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Abstract

Lab-on-a-chip technology is a rapidly growing research area. Joining together several disciplines,
such as physics, biology and several instances of nanotechnologies. The aim of this research is
mainly to produce chips that can do the same types of measurements as large lab equipment
and measurement systems, but at a fraction of the size and cost.

In this work a multifunctional measuring device have been developed. It can measure optical
absorbance and fluorescence while performing a range of potentiometric techniques; including
chronoamperometry, linear- and cyclic voltammetry. From all these measurements it is possible
to calculate particle concentrations in fluid samples.

The aim is to bring simpler and cheaper point of care devices to the public. Without larger
losses in accuracy and reliability of the medicinal test. To do this our device is intended to be
used with lab-chip, which are capable of amplifying the signals while reducing the sample size.

Lab-chips could be used in several areas but the ones being designed with this device are made
for biomedical purposes, applying suitable nanostructures and reagents to measure the presence
of biomarkers. With these techniques, medicinal diagnostics can be made a few minutes after
samples have been collected from patients. Much quicker and more direct than sending the
samples to a lab and waiting hours if not days for the results.

The measuring device or lab-chip reader will use two different lab-chips in the future. One
that is optimised for optical absorbance and the other for fluorescence. Both will work with
electrochemical measurements, but at present only the absorbance chip have been available for
testing and that without any signal enhancing techniques.

Assessment of the reader’s capabilities was made with solutions of gold nanoparticles, TMB
(tetramethylbenzidine), iron dissolved in PBS (Phosphate-buffed saline) and with a film made
of PPV (Poly para-phenylenevinylene). The first two were used to test absorbance; while the
iron and PBS have been used to test electrochemical system; and the PPV was coated on a
glass substrate and used to test fluorescence.

During the optical absorption test, it was found that the reader can distinguish between
different concentrations of the various solutions. The results are promising and further removal
of signal drifts will improve signals considerably.

Fluorescence can be induced and measured with the device. This part of the system is,
however, untested in general and future work will show if it is sufficient.

The iron solution was tested with three different methods. chronopotentiometry, linear sweep
voltammetry and cyclic voltammetry. It was however found that our measurements were dis-
torted in comparison with the expected voltammogram for iron in PBS. Additional peaks were
found in the voltammogram and it is believed that these are a result of oxidation of the elec-
trodes on the lab-chip.
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1 Introduction

The aim of this work has been to develop a
lab-chip reader, this reader is intended to be a
future point of care device (POC). Which will
help health care workers to give diagnoses at a
faster pace than with current equipment.

To do this a lab-chip with nanostructures
and pre applied reagents will be used to in-
fer about bio-markers, such as the presence of
antigens and antibodies; the amount calcium,
glucose and other substances; in fluid samples.

When a fluid sample is added to the lab-
chip, it will change is optical and electro-
chemical properties if the reagents reacts with
the targeted bio-markers. The reader can
then measure the concentrations of activated
reagents on the chip by measuring the opti-
cal absorbance, fluorescence and basic electro-
chemistry.

The lab-chip, which the reader has been de-
signed around, is being developed by Xueen
Jia, Thomas Wågberg and John Berge at
Ume̊a university. Currently it is intended to
make two versions of the chip; one suitable for
absorbance and one for fluorescence.

Lab-on-a-chip technology has lead to new
biochemical sensors and molecular diagnostic
devices. It is considered a key component in
developing laboratory based analytical meth-
ods; that are simple, fast and reliable. Sim-
ple enough that anyone is capable of analysing
chemical and biological substances. Thus also
bringing medicinal tests into everyone’s home.

This technology can be in the size of every-
day computer chips and can be easily produced
at high quantities, which means lower produc-
tion costs. By combining microfluidics and
surfaces coated with nano-structures; sensors
that can select a single chemical compound
and measure its concentration, can be created.
Even if the compound of interest is of low con-
centration in a solution that consists of more

than one active species.

With this, small, reliable, and less expensive
medical equipment can be produced. Using the
equipment gets easier, when most of the nec-
essary sample treatments are made automati-
cally on the lab-chip. Having large portions of
the testing procedure implemented on a minia-
ture scale, on a lab-chip, can also reduce sam-
ple volumes. Which leads to less timeconsum-
ing tests, Lillehoj et al [12].

This way of remaking medical devices, into
more user friendly, smaller, and faster models
is often connected to the concept of point of
care testing (POCT). Meaning that the entire
chain of the testing procedure is brought closer
to the patient, bypassing centralised labs that
can take weeks to give a response, with the in-
tent of giving a diagnose to the patient directly
after the sample have been collected.

While in some cases convenience might be
prioritised over accuracy, it have been shown
by Laksanasopin et al [8], and Lillehoj et al
[12]; that Enzyme-linked immunosorbent as-
say (ELISA) tests, can be made using lab-on-
a-chip technology.

Even if convenience might be prioritised over
accuracy in some, there are still test that can
be done to the current golden standard of bio-
logical and chemical tests. As shown by both
Laksanasopin et al [8], and, Lillehoj et al [12];
enzyme-linked immunosorbent assay (ELISA)
tests can be made with lab-on-a-chip technol-
ogy.

Further extensions of this technique is to add
something like an internet connection, which
would allow patient and doctors to be at dif-
ferent locations. Thus streamlining healthcare,
especially in less acute cases.

The connection can be realised with quite
simple methods. Nemiroski et al, [13] showed
in 2014 that mobile phones, using only the
older GSM network can adequately carry out
this task.
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1.1 Limitations

The lab-chips used in this work will be re-
stricted to one designed for absorbance mea-
surements only. This lab-chip will not be
equipped with any nanostructures or pre ap-
plied reagents either.

2 Theory

To get a feeling for the inner workings of the de-
vice, we will go through some of the underlying
theory behind how concentrations of chemical
species can affect absorbance, fluorescence and
electrochemical properties. Focus will be on
the electrochemical measurements as this can
be a little more difficult to grasp.

Optical measurements are a little bit sim-
pler, as it is easier to imagine that the more
substance we have that absorbs or emits light,
the more light will be absorbed or emitted.

If the reader already is familiar with elec-
trochemical, absorbance and fluorescence mea-
surements, then they can skip this part. Also
this theory section is mostly conceptional with-
out any long derivation of expressions For
deeper and more detailed explanation we refer
readers to any textbooks in electrochemistry
and spectroscopy. Such as Atkins and Paula
2002 [1] and Demtröder 2008 [5].

2.1 Optical phenomena

When light passes through a media it inter-
acts with it and several phenomena can hap-
pen. Some of these are absorption, reflection,
fluorescence, diffraction, just to name a few.
All these things have the net effect that the
light that comes out of a media differs from
the light that went in.

More importantly, in some cases concentra-
tions of substances in solutions can be related
to how strong the interaction with the incom-
ing light is.

Figure 1: A beam of light, with intensity, I0,
goes through a media of width, l, with a con-
centration c of a light-absorbing species. What
comes out of the media now has the intensity
I.

2.1.1 The Beer-Lambert law: Ab-
sorbance in solutions

We assume that for every unit concentration of
particles of the absorbing species in a media,
can absorb a fraction α of monochromatic light
that interacts with them.

When light with intensity, I, goes through a
solution with a concentration, c, of the absorb-
ing species, it will get weaker with every in-
finitesimal distance, dx, it passes. This change
can be written as dI = −αcIdx, as long as
the light is monochromatic and has the same
wavelength that the particles absorbs.

Now we let an light beam of absorbable
monochromatic light travel a distance l
through this media, as shown in figure 1. As-
suming that c remains constant over this dis-
tance, then the total absorbance, A, of this
media will be

A = − ln

(
I

I0

)
= αlc. (1)

This is known as the Beer-Lambert law, [15],
where α is called the absorptivity; I is the

2 Tobias Nilsson
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transmitted light intensity; and I0, which was
the incident intensity, is in experiments set to
the transmitted intensity when c = 0.

