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Abstract
Population is ageing therefore it is important to develop a diagnostic system that delivers the
results within the duration of a medical appointment. Biosurfit developed an user-friendly instrument
which gives results within 15 minutes and aims to cover all the major blood tests. To achieve this
goal it is important to be able to detect proteins that are present in the bloodstream in a very low
concentration. This thesis aims to decrease the detection limit of Spinitr which means to achieve the
detection of lower concentrations of biological elements. A new prototype using magnetic nanoparticles
manipulation was developed. This system uses magnets to attract the magnetic nanoparticles thus
leading to a higher interaction efficiency. A model assay was developed to test the magnetic effect using
biotin and streptavidin coated nanoparticles. The results show that an increase of 50% is achieved for
higher concentrations and the detection limit is pushed from 1 µg mL−1 to 0.1 µg mL−1 when using the
magnet. This thesis demonstrates the feasibility of the new prototype for the application of magnetic
nanoparticles to detect biological elements in Spinitr .
Keywords: Magnetic Nanoparticles, Surface Plasmon Resonance, Spinitr , Immunoassay, Microfluidic
Platform, Biotin-Streptavidin

pared to 2008 and exceed the 45 millions deaths

1. Introduction

([4]). Therefore, the need for rapid, cost effective,
The population over 60 years of age has doubled

and precise diagnostics equipments urges. They al-

since 1980 and in the coming years will increase

low not only to increase the economic efficiency of

even further. Projections show that the number of

the health care system, but also to improve the doc-

deaths due to cardiac diseases, cancer and respira-

tor patient interaction that leads to a better diag-

tory diseases will increase approximately 50% com1

nosis.

less light according to the amount of target protein

The answer is given by biosensors technology present in the solution. Other example, that will
be the focus of this thesis, is a label free optical

which are defined by IUPAC1 as ”a self-contained

integrated device which is capable of providing spe- detection mechanism based on the surface plasmon
resonance (SPR) principle, which is explained by

cific quantitative or semi-quantitative analytical in-

formation using a biological recognition element the total internal reflection and relies on the high
sensitivity for refractive index changes near the sur-

(biochemical receptor)”. Its range of application is

immense: medical diagnosis, process control, envi- face.
ronmental monitoring, military, and security appli-

Biosurfit uses the surface plasmon resonance by

cations. The market associated with this technol-

means of a laser beam that allows for the detection

ogy amounts to millions of dollars and is increasing

through a CMOS camera of the changes on the reso-

([4]). This trend is not circumscribed to the mar-

nance angle due to the presence and bind of specific

ket. Equally, the publications on this area show an molecules. SPR based biosensors are considered one
of the most fit to fulfil this requirements for several

increase of 350% from 2000 to 20102 .

reasons ([1]) :

A biosensor can be divided into two components:
the recognition layer and the transducer. The first

• It allows for rapid detection since it is based on

is a structure which has certain selection elements

the refractive index changes due to the binding

that bind only to specific proteins. This interac-

event which are translated into a value as they

tion is then converted to a physical signal that can

occur.

be measured by the transducer.

Each biosensor
• It is capable of direct detection of many im-

is classified according to the transduction mecha-

portant analytes. When the sensitivity is not

nism: mechanical, electrical, optical, and magnetic.

enough to detect the analyte, adaptability to-

Mechanical biosensors use, for example, cantilevers

wards amplification is feasible.

where the deflection due to the surface stress or
the resonance frequency due to a mass change are

• Optics is a major concern for the SPR imaging.

measured. Electrical biosensors can measure the

Since this can be miniaturized, it can fit in a

electric current, the voltage across two electrode or

POC system.

even the change in the conductance of the media
• It allows for simultaneous detection of

in which the reaction occurs. Magnetic sensors are

multiple events using spatially addressed

used due to their orthogonality with the biological

capture arrays.

elements, which translates into a low or none interaction between the biological elements and mag-

• Along with the development in microfluidcs,

netic field. This type of biosensors allows for single

preconditioning of small sample volumes is

particle sensitivity which is the case of the GMR

possible.

