biosensor. 
 

 
Figure 1 – Schematic representation of a 
biossensor. 

The sample, that contains the analyte to be 
detected, is put into physical contact with 
the sensor and is then recognized by the 
chosen receptor (antibody, enzyme, etc.) 
The interaction between the analyte and 
the receptor generates a signal (light, pH 
change, heat, etc.) that can be 
transformed, by a transducer, into the type 
of signal that can be picked up by the 
monitoring software and presented to the 
user.  
 For this work, the analyte is urease, the 
sensors are spin-valves, the receptors are 
antibodies tagged with magnetic 
nanoparticles and the signal produced is a 
change in electrical resistance. 

2.1 Magnetoresistive Biosensors 
Magnetoresistance is defined as the 
change in the resistance of a material in 
response to an external magnetic field [18]. 
This was called the Giant Magnetoresistive 
(GMR) effect.  
The principle behind the detection of 
magnetic tags consists in exciting the 
superparamagnetic (magnetization can flip 
direction under the influence of 
temperature) particles with a magnetic 
field and then detect the magnetic 
responses (fields or moments) with the 
GMR sensors. The type of MR sensor used 
by the platform presented in this work is 
called a spin-valve (SV), shown in figure 2. 

 
Figure 2 – Resistor model of a GMR. 

A SV is a device, consisting of two or more 
conducting magnetic materials, whose 
electric resistance can change between 
two values depending on the relative 
alignment of the magnetization in the 
layers. The system consists of a non-
magnetic (NM) material trapped between 
two ferromagnets (FM). One of the 
ferromagnetic layers is fixed (pinned, hard 
layer) and the other layer is free 
(unpinned; soft layer). When a magnetic 
field of appropriate strength is applied, the 
free layer switches polarity, and two 
different states are produced: a parallel 
(low resistance) and an antiparallel (high 
resistance). An electron with the same 
orientation as the layer (electron –   and 
layer – ) will be weakly scattered whereas 
the electrons with opposite orientations 
(electron –   and layer – ) will be strongly 
scattered. 
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3 – Biological Interactions 
This protein will be immobilized, with the 
help of a crosslinker agent, on top of a gold 
covered sensor on the biochip’s surface. 
Next, a solution of magnetic tags, magnetic 
nanoparticles linked to anti-urease 
antibodies, is added to the system. The 
anti-urease will form bonds with the 
immobilized protein, marking it in the 
process with a magnetic tag. This sequence 
of events is in accordance with an already 
well established diagnostics test: the 
Enzyme-Linked Immunosorbent Assay 
(ELISA), whose principle is illustrated in 
figure 3: 
 

 
Figure 3 – Schematic representation of an ELISA 
assay. Pink – antigen; Green – antibody; Purple – 
enzyme; Blue/Orange – substrate before and after a 
positive detection. 

But unlike the conventional ELISA depicted 
in Figure 3, the reporter group (the 
enzyme) will not be of biological nature. A 
magnetic label that doesn’t degrade over 
time, nor is it affected by the sample’s 
chemistry and does not require expensive 
systems to detect will be used to tag the 
analytes.  

3.1 The Tests 
The tests were divided into three phases 
based on the surfaces and purpose: 

- Gold die;  
- Silicone die; 
-  Biochip. 

The tests on the gold die served to acquire 
the skills needed to apply the ELISA 
technique on the more challenging 
surfaces encountered on the subsequent 
phases. The silicone die served to 
experiment on a surface that mimics the 
surface encountered on the biochip; it also 
served to see which methodology to adopt 
going forward. The biochip is the ultimate 
goal. Having acquired the technical skills 
and found the appropriate methodology, 
all that is left is to apply them to the 
biochip (both manually and with the 

microfluidic system) and use the biochip 
platform to perform the detection. 
 
3.1.1 The reagents 
The reagents used were all of analytical 
grade:  MmilliQ water from Millipore® 
(ultra-pure water). Photoresist stripper, 
Microstrip®2001, was purchased from 
Fujifilm electronical materials. Isopropyl 
alcohol (IPA) was bought from Pronalab.  
Phosphate buffer (PB) 0.1 M was obtained 

by combining NaH22PO4 and Na2HPO4 in an 

aqueous solution and adjusting the pH to 

7.4. PB Tween20 was obtained adding 

0.02% (v/v) of Tween 20 fromPromega to a 

known volume of the previous buffer.  