Note that for this to hold, then the concen-
tration, c, must be low enough so that the ab-
sorption of the media is not greatly changed.
As this can lead to more exotic effects on the
absorption.

2.1.2 Fluorescence

Fluorescence is a form of luminescence, that
is when a material emits light. In fluores-
cence the fluorescing material absorbs light
in one wavelength, but emits light in another
wavelength due various processes, mostly con-
cerning electronic transitions in atoms and
molecules.

The fluorescence only occurs while the mate-
rial is exposed to the excitatory radiation and
the emitted light has often a longer wavelength
than the radiation causing the fluorescence.

Let us relate the concentration of fluorescing
species to the emitted light intensity, similarly
as Tohda et al [7] have done.

We assume that for every photon absorbed
by the fluorescent species, a fraction Q of them
are re-emitted in a new wavelength. This Q is
commonly called the quantum yield and we can
write this as

Iem = QIabs. (2)

Where Iem is the intensity of the emitted light
and Iabs is the absorbed intensity. We can now
use the Beer-Lambert law, if we have a set-up
similar to the one we used for absorbance.

Thus, we assume that we have a media or
solution of solvent with a concentration, c, of
fluorescent species. Now if only the species
that absorbs any light is the fluorescent species
and that is does not re-absorb the fluorescent
light. Then we can write Iabs as the difference
between incident and transmitted light using

equation (1).

Iabs = I0 − Itr =
(

1− e−αlc
)
I0. (3)

Putting everything together gives us

Iem = QI0

(
1− e−αlc

)
, (4)

which can be Taylor expanded and at low con-
centrations stated as

Iem ≈ QI0αlc. (5)

Meaning that for low concentrations the mea-
sured intensity will be proportional to the con-
centration. Though it is important to note that
the emitted light is often diffuse and often has
no preferred direction or polarisation, [9], [3].

With a practical effect that Iem can be sam-
pled from a broader range of directions and
there is no need to place sensor in the optical
path of the incident light. This is quite differ-
ent from absorbance, where we measure how
much is left of the incident light.

2.2 Electrochemistry: voltammetry

The base idea of voltammetric and potentio-
metric techniques are simple. Apply a poten-
tial or current to an electroactive solution and
measure the corresponding current or poten-
tial. How this solution reacts to this treat-
ment can reveal several things, such as the
concentration of the electroactive species. De-
pending on how the potential or current is
varied over time, a few different techniques
can be distinguished, such as linear sweep
voltammetry (LS), differential pulse voltam-
metry, chronoamperometry (Ivt), and cyclic
voltammetry (CV).

In this work we will give a short explana-
tion of Ivt, LS and CV and motivate how these
work. However the full theory behind is exten-
sive; covers several areas such as electrochemi-
cal equilibriums, electrode surfaces and chem-
ical kinetics. Interested readers are referred
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to textbooks in chemistry, such as Atkins and
Paula 2002 [1].

2.2.1 Redox couples and electrochemi-
cal cells.

Reduction and oxidation are perhaps the two
most important words in electrochemistry.
Both means that the charge of an electroactive
species changes. These species can be atoms,
molecules or particles. When a species loses
charge, reduction takes place and oxidation is
the opposite, charge is gained.

This loss of charge can be seen as a gain of
negative charge or rather a gain of electrons,
meaning that reduction is a process where
species gain electrons and oxidation is when
electrons are lost.

An example of this is when triple ionized iron
Fe3+ turns into doubly ionized iron Fe2+, here
a reduction has taken placed as an additional
electron has attached itself to the ion. The op-
posite when Fe2+ becomes Fe3+, is oxidation.

Now if a pair of species can exchange charge
between each other without a net change of the
overall charge. Then these species participates
in a redox reaction, and they are called a re-
dox couple. This means that when one species
is reduced the other is simultaneously oxidised,
the oxidised species gives its electrons to the re-
duced. Charge is exchanged between the two,
but no additional charge is added or removed.

It is these redox couples that electrochemical
cells consist of and the redox reactions follow
the same rule as any other reactions. They
tend to find equilibrium with their surround-
ings and it is this that electrochemical cells use.

The electrochemical cell is, simply put,
a device that facilitates electrochemical reac-
tions and it consists of at least two redox cou-
ples. These couples can be the same species,
but at different concentrations or they can be
entirely different species.

Each redox couple constitutes something
that is called a half-cell. In practise this half-
cell is one electrode in some kind of electrolyte,
where the electrode add or remove charges to
the reaction. Which takes place at the inter-
face between electrode and electrolyte.

The electrodes participation in the reaction
can be in two different ways. Either it can be
one of the species in the redox couple, or it can
act catalytically. Meaning that it only adds or
removes lose electrons to redox reaction.

If the half-cell is not in electrochemical equi-
librium, then there will be a net exchange of
charge between electrode and electrolyte as the
reaction goes to an equilibrium. And depend-
ing on which way the reaction goes the elec-
trode involved will have different names. If re-
duction takes place near the electrode then it
is called a cathode; and if it is oxidation oc-
curring then it is known as an anode.

The reactions that take place at the elec-
trodes results or are the results of a current
of electrons. How large this current is nat-
urally related to the potential between elec-
trode and electrolyte. This potential difference
depends on the concentration differences of
the electroactive species inside the electrolyte;
which in turn depends on many things such as
diffusion rates, concentrations, mobilities and
charge of the electroactive species.

In conclusion, we can say that the full elec-
trochemical cell consist at least of two elec-
trodes and one electrolyte. Since we can have
the two electrodes in the same electrolyte. If
there is an equilibrium in the system, then
nothing interesting happens, but if there is
and the electrodes are connected together in
an electrical circuit then a current may flow.
And more importantly, if a current is forced
between the electrodes, the equilibrium in the
electrolyte will shift. And analysing how cur-
rent and potential behave in can tell us much
about the redox couples involved.
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Cell potential: If the cell is not in chem-
ical equilibrium, then there is a difference in
potential between the electrodes. This poten-
tial difference, E; or electromotive force, emf,
can be related to the activities of the different
redox couples through the Nernst equation.

E = E0 − RT

νF
ln(Q), (6)

Here, R is the ideal gas constant; T is tem-
perature; ν is the number of moles of electrons
being transferred; F is Faradays constant, the
total charge of one mole of electrons; Q is the
reaction quotient, for redox couples this is the
quotient of the activities of the oxidised and re-
duced species, which depends heavily on their
concentrations; and E0 is the standard elec-
trode potential, the potential when Q is unity.

The cell potential of an half-cell can actually
not be directly measured, but it can be mea-
sured relative to another half-cell. this has led
to the use of standard electrodes, where one
known electrode is considered to have zero po-
tential.

The concentration cell is the type of cell
in use when potentiometric methods are used.
This cell type is constructed with two elec-
trodes of the same type in the same elec-
trolyte but with different concentrations of ac-
tive species.

Limiting current density, jlim. If we have
an electrode in an electrolyte with a substantial
amount of electroactive species, then we can
predict a maximal current density that can be
drawn from the electrolyte. Having a substan-
tial amount of the species means here that from
a distance δ from the electrode, the concentra-
tion, c, will be constant. But between δ and
the electrode the concentration can change, as
the electrochemical species is being consumed
near the electrode surface.

Figure 2: Conceptional schematic of a Nernst
diffusion layer. Concentration goes from c in
the bulk to c′ close to the electrode surface.

If we assume that the concentration changes
linearly over the distance δ, between bulk con-
centration c and the concentration c′ near the
electrode, as shown in figure 2. Then we have
something that is called the Nernst’s diffusion
layer and it gives the following concentration
gradient,

dc

dx
=
c′ − c
δ

. (7)

That can be used with Fick’s first law of diffu-
sion,

J = −D dc

dx
. (8)

Which tells us that the flux of particles towards
the electrode can be written as

J = D
c− c′

δ
. (9)

In the above expressions D is the diffusion co-
efficient.