sensors or the Hall sensors. Optical biosensors use,

The main objective for the biosensors technology

for example, fluorescent markers that emit more or

is to achieve a rapid detection for biological ele-

1 International

ments with a low molecular weight (≤400 Da). One

Union of Pure and Applied Chemistry
for publications in ”Bionsensors and Bioelectronics” journal with the word ”Biosensor” on the title.
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of the most implemented enhancement techniques is
2

netic nanoparticle and new algorithms.

the application of nanomaterials ([7]). There are
two main amplification strategies. One uses the

1.1. Surface Plasmon Resonance

nanomaterials to improve the sensing substrate and
Surface

the other uses the nanomaterial as an amplification

plasmons

were

R.M.Wood in 1902 ([6]).

tag of the reactions that occur on the sensor surface.

first

observed

by

He described this

effect as a anomalous diffraction because he obGold nanoparticles are used as amplification tags

served dark and bright bands only for p-polarized

and are of common usage but its application should

light and named it as ”singular anomalies”.

be studied for each assay configuration because the

Several researchers contribute for the theoretical

effects are highly dependent on their size, shape,

explanation of this phenomena. The explanation

and dielectric constants ([8]). In contrast to the

was completed when Rufus Ritchie postulated the

gold nanoparticles, magnetic nanoparticles (MNP)

existence of surface plasmons in thin metal films

are used because they present a high area-to-volume

penetrated by electrons ([3]). The plasmons can

ratio which allows higher surface energy for the bi-

be seen as an oscillation of free electron density

ological interactions. Knoll et al. applied magnetic

with respect to the positive ions in a metal. This

nanoparticle enhanced to a SPR detection setup

happens mainly in metals because they have

which used a diffraction grating to assure the en-

electrons with mobility, being thus able to move

ergy and momentum coupling. In this study two

when acted by an external field.

different improvements were observed: the increase
The coupling of the electromagnetic wave and the

in the detection capabilities showed a four orders of

surface electrons creates a surface wave that propa-

magnitude increase in sensitivity to 0.45 pm. The

gates throughout the interface between a dielectric

second improvement was related to the time needed

and a conductor, evanescently confined in the per-

to achieve the equilibrium which was reduced due

pendicular direction. Applying Maxwell’s equations

to the magnetic actuation ([5]).

for both TE (or s polarized) and TM (or p polarSpinitr is a device that performs several blood

ized) modes, it is possible to verify that it is not

tests in a rapid and precise manner. The cartridges

possible to observe the resonance for the TE polar-

use a small amount of blood due to the microflu-

ization. On the opposite, the solution for TM po-

idic system that allows a LOQ of 5 µg ml−1 for the

larization yields the dispersion relation for surface

C-Reactive protein. This limit of quantification is

plasmons polaritons:

enough for some proteins but there are others that
ω
β=
c

require further amplification in order to be measurable.

r

metal dielectric
.
metal + dielectric

(1)

The objective of this thesis is to improve the sens- This electromagnetic wave can penetrate several
ing capabilities of Spinitr using magnetic nanopar- hundreds of nanometers perpendicularly to the
ticles as amplification tags. Along with the im-

gold/dielectric interface while in the parallel direc-

plementation of magnetic nanoparticles, we aim to

tion it can propagate up to several micrometres.

project a grating profile to apply new algorithms

In order to match surface plasmons energy and

that can increase the sensitivity. The final result is momentum it is not possible to use direct light beintended to be an amplification due to both mag- cause the dispersion relation only matches for the
3

zero frequency (kphoton air =

ω√
c dielectric ).

If a where ν is the diffraction order, θ is the incidence

prism, which presents a high refractive index, is in-

angle, ω is the angular frequency, and Λ is the grat-

troduced a decrease on the slope of the dispersion

ing period.

relation is possible and allows that, for a certain

2. Simulation

wavelength and angle, the resonance is achieved.