Sulfo-LC-SPDP (Sulfosuccinimidyl 6-(3’-[2-

pyridyldithio]-propionamido)hexanoate) 

and BSA (Bovine Serum Albumin) were 

acquired from Pierce. The blocking agent, 

SH-PEG, was obtained from Sigma. 

From Micromod (Germany) came the 

streptavidin magnetic nanoparticles, 

Nanog®-D. With 250 nm in diameter, 75 – 

80% (w/w) magnetite in a dextran matrix 

(40 kD). Also, these particles have a 

magnetic moment of 1.6 x 10-16 Am2 when 

exposed to fields of 1.2 kAm-1 ~ 15 Oe and 

have a susceptibility of X ~ 5. Urease from 

C. ensiformis was bought from Sigma-

Aldrich. Rabbit polyclonal biotin 

conjugated anti-C. Ensiformis urease was 

purchased from Rockland. Rabbit 

polyclonal purified IgG anti-urease was 

acquired from Agrisera Antibodies. 

3.2 – Direct and Sandwich ELISA 
Direct ELISA is, by far, the simplest 
detection method and the one that is more 
seldom available to the public in general. It 
was chosen in accordance to the main goal 
of this thesis: confirming the presence and 
measuring the concentration of the desired 
analyte. Figure 4 represents how a urease 
particle is recognized by this method. 
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Figure 4 – Schematic representation of the final 
result of a direct ELISA assay (side view) next to its 
typographical illustration. The colors on the figure 
on the left correspond directly to the colored words 

on the right. 

The bond between the magnetic 
nanoparticle (orange) and the antibody 
(green) is achieved through the interaction 
of the streptavidin (blue circles) with the 
biotin (red circle). Biotin is very popular in 
biotechnology when it comes to conjugate 
proteins for biochemical assays. Its small 
size guarantees that the biological activity 
of the protein attached to it will remain 
unchanged. Biotin also has an extremely 
high affinity (Kd of 10−14 mol/l to 10−15 
mol/l) towards another protein, 
streptavidin [6]. 
The crosslinker (SPDP) was used over the 
gold surface of the substrate to ensure that 
whatever becomes functionalized on its 
surface will stay attached with a fixed 
orientation and strength. 
 The Sandwich ELISA method was pitted 
against the direct ELISA to determine 
which of the two could yield better results. 
It is also a more selective method than the 
direct ELISA, capable of maximizing the 
number of immobilized antigens, 
eliminating the need to purify the antigen 
and overall improvement the sensitivity of 
the assay. The main difference between 
the two is that in the Sandwich ELISA the 
antigen to be detected is not spotted 
directly on top of the gold coated surface, 
but on top of probe antibodies, as it can be 
seen in Figure 5. 
 

 
Figure 5 – Schematic representation of the final 
result of a Sandwich ELISA assay (side view) next to 
its typographical illustration. The colors on the 

figure on the left correspond directly to the colored 
words on the right. 

4 – The Tests: phases One and 
Two 

4.1 – Preparation 
The dies were removed from the diced 
wafers manually with the help of a pair of 
tweezers, and placed in a vat and left 
immersed in microstrip for a period of 2 h, 
in 60 ⁰C water, to remove the protective 
layer of photo resist. Afterwards, the 
samples were further cleaned by being 
rinsed with IPA and water, to remove 
leftover traces of resist, and finally dried 
with compressed air. The final step 
consisted of submitting the samples to 11 
min on the UVO-Cleaner. Ultraviolet light 
and ozone acted together to remove 
molecular organic contaminations. 
 
4.1.1 Tagging the Antibodies 
When it comes to tagging the biotinated 
antibodies with the streptavidin coated 
magnetic nanoparticles it is important to 
have the right concentrations of each 
reagent. To have a concentration of 4.9 x 
107 nanoparticles/μL for each sample, 1 μL 
of are collected from the original container 
and diluted 10 times with PB Tween20. 
Assuming that one magnetic nanoparticle 
hast 450 to 500 streptavidin molecules 
attached, and that there are 4.9 x 108 
nanoparticles in the 10 μL solution, the 
number of streptavidin molecules rises to 
2.45 x 1011. As for the biotinated 
antibodies, a solution was prepared to 
obtain 1.32 x 1011 particles per 1 μL, the 
same volume added to the 10 μL of 
nanoparticles. This ratio, 1:1:10, of 
magnetic nanoparticles to biotinated 
antibodies to PB Tween20, is always 
maintained when preparing a solution of 
tagged antibodies [2]. 
 