We can further calculate the current density
as the product of the transferred charge per
mole, zF , and the particle flux.

j = zFD
c− c′

δ
(10)
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Realising that we can not have a negative con-
centration, tells us that we will have a limiting
current density when c′ is zero.

jlim =
zFDc

δ
(11)

This means that the reactions near the elec-
trode are limited solely by how fast the par-
ticles can get to the electrode. Giving this a
little more thought, we can also gleam a time-
dependence in jlim.

Let us say that our electrochemical species
are one type of particles. Then, as we have dis-
cussed, these particles move from δ to the elec-
trode. But since these particles are removed
from the bulk the concentration gets lower here
and as δ is defined as the distance from the
electrode to where the concentration is equal
to the bulk. This means that δ grows larger
with time and larger δ means less current den-
sity.

This time-dependence of jlim can be deter-
mined if we solve Fick’s second law of diffusion,

∂c

∂t
= D

∂2c

∂x2
, (12)

with the appropriate geometry and bound-
ary conditions. Which was done by Freder-
ick Gardner Cottrell back in 1902, [4], and he
found the following for a constant potential.

j ∝ c√
t
. (13)

Now jlim would be well explained if we actually
knew what conditions are needed to get c′ = 0
and how large δ is. The short story is that
c′ is directly related to the potential difference
between electrolyte and electrode, which can
be seen in the Nernst equation, (6). As the
cell will have an potential difference depending
on the concentration at the electrode surface.
It is this potential difference that needs to be
applied to get the desired concentrations.

As we now have a feeling of c′, let us turn
our attention to the diffusion layer and δ. Since
electrochemical species have an electric charge,
they will be influenced by the applied poten-
tial difference. Applying a potential pulls the
species towards the electrode and this pull is
proportional to the potential. Stronger poten-
tial makes a stronger pull and this in turn leads
to a shortening of δ and thus a larger current
density.

From these arguments about how the cur-
rent through a cell behaves over time with an
applied potential, we can also imagine that this
limiting current density will behave a little dif-
ferent if the potential is not instantaneously
applied.

If the potential increases over time, then the
concentration will be lowered at the electrode
and subsequently δ will be larger when we have
reached our desired potential. With the end
result that jlim will be smaller than if we had
stepped directly to this potential.

2.2.2 Potentiometric techniques

In this work mainly linear sweep voltamme-
try, (LS), and cyclic voltammetry, (CV), will
be considered for concentration measurements.
As these techniques are simple and will give
sufficient information to calculate concentra-
tions. It can even be argued that the only lin-
ear sweep is sufficient in this regard. But as
explained bellow CV is more or less repeated
LS measurements, if the electrochemical reac-
tions are revertible.

Chronopotentiometry, (Ivt) will also be used
as this technique is even simpler, set a potential
and record the current needed to maintain the
potential. We can get the concentration from
this technique also, but our main concern will
be to see if everything is connected together
correctly and if the current behaves as we can
expect. That is a decay of current over time.
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Figure 3: An example of a voltage vs time plot
produced by a linear sweep. Courtesies of the
electrochemical and micro engineering group at
the university of Cambridge.

Linear sweep voltammetry, (LS), utilises
a potential that changes linearly with time be-
tween the potentials V1 and V2, see figure 3.
Plotting the current versus the potential gives
something called a voltammogram and an ex-
ample of this is shown in figure 4. At first the
current is weak but when the potential gets
closer to the reduction potential, the current
increases more rapidly.

When the potential exceeds the reduction
potential, then the current quickly reaches a
peak, jmax, as predicted by the limiting cur-
rent specified in equation (11). As discussed
previously, this peak depends on the bulk con-
centration and how fast the reduction potential
is reached. How fast the potential is changed,
is called scan rate and how the scan rate can
affect the measurements is shown in figure 5.

In all curves the decay of jlim can be seen,
as the potential is swept over time. Increas-
ing the potential after the reduction potential
does not further increase the current, but the
depletion of electrochemical species lowers the

Figure 4: An example of a voltammogram in
produced by a linear sweep. Courtesies of the
electrochemical and micro engineering group at
the university of Cambridge.

Figure 5: An example of how a voltammogram
might change with the scan rate. Courtesies
of the electrochemical and micro engineering
group at the university of Cambridge.
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Figure 6: How a voltammogram produced
with cyclic voltammetry might look like, if the
electrochemical process measured is reversible.
Courtesies of the electrochemical and micro en-
gineering group at the university of Cambridge.

current over time.

Cyclic voltammetry, (CV) is similar to
LS, but instead of stopping at V2, the scan is re-
versed and the potential is returned to V1, like
a triangle wave. The corresponding voltammo-
gram, figure 6, looks initially like the LS mea-
surements. A current that rises rather fast to
a peak value, followed by a relative slow decay
until the potential V2 is reached.

When the scan is reversed and the potential
goes back to V1, a perfect mirror image of the
current is seen. Indicating that the electro-
chemical processes are reversible in this case
and the resultant species from the reduction
are oxidised at the same rate as the reduction
took place. If the process had not been re-
versible, then the peaks might not be symmet-
rically placed. In the case of a strictly one way
reaction, one peak would be entirely missing.

3 System description

To analyse the lab-chip three independent
measuring systems have been assembled later
on built into a single system. Which will be
called the device or the reader in this work.

The three measuring systems are for measur-
ing absorbance, fluorescence and one system
for electrochemical measurements. But since
fluorescence and absorbance utilises the same
basic components, then these two optical sys-
tems have been designed to share as many com-
ponents as possible.

The optical systems differ only in the place-
ment and wavelengths of the light sources used
and thus two light emitting diodes (led) and
one light sensor are the basis for the joint opti-
cal system. Due to more available test samples
for absorbance, this part of the system was de-
signed first with its own test set-up for assess-
ment of sensors and leds.

For the electrochemical system an OEM po-
tentiostat, EmStat3, from PalmSens have been
used, as this system is more complex than the
optical system used in the device.

3.1 The lab-chip

The centrepiece of the entire system are the
two main types of lab-chips, one type for ab-
sorbance measurements and one for fluores-
cence measurements. Both chip types can do
the same electrochemical measurements, as it
is only some differences in design regarding the
optical set-up.

Current versions of the chips are typically
made of three electrodes and walls containing
the fluid, sandwiched between two substrates.
The concept of this is shown in figure 7, where
a cross section of the lab-chip is shown. Note
that the cross section is not to scale, as the
height of the fluid channels are approximately
100 µm while the total height of the chip is
roughly 1 mm.
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Figure 7: Cross section of lab-chip for ab-
sorbance and electrochemical measurements.

By coating the substrates and electrodes
with nanostructures and nanoparticles, the sig-
nals of the optical and electrochemical mea-
surements can be improved. These nanostruc-
tures are one of the reasons why there are
two different chips. As different nanostructures
and the materials that they can be grown on
have different optical transparency.

The absorbance chips have transparent fluid
chambers. While the fluorescence chips are
planned to have nanostructures that are not
transparent. Fluorescence chips will be made
with a reflective coating instead and sensor and
light sources need to be on the same side of the
chip in this case.

3.2 The device

As previously stated the device is a system
that can measurements absorbance, fluores-
cence, and electrochemical properties. The
concept of this can be seen in figure 8, which
shows how the more important parts are put
together.

To summarise the parts used in the de-
vice are a microcontroller, BlunoMega2560
from DfRobot; a potentiostat, EmStat3
from PalmSens; an UV-led, T5H36 from
Seoul semiconductors; an RGB-led, L-
154A4SURKQBDZGW from Kingbright; a
color sensor, TCS3472 from TAOS inc. All

Figure 8: Conceptional schematic of the de-
vice.

Figure 9: CAD image of the device.

these parts have been placed in structures
made from 3D-printed plastics.