The first objective of this thesis is to design a

With this is mind, in the late 60’s two different grating that can be used to improve the sensitivity,
configurations were presented using a prism. The which would allow a different algorithm to calculate
configurations are presented in figure 1.

the change in refractive index.
The simulations were performed with PCGrate
6.1. Manufacturing a grating shows that is not possible to build a grating with spikes so a smooth grating is simulated - sine-trapezoidal which has two
plateaus: ridge and land. The ridge has the higher

height while the land is at z equal to 0 nm. The
Figure 1: Surface plasmon polaritons excitation
with Kretschmann (left) and Otto (right) config- transitions from ridge to land are described by the
urations. Image from [2].
frequency, in which a higher frequency translates
into a steeper change.
The Otto configuration (on the right) has a

To simulate the effectiveness of the grating, bulk

prism, with a gap near the base of low refractive

and surface sensitivities were calculated. Bulk sen-

index. On the other side of the dielectric there is

sitivity refers to the change on the resonance angle

an optical infinite metal layer. If the total inter- due to a change of refractive index of all the solution
nal reflection is verified, the evanescent field can above the gold surface. Surface sensitivity refers to
tunnel across the dielectric space and give rise to

a change on the resonance angle due to changes of

surface plasmon modes on the dielectric/metal in-

refractive index near the surface (in a 20 nm layer).

terface. The other configuration proposed was sug- Initially, the figure of merit was based on the angugested by Kretschmann: in this design, the dielec- lar variations:
tric layer and the metal layer exchange positions

Surf ace Sensitivity
=
Bulk Sensitivity
(3)
|θSP R (n = 1.333) − θSP R (n = 1.4 + i0.2)|
.
|θSP R (n = 1.333) − θSP R (n = 1.4)|

compared to the Otto’s configuration. The incident
photons with an angle larger than the critical angle
tunnel trough the metal film and excite the surface

Considering only these two coefficients, the sig-

plasmons at the dielectric/metal interface.

nal quality in terms of FWHM and contrast were

The most versatile approach to match the surface

neglected, hence a factor given by

plasmons energy and moment is through diffraction

(OSC):

tune the SPR signal depending on the application.

OS ×

The dispersion relation is given by:
r

metal dielectric
ω
2π
= sin(θ) ± ν .
metal + dielectric
c
Λ

is mul-

tiplied leading to the overall sensitivity corrected

gratings because it allows to change the profile and

ω
c

Contrast
F W HM

Contrast
.
F W HM

(4)

Figure 2 represents OSC for the final three grat(2)

ings simulated with a fixed wavelength at 650 nm.
4

The initial selection was based on the contrast and ing scenarios it is higher than 2◦ , reaching 4◦ to 5◦
on the resonance angle that should be within 10◦ .

in some cases. The values show that the built grating (OSC=0.05) has a sensitivity 27% lower than
the current (OSC=0.07) one. And the grating with

0 ,0 5

a [Λ=600 nm,λ=900 nm] shows a higher sensitivity

0 ,0 4

(OSC=0.74).

0 ,0 3

O S C

3. Material
0 ,0 2

The material used in these experiments encom0 ,0 1

passes mainly five components: the SPR module,
0 ,0 0
λ= 6 5 0 n m , Λ = 8 0 0 n m

λ= 6 5 0 n m , Λ = 9 0 0 n m

the microfluidics discs, the solutions, the magnets,

λ= 6 5 0 n m , Λ = 1 0 0 0 n m

G r a tin g

and the new prototype for the magnets.

Module & Cartridges Spinitr is a device that

Figure 2: Corrected overall sensitivity for the different gratings.

is able to perform cell type and immunoassay clinical tests, including a considerable amount of the

There is 27% higher sensitivity for the grat-

most common blood analysis. The device can be

ing with Λ=800 nm compared to the grating with

divided into the reader and the cartridges. The

Λ=1000 nm. Hence, the grating with a period of
800 nm is selected to be manufactured.

SPR

SPR detection system uses a microfluidic ”lab on

Further

a disk” substrate with a controlled rotation. The

simulations were carried on without considering

setup uses a laser with a 785 nm wavelength that

the wavelength restriction but considering the an-

has a liquid crystal which only allows the passage

gle restriction (θSP R < 10◦ ). The OSC for these

of the TM polarized light. The CMOS can detect

simulations is presented in figure 3. The grating

from 23◦ to 26◦ which corresponds to a 752 pixel
window. The first part of the data handling con-

0 ,8

cerns the references capture (S1), which is the signal

0 ,7
0 ,6

before any analyte-anti-analyte interaction. Next,

O S C

0 ,5

the same signal is captured for the assay (S2). The

0 ,4

final result is a division S2/S1 because that way the

0 ,3
0 ,2

relative intensity is presented and the SPR deep can

0 ,1

be seen.
0 ,0

n t
c u rre

b u ilt

0 0
, Λ= 6
0 n m
λ= 8 0
λ= 1
G

n m

m
0 0 n m
7 0 0 n
, Λ= 6
m , Λ=
0 n m
0 0 0 n
λ= 9 0

The cartridges are composed by two polycarbon-

r a tin g

ate discs 600 µm thick. The grating disc is sput-

Figure 3: Overall sensitivity corrected for the different gratings.