4.1.2 Urease Concentration 
The concentration of urease used in all the 
tests was 10 mg/mL, which corresponds to 
a linker concentration of 2 mg/mL. This 
value was taken from a calibration curve 
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(Figure 6) taken from the previous work 
[7]. 

 
Figure 6 – Variation of the optical signal with the 
concentration of spotted urease [7]. 

This choice of a 10 mg/mL concentration of 
urease represents a compromise between 
a stable monolayer signal and the level of 
urease usage, once the excess is discarded. 
A monolayer of immobilized particles is 
something one must strive to achieve, 
because of the prospect of lowering the 
signal emitted from non-specific binding, 
i.e. antibodies connected to magnetic 
nanoparticles that were able to bind to 
spots on the gold film where there was no 
urease immobilized. 

4.2 Phase One 
As stated before, these tests served more 
to confirm past results [7] and to practice 
the two types of ELISA assays to be 
performed. As such, they will be used here 
to illustrate both tests. 
Figures 7 and 8 depict a schematic 
representation of the Direct and Sandwich 
ELISA, respectively. 
 

 
Figure 7 – Schematic overview of the direct ELISA 
assay performed on a gold die. 

In Figure 7, the initial gold die (G) (1) is 
spotted with 1 μL of linker (L) (2), then, 
after a washing phase (3), the die (4) is 
spotted with 1 μL urease (U) (5); another 
washing step occurs (6) and the sample (7) 
can finally be spotted with 10 μL of a 
magnetic nanoparticle (MP) solution (8). 
After a final washing step (9), the final 
sample (10) is ready for observation under 
the microscope. 
 

 
Figure 8 – Schematic representation of a Sandwich 
ELISA performed over a gold die. 

In Figure 8, the assay begins with spotting 
1 μL of linker (L) solution over a gold die 
(G) (2) and then washing the unbound 
molecules (3). The second phase begins 
with the spotting 1 μL of a probe antibody 
(AB) solution over the die (5) and ends with 
a washing step (6). Afterwards two more 
solutions, 1 μL of urease (U) and 10 μL of a 
magnetic nanoparticles (MP), need to be 
spotted (8 and 11) followed by the 
respective washing steps (9 and 12). In the 
end, the sample with the urease 
sandwiched between the probe antibodies 
and the magnetic nanoparticles (13) is 
ready for observation under the 
microscope. This methodology and 
respective volumes were carried over for 
both phases two and three. 

4.2 Phase Two 
As stated, the only significant change 
between phase one and two was the 
sample’s surface. A full gold covered die 
was traded for a silicon die with gold pads 
designed in the image of the gold sensors 
on the biochip. 
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4.2.1 Direct ELISA 
Figure 9 represents the methodology used, 
already described for Figure 7. 
 

 
Figure 9 – Schematic overview of the direct ELISA 
assay performed on a silicon die. 

4.2.2 Sandwich ELISA 
Likewise, the process shown in Figure 10 
mirrors Figure 8 
 

 
Figure 10 – Schematic representation of a Sandwich 
ELISA performed over fifteen gold pads on a silicon 
die. 

4.3 Data Analysis  
Due to the fact that no software was able 
to count the many particles spotted on top 
of the gold pads, a different method to 
judge the efficiency of the process was 
devised. Each ELISA was then compared to 
its Control counterpart. The Control ELISA 
follows the same methodology with the 
exception that no urease is ever spotted on 
the surface; as such, a Control ELISA only 
shows the result of non-specific bonding 
between the antibodies tagged with the 
magnetic nanoparticles and the sample’s 
surface. 

 
4.3.1 Direct ELISA – Results 
The best results were obtained with a 
volume of urease of 1 μL.  Figure 11 
compares a Direct ELISA to its Control 
assay. 
 

 
Figure 11 – Comparison between the results of two 
ELISA assays; the Control ELISA is on the left and 
the Direct ELISA is on the right. The volume used for 
the urease solution was 1 μL (160x magnification). 

4.3.2 Sandwich ELISA – Results 
As for the Sandwich ELISA and compared to 
its Control, the best results were achieved 
when the spotted volume of probe 
antibodies was 0.5 μL, as it can be seen in 
Figure 12. 
 

 
Figure 12 – A comparison between the Control 
Sandwich ELISA (on the left) and a Sandwich ELISA 
(on the right) where 0.5 μL of urease were used 
(160x magnification). 