Figures 9 and 10 shows CAD images of the
device with and without the top part of the
outer casing. The lower part of the device con-
tains the microcontroller and supporting cir-
cuitry. Above this sits the potentiostat and a
holder for the chip. This holder is shown up
close in figure 11 and it is also here that the
leds and light detector are placed.
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Figure 10: CAD image of the device without
the top part of the case

Figure 11: CAD image of the holder for the
lab-chip, leds and the light detector.

3.3 Microcontroller

When it comes to controlling the system, its
sensors, light sources and transmitting data
to a computer, two different Arduino based
micro-controller cards have been considered.

The two micro controllers were the Arduino
Due and the Bluno Mega2560 from DFRobot.
The controllers have similar PCBs and can run
the same arduino code, the main differences
are that the due has 12 bit analog to digital
converters (ADC), a 32 bit SAM3XE ARM
Cortex-M3 CPU with a clockfrequency of 84
MHz and is solely a 3.3 V system. While the
mega has 10-bit ADCs, a 8-bit ATMega 2560
with a frequency of 16 MHz that can be pow-
erd by 5 V and it has a built in Bluetooth 4.0

Figure 12: Absorbance measurements with the
bio-chip. One light source with the proper
wavelength and one detector are placed on each
side of the bio-chip. By measuring the light in-
tensity, the concentration of absorbing species
in a solution can be determined.

BLE chip.

Since the Due has a lot of processing capa-
bilities and can measure signals with 4 times
the precision of the Mega for the same price
makes it interesting if more advanced calcula-
tions and functions are needed in the future.

However the Bluno Mega was chosen mainly
for its built in Bluetooth module and that the
need for processor power is not that great at
the moment. And a slower processor draws less
power which increases battery time.

The loss in resolution of the ADCs is not
problematic since the sensor used in the end
has it own ADCs, meaning that the microcon-
troller does not measure anything directly.

3.4 Absorbance measurements

The part of the device that measures ab-
sorbance is of the simplest kind. It consist
of only one light source and one detector fac-
ing each other with the lab-chip in between,
as shown in figure 12. This reduces the size
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Figure 13: Alternative absorbance measure-
ment. Two detectors are place symmetrically
around the center line of the light source. Al-
lowing a reference signal to be measured

and complexity of the optical system. How-
ever, there is no way of getting a real time ref-
erence signal, which should not be a problem
unless there is a drift in the light source or the
optical sensor between different measurements.

If there are larger drifts in the system, then a
more suitable system includes a way to redirect
a portion of the light to a second detector. The
second detector can then be used as a reference
signal and for that kind of set up the drift in
light source is bypassed.

The original idea was to let the light spread
itself as most leds have their light distributed in
a cone shape, which is sometimes made wider
by a dispersive lens, and build the system as
shown in figure 13. But a suitable led and dis-
persive lens set up, in terms of spectra, inten-
sity and size could not be procured at the time.

3.5 Fluorescence measurements

Fluorescence measurements are more or less
based on the same principles as for the ab-
sorbance measurements. The only difference is
that the sensor needs to measure in a different
wavelength than what is emitted by the light

Figure 14: Fluorometry with the bio-chip. The
light source and the detector is on the same
side, due to the low transparency of the bio-
chip.

source. But as previously stated, the nanos-
tructures that are considered for the enhance-
ment of fluorescence are not transparent. And
the detector must be placed on the same side
as the light source, as shown in figure 14.

Fortunately fluorescent light is often spread
in all directions, not just in the incident light’s
optical path. This gives more freedom in sen-
sor placement, since it allows the detector to
be on the same side of the lab-chip as the light
source with out relying on a system of mirrors
or optical fibres.

As the fluorescence system is similar to the
absorbance system, it also have the same draw
backs. It can be a good idea to have a refer-
ence signal from a second detector, as shown
in figure 15.
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Figure 15: A conceptional fluorometer, featur-
ing a beam splitter and two detectors. By split-
ting the light a reference signal can be mea-
sured.

3.6 Led control circuit.

Light emitting diodes, and any other electri-
cal light source, need to be operated at their
nominal potential and current drain, for them
to perform as specified by their manufacturers.
This is especially true when lights are used in
measurement systems without a reference sen-
sor.

In this case, the lights have to always give
the same emission spectra and intensity when-
ever they are turned on. It is also important
that the spectra and intensities always have the
same behaviour during the measurements.

The demands on both current and potential
differ between different types of leds. Needless
to say, the digital 5V I/O-ports of the Bluno
Mega is not suitable for every led. These ports
can also only supply about 40 mA of current
each, which puts further limitations on this
system.

Even if leds have a lot of leeway when it
comes to the current supplied. As the inten-
sity will only be lowered, if at least the proper
potential can be supplied.

One of the possible solutions to this, is to
regulate the potential with a variable resis-
tance, a potentiometer, and use a operational

Figure 16: A light source driven by an opera-
tional amplifier. The voltage across is set by
the potentiometer and the current to the light
is provided by the amplifier.

amplifier in voltage following mode as a cur-
rent source, see figure 16. With this the volt-
age can be adjusted for new leds by changing
the potentiometer setting and a stable current
should be provided by the amplifier. As long
as the output voltage from the amplifier is not
too close to its voltage supply and the current
draw is with in the amplifiers limits.

3.7 Light sources and detectors

When choosing leds and photodiodes for light
emission and detection a few things need to be
considered. Obviously the light emitted needs
to be able to interact with the sample, but the
intensity of the light source must match the
range of the detector else it might be saturated.

Further the sensor should only measure the
light transmitted through or emitted by the
sample as everything else is only noise. This is
quite important for fluorescence measurements
as low concentrations are needed for equation
(16) to hold. For absorbance a brighter light
source can be used to remedy the noise, but
for fluorescence the light source is part of the
problem if its light is detected by the sensor.

To test how the photodiodes and leds work
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Figure 17: A test bench for investigating the
signal from different leds with photodiodes.

with each other a 3D-printed test bench was
used. The bench, shown in figure 17, consist
of a small table and a removable led holder
shaped as an L. Underneath the table the de-
tector is mounted and facing up towards the
light source, which is placed in the led holder
and directed down toward the table.

With this set up absorbance was measured
by placing absorbing samples in a lab-chip or
a Petri dish on the table, between the led and
the photodiode. The test bench served one ad-
ditional purpose, as the distance between could
sensor and led could be altered. Which is an
simple way of changing the amount of light
reaching the sensor without altering the inten-
sity from the led.

Initially a photosensor: TSL252R
LIGHT-TO-VOLTAGE OPTICAL SENSOR
from TAOS inc. was used for measurements.
According to its manufacturer, this sensor has
a broad spectral response, as we can see in
figure 18. This suitable as several different
leds can be used. But with the downside of
higher noise level and being too sensitive.

With this in mind another detector, a
TCS34725 RGB color sensor from Adafruit was
tested as well. Which consists of a sensor,
TCS3472, from TAOS inc. a white led and

supporting circuitry on a small PCB.

The sensing element is an array of photo-
diodes, with four different filters: red, green,
blue and clear. Integrating 16 bits ADCs and
amplifiers with variable gain are used for mea-
suring and pre-processing the intensity.

Each color filter lets through light mainly
in the spectral region, corresponding to their
names and the clear filter lets through light
in the same region as the other three filters
combined.

This can be seen in 19 where the spectral re-
sponsiveness of the color sensor as specified by
the manufacturer is shown. The main respon-
siveness lies between 400 and 650 nm, which
is roughly the first half of the photodiode’s re-
sponsiveness, seen in figure 18.

Another large difference between the pho-
todiode and the color sensor lies in the signal
range. The color sensor is less sensitive with re-
spect to the incident intensity when compared
with the single photodiode. With the impli-
cation that stronger leds and shorter distances
can or must be used with the color sensor.

The light sources used in the device and
with the test bench have been an RGB-led,
L-154A4SURKQBDZGW, and a blue led, L-
7113QBC-G, both from Kingbrigth. These
leds have been solely used in absorbance mea-
surements. While an UV-led, T5H36 from
Seoul semiconductors, have been used as ex-
citatory light source in fluorescence measure-
ments.