tered with gold resulting in 12 circular spots over
the grating surface. The second disc is a microflu-

with [Λ=600 nm,λ=900 nm] shows an amplification idic disc that is drilled in ten different areas to allow for the liquids inlet using a computer numerical

of 81% in the sensitivity due to the signal qual-

ity. This is mainly due to the higher contrast (25% control (CNC) machine. The discs are bond with a
higher than the current grating) and a FWHM that

20 µm dry-film in between using a photolaminator.

does not increase more than 2◦ , while in the remain-

Solutions The pbs solution contains 10 mm phos5

phate buffer, 137 mm sodium chloride, and 2.7 mm
potassium chloride. The tablets are produced by
AM RESCO.

The blocking solution consists of

low-molecular weight casein fragments with sodium
chloride and tween. This solution has a pH = 7.2 ±
0.2. Streptavidin with thiol from P rotein M ads
at 1 mg ml−1 in citrate buffer (pH=4.5) and edta
3 mmas preservative. The bsa biotin is bought from
Sigma and comes in form of powder. 10 ml of H2 O
were added to the vial and the powder dissolved
Figure 4: Magnet holder built with a 3D printer.

through inversion. The surfynol 0.5% was formed
using 10 µl of surfynol 465 from Air P roducts with
1990 µl of pbs 1X obtained as described previously.
Magnet

&

Magnet

Holder

and biotin as a proof-of-concept assay. The final

Proto- assay was performed with the following nine steps:

type Magnets used in these experiments were
bought from N eotexx.

Surf ynol + Streptavidin + T hiol → P BS(1X) →

Neodymium boron iron

Blocking → P BS(1X) → BSA − Bt → P BS(1X) →

(NdFeB) with a nominal Br of 1.33 T. Electro-

magnets from RS and a the M idiM ACS r from N anoparticles → P BS(1X) → P BS(1X)
M iltenyi Biotec were used to test the possibility
for a different implementation.

Magnetic nanoparticles are incorporated in this as-

Three different

say because they allow not only for a higher in-

electromagnets were ordered with a diameter of

crease in the effective refractive index that leads to

20 mm, 25 mm, and 30 mm with retention forces

a higher angular shift, but also for a decrease in

up to 53 N. M idiM ACS r was tested because is

the time necessary to reach the equilibrium. First

indicated for cell separation in columns.

the maximum of the derivative of the smoothed3

The magnet implementation inside Spinitr was

sensogram was calculated, then the minimum time

built in order not to harm the usual functioning of

to calculate the reference before (t1) and after (t2)

the setup so it was designed to fit below the disc tray

nanoparticles passage was obtained. The reference
without damaging the rotating system and avoid was calculated as the average of 20 points when the
any signal corruption due to reflections on the mag- standard deviation is less than one pixel. The difnet. The prototype designed is presented in figure ference between the second and the first instant is
4. The magnets fit into the three spots and are cov- taken has the time to achieve the equilibrium (dt
ered with a black tape so reflections on the surface

=t2-t1) and the pixel difference is used as the an-

do not decrease the signal quality.

gular shift in the resonance angle.

4. Results

Results show that the average time to reach the

The first part of the analysis aimed to design an equilibrium is between 200 and 300 seconds and
that is not dependent on the configuration which

assay with low non specific binding (nsb), that is an
assay with reduced noise. The objective was to use

3 A simple moving average was used with a 2 seconds window.

the highly effective interaction between streptavidin
6

allows to use this time as a flag to detect assays
which were not performed correctly.