4.4 Phase Two – Results 
By pitting the two methodologies against 
each other, for a fixed concentration of 
urease (10 mg/mL) and the same spotted 
volume (1 μL), the Direct ELISA proved to 
be more effective in spotting the gold 
covered pads. The comparison can be seen 
in Figure 13. 
 

 
Figure 13 – Side by side comparison of the results of 
the direct ELISA assay (left) and Sandwich assay 
(right). In both tests the spotted volume of urease 
was 1 μL. The volume of probe antibodies spotted 
for the Sandwich assay was 0.5 μL. 
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The Direct ELISA methodology was then 
chosen to be used in Phase Three of the 
testing. 

5 – Platform & Upgrades 
 The platform was developed by Germano 
[5], and it’s used for its ability to detect 
variations in the resistance of a MR sensor 
if a magnetic field is applied. As presented 
in Figure 14, a power supply (a battery -1), 
a control and acquisition board (which 
serves to encrypt the data collected from 
the sensors and to act as a bridge between 
the devise and the user interface/PC-2), a 
magnetic field generator (inductor -3), 
together with the biochip, make up the 
main components of the system. 

 
Figure 14 – Photograph of the biochip platform. 1 – 
power supply/battery 2 – control and acquisition 
board 3 – inductor. 

5.1 The Biochip 
Each chip has a total of thirty sensors, of 
which five are references, i.e. they are not 
covered by a gold layer and therefore are 
biological inert. These 30 sensors are 
divided in 2 rows, each with 15 sensors, 
divided in three groups of 5. 
 

 
Figure 15 – AutoCAD design of the biochip (6.3 X 7.4 
mm) next to three microscope pictures (40X, 160X 
and 800X magnifications) of the fabricated piece. 

5.2 The Microfluidic System  
The microfluidic system, a U-shaped 
microchannel placed on top of the biochip, 
was designed to guide the solutions (linker, 
urease, magnetic nanoparticles) over the 
gold pads, as illustrated in the picture 
below. 
 

 
Figure 16 – U-shaped channel filled with a 
nanoparticle solution, placed over a biochip 
surface. 

The fabrication of this PDMS U-shaped 
channel was improved from a mold that 
only allowed for the fabrication of 4 molds 
at a time to one that allowed for 24. An 
alignment method was also added to avoid 
misalignments between the channel and 
the inlets. Figure 17 compares both molds. 
 

 
Figure 17 – Photo comparison of disassembled 
three-piece mold. The column on the left shows the 
old design and on the right is the newer one. 

The last upgrade (Figure 18 and 19) 
consisted of a lid and holder system to 
press the PDMS cube against the biochip’s 
surface without letting any fluid leak out. 
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Figure 18 – PMMA Lid (32.4 x 50 x 3 mm, the 
rectangular holes are 10 x 0.5 mm and the square 
hole is 4 x 4 mm) designed in AutoCAD next to the 
actual built piece. 

 
Figure 19 – PMMA Holder (40 x 10 x 2 mm) 
designed in AutoCAD next to the first iterations of 
the built piece. 

A support piece was also built to be able to 
test the microfluidic system without the 
need for the actual platform. 

6 – Platform Testing 
By using the biochip platform, there is no 
longer a need to do comparative tests. At 
the end of each ELISA, the platform’s 
software will provide a graphic 
representation of the experiment, like the 
one in Figure 20. It can be seen that the 
Vsensor value at the end (red area of the 
graphic labeled ‘Washing’) is different from 
the Vsensor value at the beginning (green 
are labeled ‘Baseline Acquisition’). It is that 
difference (Δv) that will be the deciding 
factor in evaluating the final result. The 
bigger the difference, the bigger the final 
signal, which would mean that a large 
number of magnetic nanoparticles were 
able to bind to the antigens on the surface 
of the gold pads. 
 

 
Figure 20 – Read-out of a single biochip’s sensor at 
the end of a Direct ELISA. 

The concentration of urease is proportional 
to the number of magnetic particles 
attached to the gold pads, while the sensor 
signal is also proportional to the number of 
magnetic particles attached on the pad 
above. Therefore, the final baseline signal 
read by the sensor is proportional to the 
magnetic particle/urease concentration. 

6.1 Phase Three – Direct ELISA 
Following the methodology described in 
section 4.2, a Control test was performed 
that yielded a signal of 7 μV, corresponding 
to non-specific binding (Figure 21) while 
the direct ELISA produced a signal twice as 
strong (Figure 20) 
 

 
Figure 21 – Non-specific binding signal. 