The RGB-led consist of three leds in the
same capsule, these can emit light in regions
of 468, 515, and 650 nm. With half-widths of
25, 30 and 28 nm respectively.

Half-width is the distance in nm from the
peak of the emission spectra to the points
where the intensity is half of the peak emis-
sion.

In figure 20 the emission spectra from the
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Figure 18: Technical specifications of the light-
to-voltage sensor, TSL252R, spectral respon-
siveness.

Figure 19: Technical specifications of the color
sensor, TCS3472, spectral responsiveness.

RGB-led is shown and we can see that these
peaks coincide nicely with the peaks of the dif-
ferent color channels in the color sensors spec-
tral responsiveness.

The blue led emits light with a peak wave-
length of 461 nm and a half-width of 25 nm,
which can be seen in figure 21.

The third light source used, the UV-led has
an emission spectra shown in figure 22. The
peak is around 365 nm with a half-width of 18
nm, which means that it is entirely filtered out
by the color sensor.

Figure 20: Technical specifications of the RGB-
led, L-154A4SURKQBDZGW, emission spec-
tra.

Figure 21: Technical specifications of the blue
led, L-7113QBC-G, emission spectra.

Figure 22: Technical specifications of the UV-
led, T5H36, emission spectra.
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Figure 23: The EmStat3 OEM potentiostat
from PalmSens.

3.8 Electrochemical measurements:
Potentiometry

A device called a potentiostat is often used to
do electrochemical measurements. Some of the
simplest potentiostats consist only of a pair of
operational amplifiers, some resistors, and a
waveform generator. But the need for high sen-
sitivity and broad dynamic range in such sys-
tem can be very high at times. Which means
that a suitable system for our potential needs
to be carefully constructed.

For this purpose a potentiostat, EmStat3,
was acquired from Palmsens. This potentiostat
is shown in figure 23 and operates with the lab-
chip with a three electrode configuration, see
figure 24.

The three electrodes are called the working
electrode (WE); counter electrode (CE); and
a reference electrode (RE). The WE is where
the electrochemistry of the cell is being inves-
tigated, but since the cell is in equilibrium a
potential need to be applied for anything in-
teresting to happen. To do this the RE is used
and it is important that this electrode holds a
constant cell potential if the measured poten-
tial between RE and WE will hold any mean-
ing.

Now, since the cell is no longer in equilib-
rium electrons will be added or removed from
the electrolyte through the electrodes and a
current will flow. However an electrode that

Figure 24: Depiction of the three electrode set-
up used with the lab-chip. Here WE is the
working electrode, RE is reference and CE is
the counter electrode.

supplies or removes electrons is by definition
not in equilibrium with its surroundings and if
the electrode is not well poised, then its poten-
tial will change due to this.

If the electrode is well poised, meaning that
it will keep a constant potential even if a cur-
rent goes through, then everything is fine and
only WE and RE are needed. But if it is not
well poised then a simple solution is to have a
third electrode, CE, that act as a sink/source
of electrons.

4 Method

The capabilities of the device have been as-
sessed by performing measurements on sam-
ples of pure water, gold nano particles,
TMB (3,3’,5,5’-tetramethylbenzidine), PBS
(Phosphate-buffered saline), iron dissolved in
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PBS; and PPV (Poly para-phenylenevinylene).

4.1 Determine concentration from
absorbance

In section 2.1.1 the relation between the con-
centration of absorbing species in a sample of
absorbing media was related to the absorbance
of the sample.

To measure the absorbance one only needs
to place the sample between a light source
of known intensity and a detector that can
measure the transmitted intensity, see figure
12. If the sample has a known thickness, then
the concentration can be calculated from Beer-
Lambert’s law, equation (1).

Under the assumption that the lights
source’s intensity and the samples thickness
are constant for all our measurements. Then
we could extrapolate these as empirical con-
stants if we calibrate the system using samples
with know concentration.

We can then define I0 as the light that passes
through a sample with only solvent and noth-
ing of the species which concentration we want
to measure. The system can then measure sev-
eral samples with known and different concen-
trations, c, and from this can the absorbency
α and the thickness l be found as the slope of
c versus ln( I0I ).

c =
1

αl
ln

(
I0
I

)
(14)

Where I is the intensity measured by our de-
tector.

4.2 Error propagation in absorbance
measurement

The uncertainty in absorbance can be used to
compare measurements from different set-ups.
To calculate this, Beer-Lamberts law, equation
(1), is used with Gauss’s error propagation for-
mula. From this the standard deviation of the

absorbance, σAbs, is given as

σAbs =

√(σI
I

)2
+

(
σI0
I0

)2

. (15)

4.3 Determine concentration from
fluorescence

Concentrations can be determined with fluo-
rescence in the same way that it could be deter-
mined by measuring absorbance. A sample of
fluorescent material is placed in the light path
of some excitatory light. The sample absorbs
the light and emits light in a different wave-
length, which is then measured by a detector
elsewhere.

Assuming that the light source is stable
enough or that some reference is measured si-
multaneous, then we can determine the con-
centration in a similar fashion as we found
it from absorbance measurements. Rewriting
equation (5) gives the concentration as

c =
1

Qαl

Iem
I0

. (16)

Calibrating the system using solutions with
known concentrations gives us a baseline from
which c can be determined.

4.4 Optical tests

When testing the optics, a few things are im-
portant to note. Firstly the fluorescence and
absorbance are measured on different Lab-chip
as different nano structures are used. Since the
chip made for fluorescence is not transparent,
while the one for absorbance is.

However due to the a shortage in avail-
able lab-chips for fluorescence measurements,
a glass substrate with a coating of PPV had to
be used instead.

Absorbance in the 520 nm region were
tested by shining light through samples of gold
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nano particles suspended in water. The light
source used was the green (515 nm) diode of
the RGB-led.

The test were made in two different measure-
ment series using different batches of the gold
nano particle solution. One measurement se-
ries where made with the photodiode that was
mounted in the test bench. For these measure-
ments the lab-chip was not available for testing
and a Petri dish was used to hold the sample
instead.

For the second set of measurements the color
sensor where used, which was mounted in the
device and tested with a lab-chip. This makes
a direct comparison between the two test a lit-
tle bit tricky. As not only the distance between
sensor and led differs for both test; 13 mm in
the device compared with 33 mm for the test
bench. But also the optical path through the
sample was about 32 times longer for the Petri
dish than for the lab-chip.

During the measurements with the photodi-
ode, there were a major problem with keeping
the light source stable between measurements,
as the intensity seemed to drop after a while.
A test measurement on pure water where thus
always performed just before each gold mea-
surement, in an attempt to lessen the effect
from intensity fluctuations.

Absorbance in the 450 nm region have
been tested with the lab-chip, the photodi-
ode, test bench, a blue led and TMB (3,3’,5,5’-
tetramethylbenzidine).

TMB is an dye commonly use in ELISA
tests, it absorbs at 450 nm and consequently
the blue led was chosen as its emission peak of
461 nm is nearest.

While the set-up is similar to the test with
gold nanoparticles in the test bench, one im-
portant difference needs to be pointed out and
it is that the TMB was tested with both the
lab-chip and an ADC with two bits higher res-

olution. Resulting in that the signal is given
in a range from 0 to 4093 for the TMB mea-
surements instead of the 0 to 1023 as in the
nanoparticle case.

Fluorescence from 365 nm to ≈590
nm have been investigated by subject-
ing Poly(para-phenylenevinylene), PPV, with
light from the UV-led using the device.

PPV is a polymer which has a strong fluores-
cence where blue and near UV light, (around
400 nm), is converted to a yellow light. This
polymer is often used in light emitting elec-
trochemical cell, but here it simply serves the
purpose to prove that fluorescence is indeed
detectable with our device.