S p in it 2 2 1 - 1 2 4 0 r p m
S p in it 2 2 1 - 1 6 0 0 r p m

3 5 0
3 0 0

N P In te r a c tio n ( P ix e l)

To tune the assay, saturated conditions were
used to select which concentration of nanoparticles
should be used and tested at 1600 rpm. The com-

2 5 0
2 0 0
1 5 0
1 0 0

parison is represented in figure 5. In all graphs,

5 0

the name Spinitr 221 refers to the system with the

0
0

magnet holder prototype and Spinitr 223 refers to

2 0

4 0

6 0

8 0

1 0 0

1 2 0

1 4 0

1 6 0

1 8 0

2 0 0

N P C o n c e n tr a tio n ( N P /m L x 1 0 ^ 1 0 )

the system without the new prototype.
Figure 6: Comparison of the effect of decreasing
the speed of rotation. 1600 rpm are compared to
1240 rpm for the same five concentrations used for
figure 5. Results regarding zone 0.

S p in it 2 2 1
S p in it 2 2 3

3 0 0

N P In te r a c tio n ( P ix e l)

2 5 0

2 0 0

1 5 0

At the optimal point (1.2×1012 NP ml−1 ), which

1 0 0

is where the shift is higher, we have an increase of

5 0

18% in terms of shift reducing the speed. Hence our
final assay will be performed rotating at 1240 rpm
0
0 ,0

3 ,0 x 1 0

1 1

6 ,0 x 1 0

1 1

9 ,0 x 1 0

1 1

1 ,2 x 1 0

1 2

1 ,5 x 1 0

1 2

1 ,8 x 1 0

and during 30 minutes instead of 20 minutes.

1 2

N P C o n c e n tr a tio n ( N P /m L )

In order to confirm if the signal increase is being
Figure 5: Comparison between the zone 0 in
each Spinitr rotating at 1600 rpm using a satu- limited by the association capabilities between the
rated biological recognition layer - streptavidin at target biological elements and to test the possibility
100 µg ml−1 and bsa-bt at 500 µg ml−1 .
for further improvements, the maximum derivative
is calculated.

Figure 5 shows that when using 1.2 × 1012
NP ml−1 the shift is maximized. As the concentration of nanoparticles increases the amount of

4.0.1

Dynamics Analysis

nanoparticles that are left in the microfluidics channels increase and the 50% of stock concentration
The maximum is already calculated with the

represents the optimal point.

algorithm to calculate the baselines, therefore it
The assay can be improved using a higher time

can be used and represented for each concentra-

of interaction between the surface and the target

tion. Figure 7 shows the maximum of the deriva-

analyte which can be achieved using a lower speed. tive (DMax) for each zone calculating as the average
Figure 6 represents the experiments for the same

from, at least, two assays and the error is estimated

concentrations using both speeds.

to be the mean deviation.
7

trations the amount of nanoparticles lost is much
1 3
1 2

higher than the renewal rate.

5 0 0 _ 2 2 1
5 0 0 _ 2 2 3

1 1

To confirm the increase on the efficiency in terms

1 0
9
(p ix e l/s )

of the amount of nanoparticles, the increase in
8
7

terms of dynamics is calculated as

M a x

6

DmaxS221
DmaxS223 .

The

result is presented in figure 9.

D

5
4
3

5

2
0

2

4

6

8

1 0

1 2

D e te c tio n Z o n e

2 ,3

1 0

2 ,2

1 0 0
5 0 0
1 0 0 0

S p in it2 2 3

2 ,1

1 ,9
1 ,8

S p in it2 2 1 / D

M a x

@

Figure 7: DMax for each zone using 500 µg ml−1 of
bsa-bt.

2 ,0

1 ,6
1 ,5
1 ,4
1 ,3

M a x

@

Figure 7 suggests that there is a linear variation of

1 ,7

D

the derivative in the different zones. This behaviour

1 ,2
1 ,1
1 ,0
0

is observed in the other concentrations, also. In

2

4

6

8

1 0

1 2

D e te c tio n Z o n e

order to confirm this behaviour, the points are fitted
to a function described by y = a x + b. The results

Figure 9: Dynamics increase with the magnet introduction.

are presented in figure 8.

There is not a clear pattern in the relative in-

R a te - S 2 2 1
R a te - S 2 2 3

0 ,8

crease of the dynamics so the average was calcu-

0 ,6

lated, which shows a 50% increase of the dynamics

0 ,5

using the magnet. Furthermore, the value that mat-

0 ,4

ters the most is the signal shift due to the bsa-bt

0 ,3

interaction with the streptavidin and the amplifica-

D

M a x

2

R a te (p ix e l/s )

0 ,7

0 ,2

tion caused by the MNPs.

