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ABSTRACT 
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Flow Assay detecting Ricin 
Master of Science Thesis, 75 pages 
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particle, Ricin, Magnetic immunoassay unit reader 
 
Lateral flow assay is an antibody-based, fast, easy to use, affordable and accurate 
measurement method for the detection of small quantities of substances. The 
analytes are detected with antibody-label complex and the label can be detected by 
one way or another. In this research the relatively new label, a paramagnetic iron 
oxide particle, is examined and its behaviour in lateral flow assay is compared with a 
commonly used label, colloidal gold. At the same time, the performance of a 
magnetic particle reader, Magnetic Immunoassay Unit (MIAU) reader (Magnasense 
Technologies, Finland), is also evaluated. Tests were prepared for ricin, which is a 
toxic protein concentrated on the seed of Ricinus communis plant. It is classified as a 
possible bioterrorism threat due to its toxicity and vast availability. 

In this study, the lateral flow test strips were prepared and used to measure 
different concentrations of two types of ricin samples: the ricin preparation extracted 
from the seeds and a pure ricin A-chain. The detection limits for both label types 
were almost the same: for the ricin preparation and A-chain the paramagnetic 
particles showed 56 ng/ml and 600 ng/ml and the colloidal gold 31 ng/ml and 480 
ng/ml, respectively. The sensitivity of the measurements and the visibility of the 
particles from the test strip were also similar to both label types but the linear range 
of magnetic measurement was significantly wider than in colloidal gold 
measurements. Also, the re-measurements after four weeks with paramagnetic 
particles resulted in practically the same as immediately after the test run. Based on 
the results presented in this study, the paramagnetic labels and the magnetic 
measurement device have the potential to challenge the quick test market with 
remarkable wide linear measurement range and competitive measurement speed. 
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TIIVISTELMÄ 
 
TAMPEREEN TEKNILLINEN YLIOPISTO  
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VIREKUNNAS, LAURA: Kolloidinen kulta ja Paramagneettinen leima risiiniä 
mittaavassa Lateral Flow testissä 
Diplomityö, 75 sivua 
Kesäkuu 2012 
Pääaine: Biomittaukset 
Tarkastajat: professori Jukka Lekkala, FT Tarmo Humppi 
Avainsanat: Lateral Flow testi, Vasta-aineperusteinen testi, Kolloidinen kulta, 
Paramagneettinen partikkeli, Risiini, Magnetic immunoassay unit -lukija 
 
Lateral flow assay on vasta-aineperusteinen, nopea, helppokäyttöinen, edullinen ja 
tarkka mittaussysteemi pienten ainemäärien havaitsemiseen. Aineet tunnistetaan 
vasta-aineen ja siihen kiinnitetyn leiman avulla, joka pystytään havainnoimaan 
tavalla tai toisella. Tässä tutkimuksessa tutkitaan kohtalaisen uutta leimaa, 
paramagneettista rautaoksidipartikkelia ja verrataan sen käyttäytymistä lateral flow 
testeissä paljon käytettyyn leimaan, kolloidiseen kultaan. Samalla analysoidaan myös 
paramagneettisten partikkeleiden määrää mittaavan laitteen, Magnetic Immunoassay 
Unit (MIAU) –lukijan (Magnasense Technologies, Suomi) toimivuutta. Testit 
valmistettiin risiinille, joka on Ricinus communis –kasvin siemeniin kertyvä erittäin 
myrkyllinen proteiini ja luokiteltu hyvän saatavuutensa ja myrkyllisyytensä vuoksi 
jopa mahdolliseksi bioterrorismiuhaksi. 

Työssä valmistettiin lateral flow –testitikkuja, joiden avulla mitattiin eri 
risiinikonsentraatioita sekä risiinikasvin siemenistä eristetystä risiinistä että puhtaasta 
risiinin A-ketjusta valmistetusta liuoksesta. Toteamisrajat olivat kummallakin 
leimatyypillä samansuuntaisia: paramagnettiselle partikkelille siemenistä eristetylle 
risiinille 56 ng/ml ja A-ketjulle 600 ng/ml ja kolloidiselle kullalle 31 ng/ml ja 480 
ng/ml. Suurta eroa ei myöskään havaittu mittausten herkkyydessä tai partikkelien 
näkyvyydessä testiliuskalta. Paramagneettisen leiman lineaarinen alue oli kuitenkin 
huomattavasti suurempi kuin kolloidisen kullan, ja uudelleen mittauksissa vielä 4 
viikon kuluttua testien ajamisesta paramagneettisten testiliuskojen mittaus tuotti 
käytännössä saman tuloksen kuin heti testiajojen jälkeen. Tutkimustulosten valossa 
sekä paramagneetisilla leimoilla että niiden lukijalaitteella on mahdollisuus tuoda 
pikatestimarkkinoille haastaja, jonka lineaarinen mittausalue on huomattavan laaja ja 
jonka mittausnopeus on erittäin kilpailukykyinen.  
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TERMS AND DEFINITIONS 
 

atm Atmospheric pressure, approximately 101325 Pa 

BSA Bovine serum albumin 

CCD Charge-coupled device, imaging system 

Detection limit  The smallest amount of substance which can be detected by the 
measurement device 

ELISA  Enzyme-linked immunosorbent assay 

IgG  Immunoglobulin G, antibody 

Immunoassay  Technique or test used to detect the presence or quantity of a 
substance based on its capacity to act as an antigen 

Label  The substance which is normally attached to an antibody and can 
be detected in lateral flow assay test 

Lateral Flow assay  Usually dipstick type of test intended to detect small quantities 
of substances in a solution 

MAR Magnetic assay reader, a product of Magnabiosciences 

MIAU reader  Magnetic immunoassay unit reader, a product of Magnasense 
Technologies 

PBS Phosphate buffered saline 

PCR Polymer chain reaction 

Point-of-care testing A type of test method, which can be used out of laboratory easily 
and affordably 

RCA Ricin agglutin, a protein which resembles ricin  

RTA Ricin A-chain 

RTB Ricin B-chain 

Sensitivity of the test The slope of the linear range, the smallest change in the 
measured value which can be distinguished from each other by 
the test 

SPR Surface Plasmon Resonance 

SQUID  Superconducting Quantum interference device 

w/v Weight per volume 
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1 INTRODUCTION 

In recent years, fast, easy to use, low cost and sensitive measurement systems for 
different purposes in point-of-care type of testing have been studied extensively. The 
applications may help medical doctors, police or customs officers as well as ordinary 
people to identify and measure small quantities of interesting substances. In addition to 
the measurement speed, price, the size and ease of use of the device as well as the 
appropriate measurement scale have received attention. Particularly the detection limit 
is usually compared even though the suitable and reliable measurement range is equally 
important. 

Of the many possible measurement methods, the lateral flow assay is interesting 
because of its simplicity and formability. It has been proven to work in many 
commercial products, but there are still new possibilities to exploit it. The variability of 
the lateral flow assay is based on the possibility to vary label molecules and detect 
different analytes. 

Colloidal gold is one of the most used labels in lateral flow assays. It is easy to 
prepare, it usually has small enough particle size and its red colour can be seen easily 
against the white background. The evaluation of the result can be made by visual 
assessment or by a suitable measurement device. Paramagnetic particles, in turn, are a 
relatively new invention as labels in lateral flow assays. It is commonly suggested that 
their measurement may result in better results than the old label techniques. However, 
despite growing interest in the use of paramagnetic particles, few researchers have 
studied their functioning in lateral flow assay. 