The test was conducted in two parts. Firstly
a chromium coated glass substrate was used as
a mirror and placed where the lab-chip was
supposed to be, to see how the UV-light affect
the sensor. Secondly a glass substrate coated
with a layer of gold and a layer of PPV was
tested in the same way as the chromium.

Having a layer of gold underneath the PPV
is a simple way to increase the signal. As the
fluorescent light is sent out in all directions, in-
cluding toward the gold layer. The gold layer,
then reflects the light and more light should
reach the sensor.

4.5 Potentiometry

To assess the device capability to perform
the electrochemical measurements a few tests
were done iron dissolved in Phosphate-buffered
saline (PBS) and a 10 kOhm standard resistor.

The tests were performed by running the
three measurement schemes, Ivt, CV and LS,
in the order that they were named, with the
potentiostat. These methods were performed
on each of the following samples: a resistor;
a blank lab-chip; a lab-chip with PBS; and a
lab-chip with an iron solution; with an excep-
tion for the standard resistor where Ivt was
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skipped.

5 Results

Absorbance have been tested in three different
measurement series. These series are with two
different solutions of gold nanoparticles dis-
solved in water and one solution of TMB.

One nanoparticle solution and the TMB so-
lution were tested with the test-bench and
the other nanoparticle with the device. The
nanoparticle solution tested with the test
bench was in a Petri dish with an optical path
of 3 mm. While the other measurements have
been performed with a blank Lab-chip.

5.1 Gold nanoparticles in Petri dish

A gold nanoparticle solution with concentra-
tion c was tested in a Petri dish with 6 different
samples of the original solution. These sam-
ples are dilutes of the original solutions. They
are hence named c0.5 = c/2, c0.375 = 3c/8,
c0.281 = 0.2813c, c0.1875 = 3c/16, c0.125 = c/8
and c0.065 = c/16.
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Figure 25: Typical intensity measurements
from absorbance measurements of gold
nanoparticles with the photodiode. Shown are
intensity measurements on sample c : 0.375
and its correlating water sample.
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Figure 26: Typical intensity measurements
from absorbance measurements of gold
nanoparticles with the photodiode. Shown are
intensity measurements on sample c : 0.125
and its correlating water sample. Note that
the water sample and the nanoparticles are
not measured simultaneously.

Figures 25 and 26 show typical intensity
measurements for the nanoparticles and the
reference water sample. We can see that the
reference sample has lower intensity when mea-
sured just before the c0.125 measurements than
when it was measured just before the c0.375
measurements.

This trend of lowering intensity through the
reference sample can be seen in figure 27.
Where the mean intensities for each concen-
tration and their corresponding reference mea-
surements are shown.

Though it gets even more obvious in fig-
ure 28 when the measurements are shown in
chronological order. For each absorbance mea-
surement, first a reference test was performed
on water and then a test on a sample of
nanoparticles. Note that for the first three con-
centrations, then each measurement was made
twice. Such that test 1 and 2 were made on
sample c0.5; test 3 and 4 on c0.375; and tests 5
and 6 were made on sample c0.281.

Comparing the size of the error bars, which
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Figure 27: The mean measured intensities
and errorbars for all measurements of gold
nanoparticles and water samples, measured
with the test bench.
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Figure 28: The mean measured intensities and
errorbars for all measurements on the water
sample in chronological order, measured with
the test bench.

are four σ wide, with the change between the
test and it can be seen that the major change
in intensity takes place between the tests. And
it can also be seen that the reference intensity
appears to be stable between test 2 and 3 and
during the tests 4, 5, 6 and 7.

The absorbances calculated from each test
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Figure 29: Absorbance of gold nanoparticles as
a function of the concentrations, measured with
the test bench. Concentrations are given rela-
tive to the undiluted sample of concentration,
c.

are shown in figure 29. Were the tests have
been divided into two groups, unstable and
stable, depending on if the reference measure-
ments before and after a nanoparticle measure-
ment did not change much. Meaning that tests
2,4,5, and 6 have been put in the stable group
and other tests are in the unstable group.

Looking on all concentrations, then it can
be seen that the absorbance might follow the
expected linear trend. But the removal of the
unstable points shows an even more linear be-
haviour.

5.2 Lab-chip loaded with Gold
nanoparticles

This measurement series was performed on a
blank lab-chip. The lab-chip was tested with
no solution, with water and with 6 samples of
gold nanoparticles dissolved in water.

The 6 samples of nanoparticles are all based
on the same solution with concentration,c1. All
the samples have been named after their con-
centration of nanoparticles, relative to the orig-
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inal sample. These samples are c1, c1/2 = c1/2,
c1/4 = c1/4, c1/8 = c1/8, c1/16 = c1/16 and
c1/32 = c1/32.

In figures 30, 31, 32, and 33, the measure-
ments from the blank chip, the one filled with
water and for gold nanoparticles with concen-
trations c1 and c1/8 can be seen.

While comparing these figures, it can be seen
that c1/8 has intensity readings similar to the
blank chip. Meaning that it lets through more
light than the water sample. Since the water
sample is used as a reference in absorbance cal-
culations, the absorbance of c1/8 will be nega-
tive.

Similar results were found in the measure-
ments of c1/4 and c1/2 and a visual inspection
of the Lab-chip after the c1/8 measurements
revealed that an air bubble had formed in the
fluid chamber.

Based on the similarities with the blank
measurement and that at least one of the mea-
surements with nanoparticles had been com-
promised with air bubbles. It was decided to
remove c1/2, c1/4 and c1/8 from further analysis
of the absorbance.
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Figure 30: Intensity measurements on a blank
lab-chip not loaded with any solution, tested
with the device.

The intensities from the green channel of the
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Figure 31: Intensity measurements through wa-
ter loaded on a blank-chip and measured with
the device.
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Figure 32: Intensity measurements through
sample c1/8, gold nano particles dissolved in
water, loaded in a blank lab-chip and measured
with the device.

color sensor from the measurements on the re-
maining samples, c1, c1/16 and c1/32 are shown
in figure 34 together with the water sample.

In this figure, it seems that the intensi-
ties follow what is expected from theory, that
stronger concentration leads to weaker intensi-
ties. But on more careful inspection, it appears
that the intensities depend on time.
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Figure 33: Intensity measurements through
sample c1, gold nano particles dissolved in wa-
ter, loaded in a blank lab-chip and measured
with the device.
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Figure 34: Intensities of the green channel for:
Water, 1:32, 1:16 and 1:1.

This time-dependence appears as an increase
in intensity over time. Though it is relatively
weak, as the differences between strongest and
weakest intensity for each curve is less than
0.91% of the mean intensity.

The magnitude of the differences follows the
concentration of the samples in the same way
as the intensities. Water has the greatest dif-
ference, while c1 has the smallest.

Concerning the absorbances shown in figure
35, a linear trend between absorbance and con-
centration might be seen. However, it is dif-
ficult to draw any substantial conclusions as
three data points in the middle are missing.
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Figure 35: The absorbance of gold nanopar-
ticles, for c1/23,c1/16 and c1. With water as
reference intensity, I0.

5.2.1 Lab-chip loaded with TMB

TMB, (3,3’,5,5’-tetramethylbenzidine), which
absorbs light with wavelength in the 450 nm
region, was used in conjunction with the lab-
chip, the test bench, the photodiode and a blue
coloured led.

The measurements were made on five sam-
ples of TMB, and are labelled after their con-
centration relative to the least diluted sample,
c1. These samples and their relative concen-
trations are, c1, c1/2 = c1/2, c1/4 = c1/4,
c1/10 = c1/10, and c1/20 = c1/20.

Typical intensity measurements, samples c1
and c1/20, are shown in figures 36 and 37. The
figures show unstable signals, where the stan-
dard deviations for each measurement are be-
tween 2.5% and 3% of the mean intensity.

This is clearly seen in figure 38, were mean
intensity with error bars are shown for all sam-
ples. The two samples that have been most
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diluted, c1/10 and c1/20, cannot really be dis-
tinguished from each other.