0 ,1
0 ,0
1 0

1 0 0

1 0 0 0

4.0.2

B S A -B t (µ g /m L )

The sensor behaviour can be described by a lo-

Figure 8: Derivative decrease rate for each concentration. Slope resulting from the fit y = a x + b.

gistic function:

Results show that there is a steeper variation

y = A2 +

for the higher concentrations rather than the lower
concentrations.

Amplification Analysis

A1 − A2
, x in µg ml−1 .
1 + ( xx0 )p

(5)

This means that the amount of The assay efficiency leads to a minimum amount of

nanoparticles available in the following zones de- analyte that can be detected. As the concentration
creases more when the concentration of bsa-bt is increases, the sensor response increases until it sathigher. This result indicates that for lower concen-

urates and cannot differentiate between concentra-

trations the amount of nanoparticles renewed due

tions. This behaviour is fitted for each detection

to flow compensate for the ones that interacted pre- zone for the 0.01 µg ml−1 , 0.1 µg ml−1 , 1 µg ml−1 ,
5 µg ml−1 , 10 µg ml−1 , 100 µg ml−1 , 500 µg ml−1 ,

viously. On the opposite, for the higher concen8

Shif t W ith M agnet (S221)
culated ( Shif
t W ithout M agnet (S223) ). The results for

and 1000 µg ml−1 in figure 10. It is clear the the

each zone and for each concentration are presented
S 2 2
S 2 2
L o g
L o g

3 5 0
3 0 0

1 - Z
3 - Z
is tic F
is tic F

o n e
o n e
it o
it o

0

in figure 12.

0
f S h ift
f S h ift

2 0 0
8

1 5 0
7

1 0
6

1 0 0
1 0 0 0

0 ,1
1

0
-5 0
0 ,0 1

0 ,1

1

1 0

1 0 0

1 0 0 0

B S A - B t ( µg / m L )

/S h iftN

5 0

5

a g n e t

o M a g n e t

1 0 0

4

S h iftM

S h ift ( P ix e l)

2 5 0

3
2
1

Figure 10: Logistic fit to zone 0 for both setups:
with and without a magnet. Disk rotating approximately 1240 rpm.

0

2

4

6

8

1 0

Z o n e

Figure 12: Amplification using the magnet prototype.

new prototype leads to a higher shift than the nonmagnet experiment. The system saturates in both

The amplification for the lower concentration is

cases near 100 µg ml−1 but with respect to the lower

−1
limit there is an increase of 10 fold which is repre- approximately 3.3 for zone 0. When using 1 µg ml
we can observe that the signal amplification flucsented in figure 11.

tuates with an average amplification 3.48. It conM a g n
W ith o
L o g is
L o g is

1 4

e t - Z o n e
u t M a g n e
tic F it o f S
tic F it o f S

tinues to fluctuate for 10 µg ml−1 , 100 µg ml−1 , and

0
t - Z o n e 0
h ift
h ift

1000 µg ml−1 but now with an average value that

1 2

represents an increase of 50% relative to the non

1 0

magnet configuration.

S h ift ( P ix e l)

8
6

5. Conclusions
4

In this work, we simulate diffraction gratings
2
0

to be used in a different setup.
0 ,0 1

0 ,1

1

This setup

would need the resonance angle to be within 10◦

B S A - B t ( µg / m L )

so it would encompass the majority of the sigFigure 11: Logistic fit to zone 0 for both setups. nal associated with the SPR effect. The gratZoom into the detection limit zone.
ing with a period of 800 nm, right and left freFigure 11 shows in green the non-specific-binding quency equal to 3.25 and ridge of 115 nm is built
value and it is clear that for the non magnet situ-

by Synchronicity M astering Services with the fi-

ation the value is within the noise level and using

nal result within the expected range.

a magnet the signal increases and this value is 40

We project and construct a prototype to incorpo-

sigma above the noise level.

rate the magnetic nanoparticles using a 3D printer.

Finally, using the results from the fits and consid- Results show that this setup is effective because a 10
ering the high R2 associated with it, the pixel shift

fold increase in terms of detection limit is achieved

was calculated and the pixel amplification was cal-

from 1 µg ml−1 to 100 ng ml−1 . Combining the re9

sults from the dynamics analysis and the amplifi-

discs.
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