The functioning of the labels is important to evaluate with a real analyte because 
only then is it possible to observe their functioning in a real situation. The analyte used 
in this study is ricin toxin which is a protein concentrated on the seeds of the Ricinus 
communis plant. One seed contains one to five percent of ricin from its total weight [1] 
and it is classified as possible bioterrorism threat due to its toxic properties and 
availability [2]. Even though the need to measure this toxic molecule is connected to 
poisoning cases, the ricin has also been utilized in cancer treatment. As a test analyte the 
ricin is a good choice because the market for fast ricin tests is growing due to the fear of 
bioterrorism attacks, and at the moment there is a need for a new, reliable and 
economical test alternatives. 

The aim of the present study was to evaluate the properties of the new label type, 
paramagnetic particles, by comparing it to the much used label, colloidal gold. Because 
the measurement of paramagnetic particles is highly dependent on the measurement 
device, the performance of the Magnetic Immunoassay Unit (MIAU) reader from 
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Magnasense Technologies (Finland) was also evaluated. The tests were prepared to 
detect ricin and their functioning was tested with the ricin preparation from the seeds as 
well as the pure ricin A-chain solution. 

The remainder of the thesis is divided into nine chapters. Firstly, the background of 
ricin and immunoassays is presented in Chapter 2 and 3. Then in Chapter 4 different 
detection methods for ricin are discussed and parts of the lateral flow assay are 
described in Chapter 5. Chapter 6 presentes the colloidal gold and paramagnetic labels 
and in Chapter 7 the materials and methods used are described. Then the results are 
presented in Chapter 8 and Chapter 9 discusses them. In the last Chapter 10, the 
conclusions are presented. 
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2 RICIN 

Ricin is a highly toxic protein concentrated in the seeds of the Ricinus communis, also 
known as castor oil plant [3]. Castor oil plants are cultivated world wide to produce 
vegetable oil which can be used as medicine to treat skin disorders or as a part of 
cosmetic products such as shampoos and lipsticks. It is also used in the production of 
soaps, paints and plastic, for example. [4] 

2.1 Ricin as a Potential Biological Weapon 

The easy availability due to extensive cultivation, the toxic properties of a small 
quantity of ricin derived from castor beans, in addition to many internet sources 
describing extraction methods for ricin are the reasons for why it has been classified as 
a category B bioterrorism agent by USA Centers for Disease Control and Prevention [2] 
and it has been also noted in the EU as a potential threat [5]. Category B consists of 
bioterrorism agents which are moderate easy to disseminate, may cause moderate rates 
of illness and mortality, and require specific actions in order to ensure diagnostic 
capacity and disease monitoring [2]. 

The history of ricin as a biological weapon starts during World War I when the US 
military investigated its potential in military use. Even though they did not use it in 
battle, it has been used in small-scale killings like the assassination of Bulgarian 
defector Georgi Markov in 1978. [6] Later, ricin has inspired news when, in 2003, it 
was found in a hotel room in London [5]. Also, in 2011 the FBI arrested four men 
because they were planning to manufacture ricin and use it to attack officials [7]. 

Ricin is a very stable molecule once it has been extracted from castor oil beans. It 
can be in the form of powder, aerosol, solid pellet or liquid and it can be dissolved in 
water or weak acid. [6] Bushueva & Tonevitsky [8] also showed that ricin and its 
subunit A remain stable over the pH range of 3 to 8 while the structure of subunit B is 
modified at pH under 5. Additionally, different physical treatments for destroying ricin 
were tried by Anandan et al. [9]. Ricin is resistant to heating, only 50 % of the sample 
was detoxified after 30 minutes at 100° or 25 minutes at 120°. Soaking in water for 6 
hours resulted in around 85 % decrease in toxicity and when the time was prolonged to 
12 hours the toxicity was still the same. Similar effect was also accomplished by 
steaming for 60 minutes. Boiling in water for 30 or 60 minutes resulted in a 90 % 
decrease and the only physical method to detoxify ricin was to autoclave it for 60 
minutes in approximately 1 atm. The same effect was achieved chemically with lime at 
concentration of 40 g/kg. [9] 
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2.2 Ricin Toxin and Its Cytotoxic Effects 

The molecular weight of ricin toxin is around 64 kDa [10] and it comprises two chains, 
A (RTA) and B (RTB) which are attached to each other by a single disulphide bond 
[11]. The structure of a ricin molecule is shown in Figure 2.1. Chain A is around 32 kDa 
in its molecular weight [10] and it can inactivate ribosomes by cleaving an N-glycosidic 
bond of adenosine in a GAGA tetraloop of ribosomal 28S RNA [12, 13]. Due to the 
modification, the critical stem loop configuration cannot be formed and elongation 
factor 2 cannot bind with it, which results in the inhibition of protein synthesis [10]. 
Chain B, in turn, is a lectin of approximately 34 kDa [10] which can bind with cell 
surface by interacting with galactose-containing reseptors in the surface [14]. The 
interaction results in endocytosis which helps the RTA reach the cytosol [15]. The 
obvious difference in the total molecular weight and the sum of A and B chains can be 
explained by the fact that there are different ricin isoforms whose molecular weights 
vary [10]. 
 

 
Figure 2.1. The structure of a ricin molecule [16]. 
 

In addition to RTA protein production inhibition, there are a number of studies 
indicating other cellular effects induced by ricin. Kumar et al. [17] suggest that ricin 
produces oxidative stress in the liver and kidneys, and Sehgal et al. [18] showed that the 
level of oxidative stress has a connection with the cytotoxicity. Additionally, Hughes et 
al. [19] found clear evidence of ricin inducing apoptosis, and similar results are 
presented in the study of Sehgal et al. [18]. They both found DNA fragments typical to 



5 

apoptosis. Ricin is also suggested to have lipolytic activity which is connected to 
toxicity [20] and the studies of Parikh et al. [21] propose that ricin inhibits the unfolded 
protein response pathway which is one of the mechanisms responsible for destroying 
foreign proteins. 

2.2.1 Proteins in Ricin Extraction 

Ricin, which is extracted easily from castor oil beans, is practically never pure. The 
possible product contains variety of proteins from castor beans as in the case in 2003 
[3]. One of the proteins is ricin agglutin (RCA120) which is not as active as ricin [22] 
but very similar in structure. The agglutin has a structure of B-A-A-B [23] while ricin 
has an A-B structure. Additionally, the amino acid structures of the A and B chains in 
these molecules resemble each other to the extent of 93 % and 81 %, respectively [24]. 
The molecular weight of agglutin is approximately two times that of ricin, 120 kD [24]. 
Due to this extensive similarity, problems may develop if these two proteins need to be 
differentiated from each other [3]. RCA is not directly toxic to humans, but it can bind 
with red blood cells and cause agglutination and subsequent hemolysis [1]. 

In addition to RCA, a castor plant can produce different ricin isoforms depending on 
the type of beans and the plant variety from which ricin is extracted [25]. The isoforms 
may differ from each other in the degree of glycosylation or even in their amino acid 
sequence, such as ricin D and ricin E [10]. Sehgal et al. [10] studied three different ricin 
D isoforms extracted from the castor seeds, and showed that one of the isoforms is most 
cytotoxic due to its hemagglutination properties. They also found that antibodies against 
that most cytotoxic isoform cannot detect other forms and concluded that antibodies 
generated against the other two isoforms are probably the best option for immunoassay 
detection of ricin, when no isoform selectivity is required. 