The next step consisted of using different 
concentrations of urease (0.5, 1, 5, 10 and 
30 mg/mL) to create a calibration curve for 
the biosensor. 
 

Δv 
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Figure 22 – Calibration curve of the biosensors: Δv 
in function of urease concentration. Included are 
the curve equation and standard deviation error 
bars. 

The calibration curve was obtained by 
analyzing three sensor read-outs from a 
test with a given concentration of urease. 
The points corresponding to the minimum 
and maximum were obtained by using 
Microsoft Excel’s average formula. The 
average value corresponding to the final 
baseline was calculated and subtracted to 
the first baseline (calculated in the same 
manner). This process was repeated for the 
other two readings. Having obtained three 
points in this manner, the final point 
corresponding to that concentration was 
obtained by calculating the average of 
those three. This process was repeated for 
every concentration, having obtained, in 
the end, a total of 5 points. 
Visual analysis also confirmed a rise in the 
spotted area with the increase in urease 
concentration (Figure 23). 
 

 
Figure 23 – Microscope image (800x magnification) 
of the biochip sensors for different concentrations 
of urease. Top row, left to right: 0.5 mg/mL and 1 
mg/mL. Bottom row, left to right: 5 mg/mL and 30 
mg/mL. 

6.2 Phase Three – Microfluidics 
The previous methodology was adapted to 
perform the Direct ELISA assay using the U-
shaped channel and a syringe-pump to 

push the solutions (linker, urease and 
nanoparticles) through the channel at a 
flowrate of 0.5 μL/min and a flowrate of 50 
μL/min for the washing solutions. Two 
methods were tested. The first (Figure 24) 
employed the microchannel for surface 
functionalization and detection. The 
second (Figure 25) continued with manual 
functionalization and only used the u-
shaped channel to run the detection 
solution. 
 

 
Figure 24 – Schematic of a biochip test using the U-
shaped channel. 

 
Figure 25 – Schematic representation of a variant of 
the test depicted in Figure 24. 

The platform software didn’t indicate any 
change in the acquired signal (Figure 26), 
meaning that no particles were detected 
by the sensors. 
 

 
Figure 26 – Software read-out of a biosensor fully 
functionalized with the microfluidic system. 
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R² = 0.9854 

0 

50 

100 

150 

8 18 28 

Δ
v 

(μ
V

) 

[Urease] mg/mL  

2058 

2060 

2062 

2064 

2066 

2068 

0 50 100 150 

Δ
v 

(μ
V

) 

Time (min) 



10 
 

Figure 27 compares the image results of 
the tests represented in Figures 24 (top) 
and 25 (bottom), using the platform (left) 
and using the support system (right) to rule 
out the effects of the electronics in the 
microfluidic. 
 

 
Figure 27 – Top: Syringe pump functionalization and 
detection. Left – Support piece (800x 
magnification); Right – Platform (160x 
magnification). Bottom: Manual functionalization 
and syringe pump detection. Left – Support piece 
(800x magnification); Right – Platform (800x 
magnification). 

7 – Conclusion 
The work performed started out to 
optimize a lab-on-a-chip device to be used 
to study the biocementation process in 
soils. And in the end, optimization was 
achieved. Direct ELISA and Sandwich ELISA, 
the tests performed on the gold surface 
predicted the outcome of the same tests 
on a different surface, gold pads on a 
silicon die, designed to mimic the biochip’s 
surface. 
The Direct ELISA was proven to be the 
better methodology. It showed good 
results with low quantities of reagents (1 
μL of linker solution [2 mg/mL] and 1 μL of 
urease [10 mg/mL]) and good 
reproducibility. The Direct ELISA assay 
performed with the biochip platform was 
able to show that a correlation between 
the signal detected by the platform, the 
magnetic nanoparticles that create said 
signal and the urease to which the 
magnetic nanoparticles attach to. Using 
different concentrations of urease, 10, 15, 
20, 25 and 30 mg/mL, a calibration curve, 
with a value of R2 = 98.54%, was obtained 

for the biosensors. The correlation 
between the concentration of urease and 
number of magnetic nanoparticles/signal 
strength was confirmed both by the 
platform and by visual confirmation with a 
microscope. Microfluidic integration 
showed tentative results, but ultimately 
needs further development. 
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