As only TMB samples were tested and not
any sample with pure solvent, then there exist
no reference intensity measurements. Instead
the reference has been estimated from the ab-
sorbance measurements. By making a linear
regression on the available data points, then
the reference intensity is estimated from the
intensity when the concentration is set to zero.

Using this intersect as a reference yielded
the absorbances shown in figure 39. But since
the reference signal has been estimated from
the other measurement, an average of all the
signal variations has been used instead. Con-
sequently, this has made all the error bars of
equal size in the figure.
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Figure 36: Intensity measurements of TMB
sample c1, loaded in a blank lab-chip and mea-
sured with the test bench.
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Figure 37: Intensity measurements of TMB
sample c1/20, loaded in a blank lab-chip and
measured with the test bench.
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Figure 38: Mean intensities versus relative
concentration of TMB loaded in blank lab-chips
and measured with the test bench.
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Figure 39: Absorbance versus relative concen-
tration of TMB loaded in blank lab-chips and
measured with the test bench.

5.3 Fluorescence of a thin layer of
PPV

Poly(para-phenylenevinylene), PPV, is a poly-
mer also known as super yellow. This polymer
can absorb light in the blue part and near UV
parts of the spectra and it has a fluorescence
in the yellow region, (≈ 570 nm).

As the real lab-chips for fluorescence was un-
available during the testing, a glass substrate
coated with gold and PPV was used instead.
To see how much of the UV light that could be
detected by the sensor, a chrome mirror was
used instead of the PPV substrate.

Looking at the signal from the chromium
mirror, figure 40, shows weak signals over all
the channels. It is clear that the UV light is
not detected to any greater extent.

In figure 41 intensity measurements of the
fluorescence from the PPV coated substrate
are shown. The effect of a fluorescent ma-
terial is strong, the overall intensity get 40
times stronger as the clear channel from 28 to
roughly 1100.

The effects on the coloured channels are seen
in all, but it is mainly in the red and green
channel. Red shows the strongest response,

which is as expected since yellow light is a little
closer to the responsiveness of the red channel
than for the green.
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Figure 40: Intensity measurements using UV-
led on chrome coated glass.
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Figure 41: Intensity measurements using UV-
led on PPV coated on gold coated glass.

5.4 Potentiometric measurements

The potentiostat, EmStat3 from PalmSense,
have been tested on a 10 kOhm standard resis-
tance and iron dissolved in PBS (Phosphate-
buffered saline). During the analysis of the
iron, the ions Fe2+ and Fe3+ are reduced and
oxidised in the electrochemical processes.
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Further the test has been performed on
blank lab-chips without any nanostructures
and complementing tests on pure PBS and lab-
chips without any electrolyte where performed
as well.

Chronoamperometry, (Ivt), Linear Sweep
voltametry, (LS), and Cyclic voltametry have
been used as measurement techniques on all
samples except for the standard resistance
where Ivt have been excluded.

Common for all samples are the settings of
the potentiostat, during Ivt the applied po-
tential was 0.3 V and lasted for 20 seconds.
The CV measurements consisted of three cy-
cles, that stated at 0 V, went up to 0.6 V,
down to -0.6 V and then returned to 0 V. The
LS started at -0.5 V and ended in 0.5 V. For
both LS and CV the scan rate was set to 0.5
V/s.

A standard resistance was tested with
only LS and CV, see figures 42 and 43. In these
figures we can see that the potentiostat works
really good, but there are some points that do
not fit. These points are some artefacts that
only occurs in the beginning of a measurement
series and after a few data points they are gone.
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Figure 42: Linear sweep voltammetry on 10 kΩ
standard resistance.
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Figure 43: Cyclic voltammetry on 10 kΩ stan-
dard resistance.

A blank chip without electrolyte were
tested with Ivt, LS and CV. The measurements
are shown in figures 44, 45, and 46. With no
electrolyte to carry any current, then there can
be no interesting response to applied potential.
The current is as close to zero as it can get,
zooming in on the CV, figure 46, show that
the average current is about -1 pA.
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Figure 44: Chronoamperometry on blank lab-
chip.
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Figure 45: Linear sweep voltammetry on blank
lab-chip.
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Figure 46: Cyclic voltammetry on blank lab-
chip.

PBS should, in the ideal case, not conduct
any large currents and not have any peaks dur-
ing the LS or CV measurements. As this would
indicate that some redox reaction takes place.
But since this is a saline solution some conduc-
tivity is expected.

Ivt measurements, figure 47, confirms that
there is a current. Here it is clear that the PBS
conduct current during the first 20 s when a 0.3
V potential is applied.

In figures 48 and 49, which show the first and
third CV cycle, it is clear that that something
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Figure 47: Chronoamperometry on chip with
pure PBS.

has happened.

Potential, U [V]
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

C
ur

re
nt

, I
 [n

A
]

×106

-4

-3

-2

-1

0

1

2

Cyclic Voltammetry, PBS, 1st cycle

Figure 48: First cycle from cyclic voltammetry,
performed on chip with pure PBS.

During the first cycle there is no peak at 0.2
V, and the voltammogram looks like something
that can be expected from an ohmic resistance.
But half-way through something happens and
a current peak appears at -0.25 V. This peak
is even greater in the third cycle and more im-
portantly a new peak at 0.2 V has appeared.

Figure 50 shows LS measurements on the
same sample. Clear similarities with the top
half of the 3rd CV cycle can be seen. With
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Figure 49: Third cycle from cyclic voltamme-
try, performed on chip with pure PBS.

the difference that the peak at 0.2 V is slightly
stronger. This shows that the peaks grow for
each potential sweep. Since the LS measure-
ment was conducted after the CV and on the
same solution on the same chip.
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Figure 50: Linear sweep voltammetry on chip
with pure PBS.

After the tests had been performed a visual
inspection of the electrodes revealed that they
had gotten significantly darker in colour, which
is a typical indication of oxidation.

The iron dissolved in PBS had a concentra-
tion of 20 mM and the effect of the additional
ions is clearly seen in all measurements. For in-
stance the Ivt, figure 51, shows a rather large
difference compared with the Ivt for PBS only,
figure 47.
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Figure 51: Chronoamperometry performed on
chip with iron dissolved in PBS.

The curves follow the same trends but the
iron starts with a stronger current, ≈124 µA,
compared with the ≈57 µA of current for the
PBS measurements. And after almost 20 s the
current has dropped to ≈16 µA for the iron
sample while the PBS have gone done to ≈14
µA.

From this it is also clear that the current
drops faster for iron than for PBS, as the cur-
rent drops roughly 87 % for the iron during the
20 s time frame while PBS only drops 76 %.

Moving on to the CV measurements were
some other differences and similarities between
the PBS and iron samples can be seen. Look-
ing at the voltammograms for the first and
third cycles of the CV, figures 52 and 53, re-
veals the same behaviour at -0.25 and 0.2 V
that the PBS also have.

A peak that appears at 0.2 V and the other
peak that gets larger for every cycle. Though
the peaks follow the same behaviour, there is a
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Figure 52: First cycle from cyclic voltammetry,
performed on chip with iron dissolved in PBS.
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Figure 53: Third cycle from cyclic voltamme-
try, performed on chip with iron dissolved in
PBS.

difference in the magnitude as they are larger
for the PBS sample.

Another difference can be seen in the region
between 0.3 and 0.5 V, here the current starts
to sharply increase, but the behaviour of this is
hard to truly characterise since the cycle turns
at 0.5 V. It could be the beginning of a peak,
but the range of the scan is not large enough.

The results from the LS measurements are
what one can expect, the sweep was made mo-

ments after the CV and on the same solution
and chip. Thus we see the same things as for
the PBS measurements. The LS voltammo-
gram is as expected basically the top-half of
the CV voltammogram with a slightly higher
peak value of the current.
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Figure 54: Linear sweep voltammetry per-
formed on chip with iron dissolved in PBS.