2.2.2 Toxicity in Humans 

Ricin is a toxoalbumin that can cause irritation and inflammation even if there is only a 
casual dermal contact [6]. Its exact lethal dose in humans is not unambiguous but it is 
known that it is not absorbed as easily from the gastrointestinal track as if inhaled or 
injected [1, 6]. The estimates vary between 30 mg/kg [1] and 1 µg/kg [6]. However, one 
ricin molecule can inactivate 1400 ribosomes per minute [26], from which it can be 
concluded that even a very small amount of ricin can cause severe symptoms of 
poisoning. 

The symptoms of intoxication in humans are acute gastroenteritis, fluid and 
electrolyte depletion, gastrointestinal bleeding, hemolysis and hypoglycemia [27]. 
Because ricin is very rarely in a pure form the exposure usually happens with castor 
beans or with some impure ricin extraction from the beans. It has been estimated that 
castor beans contain 1 % to 5 % of ricin [1] and in seeds the ricin and RCA 
concentration vary from 0.10 to 5.60 mg per gram of seed [28]. However, the degree of 
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the intoxication depends very much on the release of the toxin. For example, if the 
beans are not chewed it is unlikely to result in any severe consequences [6]. Poisoning 
cannot be treated, but supportive care, treatment based on symptoms and continuous 
monitoring of vital organs are important [1]. 
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3 PRINCIPLES OF IMMUNOASSAYS  

Immunoassay is defined as a technique or test used to detect the presence or quantity of 
a substance based on its capacity act as an antigen [29]. Usually the antigen is 
recognized with antibodies. However, there are numerous variations of immunoassays 
and they can be classified for example based on the format or the used label. 

3.1 Antibody and Antigen 

Antibodies, also called immunoglubulins, are proteins which are part of the humoral, 
adaptive immune system. They can be found in the blood and other bodily fluids in 
vertebrates after exposure to some foreign substances, antigens. The most used antibody 
class in immunoassays is immunoglobulin G (IgG) which consists of two identical 
heavy chains and two identical light chains together approximately 150 kDa. The heavy 
and light chains are connected to each other by disulfide bridges. It also has two antigen 
binding sites at the end of the arms of the y-shaped molecule. [30] An antibody structure 
is presented in Figure 3.1. 
 

 
Figure 3.1. Antibody has two heavy chains and light chains which are connected to 
each other by disulfide bridges. The antigen binding sites are formed between the light 
and the heavy chain in the Fab parts. 
 

A basic property of antibodies is that they can recognize specific substances 
efficiently with the antigen binding sites and that is the reason why they are applied in 
many recognition systems. If the binding site is modified, so does the target substance. 
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3.2 Commonly used Labels in Immunoassays 

The label can be a molecule, compound, ion or other substance and in some 
immunoassay application labels are not needed at all. [30] The most commonly used 
label groups are presented next, but it has to be noted that new labels are studied 
extensively all the time and all of them may not fit in this classification. 

The history of immunoassays started with the radioimmunoassay where radioactive 
isotopes, such as 125I, were used to detect antigens [31]. The radioactive substances can 
be detected with solid scintillation counting [30]. Another label possibility is an 
enzyme. Alkaline phosphatase, for instance, is the enzyme which produces a color 
change when its substrate p-nitrophenyl-phosphate is added to the solution [31]. 
Depending on the chemistry of the test the enzyme activity can be detected by 
colorimetric, electrochemical or luminometric measurement. The colour change can 
also be detected by visual assessment. [30] 

Fluorescent labels are fluorescent emitting particles, fluorophores, which emits 
fluorescent light after excitation at certain wavelengths [31]. In addition to basic 
fluorimetric measurement, polarimetric-fluorimetric, fluorescence flow cytometric and 
time-resolved fluorimetric measurements can be applied [30]. Chemiluminescent labels, 
such as isoluminol derivates, also emit light. However, instead of excitation by light 
they need energy from chemical reaction, such as oxidation, to produce light [31].  

Label can also be a ligand, such as oligonucleotide, which is detected by its 
amplification by polymerase chain reaction (PCR). Additionally, biotin derivates can be 
used. They are detected by an avidin-enzyme complex where avidin attaches to the 
biotin, and the enzyme produces a response similar to enzyme label. [30] 

Microparticles can also be labels. In addition to the colloidal gold and paramagnetic 
particles used in this study, latex particles or coloured latex particles are widely used. 
They are usually detected by visual assessment or particle counting [30]. 

3.3 Immunoassay Formats 

Heterogenous assays are formats which require multiple steps, such as sequential 
addition of reagents and washing steps between reagent additions. In homogenous 
assay, in turn, everything happens in one vessel. [31] These assay types are not 
dependent on the label type and same label may have homogenous and heterogenous 
assay procedures. 

Immunoassay formats can also be classified as label free assays, reagent-excess 
assays, reagent-limited assays and ambient analyte assays. Label free assays include 
hemagglutination and latex agglutionation assays. They are based on the accumulation 
of antibody-antigen complexes. If the cells in hemagglutination assay or the latex 
particles in latex agglutionation assay are coated with antibodies or antigens, the 
accumulation of antibody-antigen complexes can be detected if the concentrations are 
sufficient. The accumulation indicates that antibody and antigen are present in a 
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solution. In addition to visual evaluation, the accumulation can be detected by light 
scattering. The group of label free assays will also contain immunosensors, which 
measure the antibody-antigen complexes directly, for example with evanescent wave on 
the sensor surface. [30] 

The second group, reagent-excess assays, comprises one-site and two-site assays, 
which both use an excess concentration of labeled antibody or antigen to detect wanted 
substance. Due to the surplus of the labelled antibody or antigen, the washing steps are 
very important. One-site assay has an excess of labeled antigen or antibody detecting 
the other. For example, the antigen can be attached to some matrix and antibody-label 
complex is used to identify the antigen from the matrix. [30] This is also referred to as 
direct immunoassay. Two-site assay, in turn, is also known as sandwich assay [30] and 
non-competitive assay. There two antibodies attach to the antigen at different sites or 
two antigens attach to the antibody [30]. 

The typical reagent-limited assay is also called competitive, separation-free, 
homogenous or indirect assay. In this method the measured immune complexes do not 
contain analyte and the result is inversely proportional to the real analyte concentration. 
The last group, ambient analyte assay is used when the capture molecule concentration 
is so low that the concentration of analyte does not change even though the antibodies 
are bound with the analyte. This kind of situation can happen in microarray-based 
multianalyte systems. [30] 

A comprehensive comparison between all formats has not been published but for 
example Rubina et al. [32] compared direct immunoassay, sandwich assay and 
competitive assay with hydrogel-based protein microchip detecting ricin. The best 
detection limit was obtained by sandwich assay. They also concluded that it is the most 
promising method due to its detection limit and simplicity to use. However, depending 
on the application different properties may be more important than in other applications. 

3.4 Immunoassay Formats in Lateral Flow Assay 

Reagent-excess assays and reagent-limited immunoassay methods are applied also in 
lateral flow assay. However, this specific application modifies the basic procedures due 
to the fact that antibodies are always attached to the surface. It is also usually a one step 
procedure from the user point of view because the chemistry is happening inside the test 
and the excess reagents are either producing a background signal or have drifted to the 
end of the membrane. If the background signal needs to be reduced, the washing is 
simple, because the antibody-antigen complex is bound to the surface and does not 
detach. Labels are also essential to the functioning and their properties determine how 
the test can be read. The general procedures applied in lateral flow assay are presented 
in Figure 3.2. 
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Figure 3.2. Common immunoassay procedures in lateral flow assay: a) Direct 
immunoassay, b) competitive immunoassay, c) sandwich immunoassay. 
 

Direct immunoassay is a method where the label is added to the solution of the 
antigen. The labeled antigen binds with the antibody which is immobilized on the 
surface. After washing the excess label away the bound labels can be detected. 

Another method is competitive assay. In this system the known amount of antigen is 
labeled in advance and added to another solution of the same antigens which 
concentration is wanted to measure. When this solution is then incubated with the 
surface antibodies, labeled and unlabeled antigens will compete for the binding sites and 
attach with same ratio as they are present in the solution. The amount of labeled 
antigens can be then determined and the concentration of unlabeled antibodies can be 
calculated. 

The third approach is sandwich assay. This method comprises of two antibodies 
which both can bind with antigen. The first antibody is attached to the surface and it 
captures the antigen whose concentration is to be measured. After incubation with the 
antigen solution the second antibody is added. This procedure differs from the others 
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because this time the second antibody is labeled instead of the antigen. The name of the 
procedure is due to the antibody-antigen-antibody –complex formed in the last step. The 
label in the second antibody can be then measured and it directly represents the amount 
of antigen. 

In studies of detecting ricin the most common assay type seems to be the sandwich 
assay [33-39]. A disadvantage of the direct assay is that antigens are usually small 
molecules compared to the label molecules and labeling may decrease the binding 
properties with the antibody. Additionally, this procedure requires experience in order 
to attain good attachment between antigen and label molecule. Competitive and 
sandwich assay, in turn, can be prepared before the measurement. Only the sample 
solution needs to be added. 
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4 DETECTION METHODS FOR RICIN 

In the course of years numerous different methods have been developed to detect ricin. 
However, many of the methods are time consuming or they contain complex pre-
treatments [40]. The goal of the measurement systems is to detect ricin accurately with 
good specificity and as quickly as possible. Additionally, the system has to be easy to 
use also in field circumstances where the possible exposure may happen. To meet these 
requirements, many different approaches are presented. 

Different methods can be divided based on their ricin detection method. Antibodies 
as detecting substances are mostly applied but other possibilities have also been tried. 
The signaling label can vary from radioactive particles to duplicative DNA sequences. 
Many different types of detection methods have also been studied. The different 
methods presented next are also shown in Table 4.1. 

4.1 Methods Based on Antibody-Antigen Binding 

The first detecting method for ricin in low concentrations was radioimmunoassay, 
which applied radioactive 125I as a label [40]. Because of health issues, this method is 
not used anymore and other labels have been developed. Enzyme-linked 
immunosorbent assay (ELISA) uses enzymes to produce a signal. The signal can be, for 
example, a color change. With this kind of colorimetric ELISA the detection limit has 
been defined as 5-40 ng/ml [40]. However, the detection limit is highly dependent on 
antibodies, chemistry and the measurement buffer used, and with enhancement and 
optimization the detection limit can be decreased. Poli et al. [34] measured the enhanced 
detection limit at 100 pg/ml and Guglielmo-Viret & Thullier [33] detected 400 pg/ml of 
RTB in colorimetric measurement. Poli et al. [34] also tested a chemi-luminescence 
approach in ELISA and concluded 0.1–1 ng/ml as the range of quantification while 
Guglielmo-Viret & Thullier [33] tested electrochemiluminescence assay, where 
enzymes were replaced by Rutheniumtris-bipyridine complexes, which produce light 
when potential is applied to them. Their study resulted in 50 pg/ml as the detection 
limit. Even though the detection limits of these methods are relatively low compared to 
lethal doses, they are not very fast methods. For example, Guglielmo-Viret & Thullier 
[33] defined the time of the whole process as 2.5 hours in electrochemiluminescence 
assay and even longer for the normal ELISA. 

Sandwich ELISA has also been applied in amperometric measurement. Suresh et al. 
[35] tested two types of electrodes, a graphite paste electrode (CPE) and a multiwalled 
carbon nanotubes paste electrode (CNE). The detection antibodies were attached to the 
part of the electrode which was immersed in the test solution. The detection limit for 
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CPE was defined as 1.7 ng/ml and for CNE as 562 pg/ml and the measurement time was 
30 minutes. They also suggested that this method can be applied to a hand-held 
potentiostat in field testing. 

Even though many methods use enzymes as labels, other molecules are also 
frequently used. Fluorescence emitting molecules are one of them and they were 
utilized by Rubina et al. [32]. They built a sandwich assay where antibodies were 
immobilized in gel-microchips. In this case, the detection limit was as small as 0.1 
ng/ml. Dill et al. [36], in turn, utilized sandwich assay and electricity in microelectrode 
array. Their system is based on a CMOS chip, which contains 1000 electrodes per 
square centimeter. Electrodes are covered with antibodies and the label used in the 
second antibody is biotin-streptavidin-horseradish peroxidase (HRP) –complex. HRP is 
responsible for metabolizing substrate to product and electrons are measured with the 
electrodes. The detection limit for ricin was defined as 300 pg/ml and the response was 
dependent on incubation time as well as toxin concentration. The shortest time tried in 
that test was 12 minutes. 

The lateral flow assays studied in this research are also based on sandwich assay. 
They are presented later in detail, but earlier studies with immunochromatographic 
assays using colloidal gold as the signal agent have defined the detection limit as 50 
ng/ml and with the use of silver enhancement the limit is measured as 100 pg/ml [37]. 

In addition to the previous methods, sandwich assay is also applied in 
magnetoelastic sensor, which can detect the mass change [38]. Mass load is increased 
by precipitation of alkaline phosphatase which is bound with the second antibody. The 
detection limit is detected as 5 ng/ml. This system was disposable and cheap but 30 
minutes measurement time is still rather long. The detection of ricin has also been tried 
with liquid crystals combined with the antibodies but the detection limit was only 10 
µg/ml [41]. 

However, in the search of faster and simpler methods other approaches to detect 
ricin-antibody -complex have been studied. One of the methods is surface plasmon 
resonance (SPR), which has been studied due to its accuracy. Tran et al. [42] defined the 
detection limit as 0.5 ng/ml with optimized antibody. The measurement time was 15 
minutes but the measurement device was not portable. Feltis et al. [43] invented a hand-
held SPR device, and its detection limit was 200 ng/ml with a measurement time of 10 
minutes. Moreover, the device is small, light and relatively easy to use. One drawback is 
that the verification of the successful ricin binding needs extra steps and extra 
equipment. Another method which utilizes evanescent field similar to SPR is fiber 
optic-based sensor by Narang et al. [39]. In their system the detection limit is 100 pg/ml 
in PBS and 1 ng/ml in river water. 
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Table 4.1. Comparison of different ricin detection methods. MC= monoclonal, PC= 
polyclonal, AP = alkaline phosphatase, HRP= horseradish peroxidase. 