6 Discussion

While there are not enough repeated measure-
ments made in each test to infer about the
repeatability of the device. We can still say
something about the general behaviour of the
device.

In short, the system works but there are
some problems with the stability. The main
problems in the optical part is the stability of
the leds, which will experience a drift in in-
tensity if given incorrect voltages. Turning the
leds on and off during prolonged measurements
appears to alter the leds base intensity.

Concerning the electrochemical measure-
ments, then the problem have been peaks in
current that do not fit with what was expected.
It is belived that this is due to electrode oxi-
dation.
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6.1 Drift in optical systems

There have been rather large problems with
drifting signals of the optical system. This is
of great concern if the device should work as
intended with little or no need for calibration
between subsequent measurements.

One likely culprit to this drift are the bat-
teries that were used. The 9V alkaline battery
packs that have been used so far, loses their
charge and potential quite fast. The loss in
power has probably affected all parts of the
device, from leds and sensors to the microcon-
troller itself.

But the power supply might not be the only
reason for the drifts. The leds have their power
controlled by an additional circuit. This circuit
uses an operational amplifier to supply a cur-
rent with a potential set by a potentiometer.

With this circuit there are three prominent
problems. Firstly the potentiometers used, can
only be coarsely tuned and setting the propper
potential is difficult.

Secondly, the amplifier supply voltage is only
5V/0V and while it can operate on such a low
voltage, it is still recommended to use +5/-
5 or more. With a symmetrical supply, then
perhaps the op-amp could be used to supply
a fixed current, instead of a fixed potential.
Which would be more suitable when powering
the leds.

Thirdly, there is also a possibility that re-
sponse times and internal limitations in the
amplifier itself is the root of the problems.
Something that could be worth looking into if
a higher supply voltage, better batteries and
more carefully trimmed potentiometers does
not solve this problem.

6.2 Absorbance

Apart from the drifts in the system, it is also
found that the blue led, L-7113QBC-G, should
be avoided in the future. This led had a more

than twice as large variance within its mea-
surement series, than the RGB-led.

If the problem lies with the photodiode or
the led is hard to tell. Since there are large dif-
ferences between the different set-ups and that
the power supply could have been problematic
during these tests as well.

Though, the power supply was perhaps bet-
ter tuned for the blue led, the signal drifts
could barely be seen in the measurements.
Which would indicate that the difference in ac-
curacy depends on something else.

6.3 Fluorescence

There is not much to say about the fluorescence
measurements as the test was more a proof of
concept than a precise measurement. Informa-
tion about the substrates used instead of the
chips is sparse and more important, PPV is
probably not a substance that will be used in
the future.

6.4 Electrochemistry

The electrochemical measurements show a few
interesting things. Firstly the Emstat3 has
background noise levels of just a few pA, this
should be good enough for most applications
that our device is intended for. At least if the
substances in the future react as strongly to
electrochemical methods as the iron solution.
Which had signals in the µA range.

Now all the measurements were not that
great. The peaks were found in unexpected lo-
cations, especially unexpected during the PBS
measurements, which should not show any cur-
rent at all.

As previously speculated this is probably
due to that the electrodes were oxidised during
the procedures. This belief is strengthened by
the fact that the electrodes got much darker
and this color shift is a sign of oxidation for
these particular electrodes.
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An attempt to fix this could be to change
the settings of the potentiostat, in terms of ap-
plied potentials and scan rates. But in the end
these things will have to come later when the
lab-chips and electroactive species have been
specified.

A more pressing concern is the contact be-
tween the lab-chip and the device. The contact
has at the moment a tendency to glitch or not
even provide electrical contact at all.

6.5 Optical system - design opti-
mizations

Overall the optical system appears to work
fine, but more test needs to be performed to
check the reproducibility of the optical mea-
surements. If the signal drift can not be elimi-
nated, then perhaps some calibration methods
or reference sensors can be used to improve the
reproducibility.

Solving the reproducibility might not be
enough. There is a chance that the sensitivity
is not good enough. This could be solved with
brighter light sources, and using photodiodes
with larger surface area.

With brighter light and more sensitive sen-
sors, the mean signal would be in creased and
smaller differences in absorbance would be eas-
ier to detect. But simply increasing signal
strength by using brighter lights might not be
the best way. Another method with a little
more finesse could be used instead

Considering that most leds have a spectrum
with a half-width around 20 nm and that ab-
sorption can have more narrow spectra. Then
a lot of light will pass through the sample with-
out any absorption and be detected by the sen-
sor.

A work around of this is to filter out the un-
wanted parts of the spectra. Perhaps use some-
thing like the monochromators used in spectro-
scopes, were gratings are used to select specific
wavelengths.

Now, how and where to actually place a filter
can be given a some thought. Depending on
how many different wavelengths the device in
the end will measure. Then this filter could
either be placed permanently in front of the
sensor or perhaps it should be placed so that
it becomes easily exchanged with other filters.

Several filters could be placed in the device
and be changed between measurements with
some mechanical parts or separate filters could
be inserted in the same way as the lab-chips.
Depending on the cost, then the lab-chip could
be combined with a filter, perhaps by adding
some dye to the transparent plastic.

There are also some minor design issues of
the optical system that could be addressed.
For instance, the led and sensor should be cho-
sen and positioned in such a way that the sen-
sor shows its max value when measurements
are made without a lab-chip.

Currently, the color sensor operates in the
lower 20% of its range, when used with its sec-
ond best sensitivity setting. Its gain is set to
16 at the moment, but with the highest gain
of 60, then it always gives its max value.

This impasse could be fixed by using differ-
ent leds or change the distance between the
sensor and led. However, the current sensor is
placed on an over dimensioned PCB (Printed
Circuit Board) and moving the sensor and led
closer to each other will make it harder to place
the UV-led at a suitable location.

The ideal case would be placing the sen-
sor and UV-led on the same PCB, adjust-
ing the distance between led and sensor, and
then choosing a led with appropriate intensity.
Which could reduce the overall system size in
the end.

6.6 Optical system - possible re-
design

Using a light sensitive sensor, such as a single
photodiode, for doing the measurements is per-
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haps not the best way. In an alternative set-up
a digital camera circuit could be used and in-
stead of measuring the intensity directly. The
test results could then be made by determining
the color of the sample. In this way, multiple
fluid chambers could be analysed simultane-
ously.

6.7 Electrochemical system - design
optimizations

There are no immediate concerns regarding the
accuracy of the current electrochemical sys-
tem, but as previously stated the contact needs
too be looked over. Further, there is no need
for such an advanced and expensive potentio-
stat as the EmStat3. This potentiostat is much
more advanced than what is needed and per-
haps a simpler system can give the same re-
sults.

But if the Emstat3 is used in the future, then
its USB port should be more available. This as
a simple way to bypass the device if needed.

6.8 Other design ideas

While the EmStat should be exchanged for an-
other potetiotat, the EmStat and other equally
advanced potentiostat could still be of interest
in the future. Instead of making the future de-
vice with such components it could be possible
to make add-ons for potentiostats that allow
those potentiostats to use the lab-chip.

Using the EmStat as an example, it has ad-
ditional I/O-ports that could read in analogue
signals from a photodiode and transmit them
with the ordinary data stream. Meaning that
the EmStat could handle the optical measure-
ments as well.

7 Conclusions

In this thesis a device capable of performing
absorbance, fluorescence and electrochemical

measurements on a lab-chip has been devel-
oped. The device work as well as one can ex-
pect, but there is room for improvement.

The battery used as a power supply should
be exchanged for a li-ion battery with a larger
charge capacity and the contact should be re-
designed to reduce glitches.

In future work with the device the follow-
ing things need to be addressed. Firstly the
drift in the optical signals, as previously dis-
cussed; then the Bluetooth connection; de-
velop an smart phone application to present
the data; and finally redesign the case for a
more user appealing look.
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