  Assay type 

Signal 
generator/ 
detectable 
substance 

Antigen 
Type of 
antibody 

Detection 
limit 

Linear 
range 

Measurement 
time 

Quartz crystal 
microbalance [44]  

Direct-
immunoassay 

Frequency 
change 

RTB   
antibodies  
25 μg/mL 

  5 min 

Liquid crystal 
immunosensor [41] 

Direct-
immunoassay 

Liquid crystal 
movement 

ricin PC anti-ricin 
10 µg/ml, 
approx. 0.01 
µg 

  
probably 
more than 2 h 

Quartz crystal 
microbalance [44]  

Glycosphingo-
lipids-antigen 
binding 

Frequency 
change 

RTB   5 μg/mL 
to 100 
μg/mL 

5 min 

Colloidal gold 
suspensio [45] 

Sugar-antigen 
binding 

CoAu with 
color change 

ricin 

+synthetic 
analogues of  
β-lactosyl- and 
β-d-galactosyl 
ceramides 

3.3 µg /mL / 
1.7 µg /mL 

  
in 10 min / 
in 30 min 

Hand-held surface 
plasmon resonance 
[43] 

Direct-
immunoassay 

Antigen-
antibody 
binding 

ricin Anti-ricin 200 ng/ml   10 min 

Lateral flow assay 
[37] 

Sandwich-
immunoassay 

CoAu 
ricin 
preparation 

1: MC anti-RTB 
2: MC anti-ricin 

50 ng/ml   
probably 
approx.  
10 min 

ELISA [40]         5-40 ng/ml     

Polymerace chain 
reaction assay [46] 

  
RNA 
sequence of 
28S ribosome 

RCA II   

approx.  
7 ng/ml, 
30 pg 
 

  
approx. more 
than 2 h 

Magnetoelastic 
sensor [38] 

Sandwich-
immunoassay 

AP 
precipitation  

RCA II 
1: anti-RCA I&II 
2: Rabbit anti-
RCA 

5 ng/ml 

10 
ng/ml 
to 100 
µg/ml 

2 h 

Fluorescence gel-
microchip [32] 

Competitive-
immunoassay 

Cy3 
fluorescence 
dye 

ricin 
MC to ricin 
1RK2-Cy3 

4 ng/ml   approx. 3 h 

Amperometric 
measurement: 
graphite paste 
electrode (CPE) [35] 

Sandwich 
ELISA 

AP ricin 
1: Rat anti-ricin  
2: Rabbit anti-
ricin 

1.7 ng/ml 
2.5–25 
ng/ml 

30 min 
(15+15) 

Fiber optic based 
sensor [39] 

Sandwich-
immunoassay 

fluorophore 
Cy5 

ricin 
1: goat anti-
RCA I and II  
2: MC anti-ricin 

100 pg/ml 

100 
pg/ml 
to 250 
ng/mg 

20 min 

Amperometric 
measurement: 
carbon nanotubes 
paste electrode 
(CNE) [35] 

Sandwich 
ELISA 

AP ricin 
1: Rat anti-ricin  
2: Rabbit anti-
ricin 

562 pg/ml 
0.625–
25 
ng/ml 
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  Assay type 

Signal 
generator/ 
detectable 
substance 

Antigen 
Type of 
antibody 

Detection 
limit 

Linear 
range 

Measurement 
time 

Surface Plasmon 
resonance [42] 

Direct-
immunoassay 

Antigen-
antibody 
binding 

ricin MC 0.5 ng/ml 

0-750 
ng/ml (75 
ng ricin 
load in 
system) 

15 min 

ELISA [33] 
Sandwich 
ELISA 

AP RTB 
1: MC  
2: PC 

400 pg/ml   7 h 

Microelectrode array 
[36] 

Sandwich 
ELISA 

HRP ricin 
Rabbit PC anti-
RCA 

300 pg/ml   

Detection 
limit is 
dependent 
from the 
incubation 
time 

Fluorescence gel-
microchip [32] 

Direct-
immunoassay 

Cy3 
fluorescence 
dye 

ricin 
MC to ricin 
Rch1 

0.2 ng/ml 1–60 ng/ml 
More than  
12 h 

Fluorescence gel-
microchip [32] 

Sandwich-
immunoassay 

Cy3 
fluorescence 
dye 

ricin 
1: to Rch1 
2: to 1RK1-Cy3 

0.1 ng/ml   
More than  
12 h 

ELISA enhanced [34] 
Sandwich 
ELISA 

AP ricin goat PC 100 pg/ml 
100 
pg/well-10 
ng/ml 

  

Lateral flow assay [37] 
Sandwich-
immunoassay 

Silver 
enhanced 
CoAu 

ricin 
preparation 

1: MC anti-RTB  
2: MC anti-ricin 

100 pg/ml   
probably 
approx.  
15 min 

ELISA, chemi-
luminence [34] 

Sandwich 
ELISA 

  ricin goat PC   
0.1–1 
ng/ml 

  

Electrochemiluminence 
assay [33] 

Sandwich 
ELISA 

Rutheniumtris- 
bipyridine 
complexes 

RTB 
1: MC  
2: PC 

50 pg/ml   2.5 h 

Surface Plasmon 
resonance [45] 

Sugar-
antigen 
binding 

Sugar-antigen 
binding 

ricin 

+synthetic 
analogues of β-
lactosyl- and β-
d-galactosyl 
ceramides 

10 pg/mL   5 min 

Immuno-polymerace 
chain reaction [47] 

Sandwich-
immunoassay 

specific DNA-
chain 

ricin 

1: mouse MC 
anti-ricin 
2: PC rabbit 
antiserum 
3: goat anti-
rabbit IgG 
conjugated 
with biotin 

10 fg/ml   9-11 h 

+: These are not antibodies, but they function as capture reagents in lateral flow assay. 
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4.2 Other Measurement Methods 

Ricin can also be detected with other methods than traditional antibody capturing. One 
of the most accurate methods is mass spectrometry, but its device is too large, expensive 
and complex in field measurements. Another approach is to detect specific DNA by 
multiplying it with polymerase chain reaction (PCR). Lubelli et al. [47] combined 
sandwich assay to PCR and invented the system where the first antibody attaches to the 
toxin, the second antibody binds with the other surface of the ricin and the third 
antibody labeled with biotin attaches to the second antibody. Additionally, streptavidin-
biotin labeled specific DNA chain was attached to the biotin in the third antibody. Then 
the specific DNA was multiplied in PCR. The detection limit was as small as 10 fg/ml 
but the test took as much as 9 to 11 hours. Melchior & Tolleson [46] have also 
developed a system based on PCR, but their idea is to detect the RNA sequence of 28S 
ribosome, which is altered by ricin. This approach allows measuring the active ricin. 
The detection limit for this system was approximated as 7 ng/ml. However, the 
procedure is too complex in field conditions due to the necessary incubation with 28S 
rRNA and the measurement time is too long for the same reason. 

Ricin can also bind with molecules other than antibodies. The fact that ricin can 
bind with sugars inspired Uzawa et al. [45] to try sugars as a probe in biosensors. They 
coated gold nanoparticles with sugars and defined the detection limit as 3.3 µg/ml after 
10 minutes measurement and 1.7 µg/ml after 30 minutes measurement. They also tried 
similar sugar probes in SPR measurement and the results were very good: detection 
limit of 10 pg/ml in 5 minutes. Stine et al. [44], in turn, tested the affinity of ricin to 
glycosphingolipids and measured the ricin concentration in quartz crystal microbalance 
sensors. The detection limit was 5 µg/ml with glycosphingolipids and 25 µg/ml with 
antibodies. The area of new binding molecules is under investigation. For example, 
RCA binding unnatural galactosides were synthesized lately [48]. 
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5 LATERAL FLOW ASSAY 

Lateral flow assay is traditionally an immunochromatographic method which is utilized 
in detection of different substances. The advantages of lateral flow assays are that they 
are easy to use, low-cost and rapid diagnostic tools. Due to these properties these types 
of assays are of interest. Products based on lateral flow are already on the market but 
due to their potential in many different fields their development continues. 

5.1 Basic Principle 

The basic lateral flow assay consists of six different parts. First, the sample is added to 
the sample pad from which it continues to the conjugate pad (2), where depending on 
the assay type the labeled antibody or antigen is immobilized. Then the solution is 
moving in the membrane (3) by capillary forces. When the solution reaches the test line 
(4), the antibodies there attach to antigens. Usually after the test line there is also a 
control line (5), where excess antibodies can bind with other antibodies. The function of 
this site is to control that the test and the capillary flow is functional. In the opposite end 
of the strip when compared to the sample pad is the sixth part, the absorbent pad which 
absorbs excess liquid. The principle and construction of lateral flow assay is presented 
in Figure 5.1. 

Even though the principle of this assay is straightforward, the properties of the parts 
are of high importance. Nevertheless, the specificity of antibody to antigen determines 
whether the test is functional at all. If the antibodies also attach easily to other than the 
wanted antigen, the assay is not good even though the other parts have been optimized. 
On the other hand, the properties of the parts can also cause some major errors in the 
test even when the antibodies are highly specific to antigen. 
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Figure 5.1. The principle of lateral flow strip presented with sandwich assay. Sample 
solution is added to sample pad. Antigen attaches to antibodies in conjugate pad and 
the complex formed attach to test line antibodies. The excess labeled antibodies bind 
with antibodies in control line. 

5.2 Properties of Antibodies 

In biosensor applications, basically three types of antibodies can be used: monoclonal, 
polyclonal and recombinant antibodies [49]. The division is based on how they are 
produced. Polyclonal antibodies are isolated from the whole serum after immunization 
and they can recognize many different epitopes of the antigen. Monoclonal antibodies, 
in turn, are produced only by one hybridoma cell. They recognize always the  same 
epitope of the antigen and they are  exact copies of each other. Recombinant antibodies 
may not be whole antibodies but they have the essential Fab-parts. They are produced 
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through recombinant DNA technique, where the DNA, coding the wanted parts of the 
antibody, is introduced to bacteria which then produce those parts. Antibodies or Fabs 
are then extracted from the bacteria. [49] 

In order to use antibodies in lateral flow assay they have to be purified properly. 
Monoclonal antibodies serve the best because then two antibodies detecting antigen 
from different angles can be used in conjugate and capturing. The consistency of the 
antibody solution is important, as well as the stability of antibodies after the membrane 
is dried. [50] 

5.3 Membrane Properties 

After the antibodies, the membrane is the most critical part of the lateral flow assay. It 
has to be able to meet many requirements, such as immobilize molecules firmly, allow 
short and long term storage and let the solution phase interact with the immobilized 
phase without affecting the chemistry. The materials which are studied contain 
cellulose, cellulose acetate, polyether sulfone and nylon, but nitrocellulose is used the 
most. All these materials have thickness of approximately 100 μm and average pore size 
ranging from 0.05 to 10 μm in diameter and they can attach molecules at least on some 
level. However, nitrocellulose has established its place over the others due to its higher 
capacity to immobilize antibodies over other cellulose-based membranes. It is also 
easier to block than nylon membranes. [51] 

The history of nitrocellulose as a binding membrane started in the 1960s. Since then 
nitrocellulose has been widely used in many applications from blotting to protein arrays 
and immunoassays. In blotting procedures, it has been used after gel electrophoresis to 
transfer molecules out of the gel to membrane by capillary- or electro-transfer [51]. In 
protein array systems nitrocellulose is accepted as a binding surface, for instance, when 
titrating antibodies [52] or screening multiple patient samples simultaneously for 
specific diagnostic markers [53]. Nitrocellulose as a substance is also used in 
explosives. Even though the membrane contains only 12 % nitrogen by weight, it is 
highly flammable, which has to be noted during its handling [50]. 

Nitrocellulose is derived from cellulose by substituting hydroxyl moieties on each 
sugar unit by nitrate groups. The thin film is formed when dry nitrocellulose is 
dissolved in organic solvents and solvents are evaporated away. The pores are formed if 
non-solvent such as water is added to the solution containing organic solvents. The 
resulting nitrocellulose film has a three-dimensional and hydrophobic structure. When 
considering the use of nitrocellulose in lateral flow assays, it has a few favourable 
properties. Firstly, its porosity and pore size can be easily controlled during 
manufacturing, and secondly, proteins can be immobilized easily in its surface. [51] 

In lateral flow assays the membrane has important functions. It serves as stable 
binding surface to capture antibodies on the test and control lines but also controls the 
diffusive and capillary flow of the mobile phase. Membranes are usually defined 
through parameters such as pore size, capillary flow rate, porosity and thickness. Pore 
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size is the measure of how large hard particles can flow through the membrane. 
However, pore size distribution determines more accurately how large particle can flow 
in the membrane without clogging it. [50] 

Due to the fact that pore size is quite difficult to measure reliably, capillary flow rate 
is the measure that is used more often. It is not constant because it decreases 
exponentially as the liquid moves further from the origin but the capillary flow time is 
inversely related to the capillary flow rate and easy to measure. It is defined as the time 
required for liquid to move along and completely fill a membrane of defined length, and 
the unit of measure is seconds per centimeter. Even though the flow rate is an important 
characteristic when optimizing the time required for a test, too high a flow rate also 
decreases sensitivity. The capture antibodies are more likely to bind with antigens in the 
mobile phase if they pass them slowly. Due to the significant decrease in the flow rate 
over distance, the location of the test line is an important factor when optimizing the 
test. [50] 

Porosity expresses how much air is inside the membrane. Along with the thickness 
of the membrane and the structural characteristics of the used polymer, porosity 
influences the surface area available for protein binding. The more binding sites the 
polymer has inside, the more easily immobilized proteins find suitable places to attach. 
[50] Pore size also has an effect on the binding of the proteins. As pore size decreases, 
the membrane surface area increases and more proteins can attach to the membrane 
[54]. However, if the pores are too small, the molecules do not fit in it anymore. 

The proteins can be attached to the membrane by drying in room temperature. 
However, the exact mechanism behind the attachment is not fully understood. [51] The 
possible forces vary from hydrophobic interaction and hydrogen bonding to covalent 
and electrostatic interactions [54] and studies suggest that the binding is through non-
covalent, hydrophobic interactions [55]. 

The hydrophobic nature of nitrocellulose may cause a problem when the antibody-
coated label molecules are flowing through it. Those antibodies can attach to the 
membrane similarly to test line antibodies. To prevent this unspecific binding the 
membrane has to be blocked. The commonly used reagents are bovine serum albumin 
(BSA) with some surfactants such as polyvinylpyrrolidone (PVP), Tween or Triton. [50, 
54] Manufactures may also add some detergents to the membrane structure during 
manufacturing to ensure even wetting [50]. 

The membrane structure is important to the functioning of the membrane. It defines 
in which direction the flow can proceed. In the assay the most important direction is 
lateral orientation but usually the sample is applied in the membrane from vertical 
direction. [54] Nitrocellulose structure is quite brittle and the surface is scratched easily. 
The membrane is also irreversibly compressive. These aspects affect the continuity of 
membrane and complicate the handling of the membrane. Usually, backing with 
nonporous films enhances the handling properties. [50] 

The handling of the membrane also depends on the thickness of the membrane and 
the 100 μm is practically the lower limit of the unbaked membrane which can be 



21 

processed. Thickness is also one parameter for defining how much liquid the membrane 
can absorb. Particularly, the volume after the test line determines how many labeled 
molecules reach the detecting antibodies. Additionally, the width of the test and control 
lines is partly controlled by the membrane thickness. If the membrane is very thin, the 
same amount of solution spreads over a wider area because the distance of vertical flow 
is shorter and then the liquid starts to flow laterally. Moreover, thickness also influences 
the visibility of the test and control lines. The more antibodies attach to molecules in the 
surface of the membrane, the better the line seems to be. [50] Only the first 10 μm from 
the surface are visible to the eye [56]. If most of the antibodies are attached inside the 
membrane rather than on the surface, most of the labeled, bind molecules are hidden 
from visual inspection. 

5.4 Test Line 

In addition to the specificity of antibodies, other properties of the test line influence the 
quality of the test. In many cases the result from the stick can be read with the naked 
eye and then the line has to be sharp and clear. If the line is unclear the result is unclear. 
In order to achieve a readable line some factors need to be recognized. If the test uses a 
control line, the same aspects are also valid for it. 

Firstly, in test line amount of protein bound to the membrane has to be high enough. 
Otherwise the line is weak and the sensitivity is reduced. However, if too much protein 
is applied, the membrane binding sites can be saturated and the line spreads. [57] The 
saturation limit for immunoglobulin G (IgG), the most frequently used antibody, is 
approximately 5 mg/ml [50]. Secondly, the procedure to apply the antibodies to the 
membrane has to be optimized. Otherwise the amount of protein cannot be controlled. 
[57] 

Thirdly, the binding of capture antibodies to the membrane has to be strong enough 
to keep the antibodies attached even though the flow is applied. If the attachment is 
insufficient the antibodies will unbound which results in a weak and diffusive capture 
line. The weak line may also be a result of diffusion of capture antibody solution when 
applied in the membrane. The fast lateral flow rate can also enhance the diffusion. [57] 
However, the liquid spreads faster than proteins due to the fact that proteins usually 
attach eagerly with membrane and migration happens only if the membrane is already 
saturated or proteins are chemically masked. Even though the capillary flow rate will 
affect the spreading, a more critical factor is the contact angle between the liquid stream 
and the membrane surface. Also, if the solution is too viscous, it will penetrate to the 
membrane too slowly and then evaporation can influence the protein attachment and 
result in varying line quality. [50] 

The binding properties can be also enhanced by the right humidity and optimal 
application buffer. The proteins should be soluble in the buffer and ionic strength, 
acidity and co-precipitating agents should help the protein be in an energy state which 
enhances the binding with the membrane. [54] Even though the binding rate should be 



22 

fast enough to prevent the diffusion, too rapid binding can cause a too thin test line. 
Also, if the area being covered with capture antibodies is too small, the result is the 
same. [57] In low humidity the membrane collects a static charge which attracts dirt and 
dust easily. However, water is electronegative and this can cause repulsive forces which 
diminish the protein binding. [50] 

Moreover, the capture line should be rewetted evenly when the sample medium is 
flowing. The antibody lines can be, for example, more hydrophobic than surrounding 
membrane which causes the solution to find more favorable routes. As a result the 
antigen may not even run through the capture antibodies. In order to prevent this kind of 
malfunctioning, the membrane should be dried evenly and blocked carefully. 
Sometimes the problem is in inconsistent membrane structure produced during 
manufacture and the membrane has to be changed. [57] 

5.5 Sample Pad and Conjugate Pad 

The function of a sample pad is to ensure even distribution of the sample solution to the 
conjugate pad. It can also be designed to prevent flooding by controlling the rate at 
which liquid enters the conjugate pad. A sample pad can be made of woven meshes or 
cellulose filter and in it can be processed to contain components which can increase the 
viscosity of the sample, help the sample to combine with antibodies, to solubilise the 
detector reagent [50] or standardize the acidity of the sample (Mika Saramäki, personal 
communication, May 2, 2012). Blocking agents can also be put in the sample pad [50]. 

A conjugate pad is usually made of non-woven filters such as glass fibres. They 
have low non-specific binding, consistent flow characteristics and bed volume. Because 
the detector reagents, such as label-antibody complexes, are placed and dried on the 
conjugate pad, the reagents have to be able to lift off from it, also. Moreover, the 
conjugate pad has an important role in leading the solution to the membrane and it 
cannot contain any extra free particles which may block the membrane capillaries. [50] 

5.6 Absorbent Pad 

The function of an absorbent pad is to increase the total volume of the sample which 
passes through the test line. If an absorbent pad is not used, the dimension of the 
membrane affects the sensitivity of the test. Then the area after the test line determines 
how large a part of the sample reaches the capture antibodies. Basically, the absorbent 
pad increases the volume by as much as the pad can absorb liquid. This also makes it 
possible to wash unbound detector particles away from the test and control lines which 
decreases the background and the detection limit. [50] 

The material of the absorbent pad is not as critical as in other parts of the test but it 
has to absorb liquid efficiently. For example, cellulose filters can be used. In some 
applications end-of-assay indicators are used but their use is not possible if an absorbent 
pad is used. Also, the complexity of the test structure and cost will increase, the more 
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parts the test includes. [50] However, when measuring small amounts of antigens the 
absorbent pad enhances the capability test significantly. 

5.7 Other Important Properties 

In order to produce valid lateral flow tests, additional properties has to be noticed. The 
material and composition of adhesives, possible effects of lamination as well as the 
procedure of cutting the membrane in suitable pieces influences to the functioning of 
the test. Adhesives are used to keep plastic backing in place. They are also needed in 
lamination. The composition of glue may influence the chemistry of the test and it has 
to be selected carefully. [50] 

In addition to adhesives used in lamination, the plastic coating has an impact on 
how the test strip will dry and how the liquid moves in the membrane during the drying. 
(Mika Laitinen, personal communication, December 20, 2011.) The coating secures 
continuous flow between sample pad, conjugate pad and membrane. Cutting the test trip 
membrane may also be a problem due to the fact that the membrane is very weak 
compared to the plastic backing. [50] The membrane may also compress during the 
cutting and as a result, labels and conjugates may be blocked in places not intended. 
(Mika Laitinen, personal communication, December 20, 2011.) 
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6 LABELS IN LATERAL FLOW ASSAY 

Labels are the essential part of the test, because the attachment of the antibody and 
antigen is difficult to visualize without them. Colloidal gold is the most used label in 
lateral flow assays [58] but coloured latex particles [59] and other coloured particles 
such as carbon [60] and selenium [61] are also used. Fluorescence [62] and 
chemiluminescence emitting dyes [63] along with the enzyme labels [64] are also 
tested. The use of paramagnetic particles [56, 65] is a relatively new invention. Even 
though the label molecules are different from their molecular properties they all have to 
be able to attach to the wanted antigen or antibody in order to produce some detectable 
signal correlating with antigen concentration. The conjugated labels also have to be 
stable in the test conditions. 

Lateral flow as an assay type requires some extra properties from the label. The 
label has to remain stable in varying moisture conditions as well as in close proximity to 
membrane molecules. It also has to be small enough to fit to flow in the membrane 
structure. Because lateral flow tests need to be rapid and inexpensive diagnostic tools 
the label has to be simple to detect and simple to use. Colloidal gold is used in this study 
as a reference method to which the magnetic nanoparticles as new labels are compared. 

6.1 Colloidal Gold 

Colloidal gold is gold in nanoparticle size which is dispersed evenly throughout the 
solution and it differs in many ways from bulk metal. The most distinguishable feature 
is its color change. Bulk gold appears yellow but spherical colloidal particles with a 
diameter around 10 nm are red in aqueous solutions. If the size of the particles increases 
to nearly 100 nm or the shape is changed the color also changes, for example, rod-like 
the colloidal dispersion appears bluish. [66] This kind of behaviour is explained by 
absorption of light. In the surface of the metal there is a conduction band where 
electrons are moving freely. When the diameter of metal particles is reduced to 
nanoscale, the conduction band electrons of different particles exhibit collective 
oscillating on a frequency that is suitable for absorbing visible light. This effect is called 
the surface plasmon absorption. [67] Another feature related to this work is the behavior 
of colloidal dispersions. Similar to fog and mist, the solution of gold nanoparticles is 
colloidal dispersion, where the dispersed, solid phase is kept suspended thanks to the 
thermal or Brownian motion. [66] 

Both the presented properties are important when applied to the lateral flow test. 
The red colour forms the recognizable line when interpreting the results and it also 
shows that after the conjugation with antibodies the colloidal gold particle solution is 
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still stable. If the gold particles form larger aggregates or settle, the flow in the 
membrane can be disturbed. 

Reviews of the methods of preparing colloidal gold are numerous in literature [68-
70]. The production of nanoparticles can be approached by two different means. Bulk 
gold can be decomposed, for example by ion irradiation [71] or colloidal gold can be 
produced by using chemical processes. The disadvantage of bulk dismantling is that the 
size distribution and the shape of the particles are difficult to control. When gold 
particles are used in lateral flow tests, the particle size distribution must be narrow 
which is easier to achieve by synthetic routes. 

One of the synthetic processes is the citrate reduction method which was originally 
introduced in 1951 by Turkevitch [72, see 68]. Frens in 1973 [73, see 68] reported that 
the size of colloids can be controlled by differing the amount of gold compared to the 
other substances. Due to the simplicity of the method, it is still used today. Gold 
particles can also be reduced by sodium borohydride (NaBH4) in the presence of 
stabilizing thiols, other sulfur ligands or other molecules such as anine, for instance. 
Additionally, gold nanoparticles can be produced by the seeding growth method, where 
the size of the particles can be controlled by varying the ratio of seed to metal salt. [68] 

Colloidal gold has been used for many purposes. It has been sold as a homeopathic 
product due to its possible medical effects since the 5th or 4th century B.C. and it has 
been used as a colouring agent in glass products. [68] In chemistry, colloidal gold can 
catalyze reactions even though bulk gold is inert [74]. The use of colloidal gold in 
conjuction with proteins started several decades ago. In early works, researchers 
concluded that the proteins in cerebrospinal fluid protect the colloidal gold solution 
from precipitation and if the cerebrospinal fluid was not normal the precipitation 
occurred. [75]. This observation led to the development of colloidal gold as a protein 
coated label. 

Colloidal gold has also been used as a part of different kinds of measurement 
systems. Due to its capacity to bind to proteins it is used as a part of the amplification of 
the signal. One approach is to bind colloidal gold particles to the surface and then 
antibodies can attach to the gold instead of the surface [76]. Another possibility is to use 
colloidal gold as a carrier molecule to many labels as demonstrated by Ambrosi et al. 
[77]. They coated the gold particle with antibody-horseradish peroxidase complexes and 
when one antibody attached to the antigen, many enzymes produced a signal and the 
signal was amplified. A similar idea of enhancing the signal is also utilized in other 
systems, such as that presented by Chai et al. [78]. They used luminol functionalized 
gold nanoparticles as the detectable agent in a DNA assay. 

In addition to the previous, the signal can be enhanced by precipitating silver 
particles on the surface of the gold particles. This has been shown to decrease the 
detection limit of a streptavidin-biotin model system from 1 µg/ml to 0.1 µg/ml [79] and 
from 50 ng/ml to 0.1 ng/ml for ricin [37] with a normal immunoassay procedure. Silver 
coating can also dissolve in an acidic solution and be measured with anodic stripping 
voltammetry [80], or it can produce a bridge between different gold particles and 
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facilitate the measurement of conductivity [81]. Silver coating also enhanced the 
detection of hybridization of oliconucleotides in a chip-based array. The results were 
detectable with the naked eye and a simple flatbed scanner. [82] Chemiluminescent 
measurement is also possible with silver coated gold particles as a result of reactions 
involving nitric acid (HNO3), manganese (Mn2+), potassium persulfate (K2S2O8) and 
luminol as the chemiluminescence agent [83, 84]. Additionally, the detection of Raman 
scattering is possible with Raman active dyes and silver coatings [85]. 

The aggregation of colloidal gold has also been utilized in measurement systems. 
Dykman et al. [86] developed a protein assay which is based on the measurement of 
spectral extinction changes by the addition of protein to the conjugate solution. The 
changes in the color can be detected with an ELISA microplate reader. Also, the Förster 
resonance energy transfer method, where distance-dependent radiationless energy is 
transmitted from donor molecule to an acceptor molecule, can utilize colloidal gold 
particles in its energy transfer procedure [87]. 

Even though colloidal gold is utilized in many ways in measurement systems, it can 
also be detected directly with adsorptive voltammetry in solid carbon paste electrode 
systems [88]. In this system, the antibodies are attached to the surface of the electrode 
and similar to sandwich assay antigen and labeled antibody attach to the surface. The 
measurable signal is produced when gold is oxidized electrochemically. With this 
system the linear range covers the range from 10 to 500 ng/ml and the detection limit 
was 4.0 ng/ml with IgG [88]. Also, González-García et al. [89] used carbon paste 
electrodes and colloidal gold in their studies. 

6.1.1 Colloidal Gold in Lateral Flow Assay 

Many of the previous methods can be utilized in different types of measurement 
systems, basically also in lateral flow assay. However, many of these methods are not as 
simple as the basic procedure where colloidal gold is detected directly. In this study, 
colloidal gold is used as a label in lateral flow assay without any complex signal 
amplification procedure, and it serves as a reference method to magnetic particles due to 
its widespread use in commercial products as well as in research. The reasons for its 
popularity are that it is easy to use and the procedure has only one phase before the 
signal can be detected. Additionally, the results can be read without a reading device. 
The assay time is also short and colloidal gold conjugates are stable in many climates. It 
is also reasonably inexpensive and it does not require highly educated personnel to 
conduct the test. [37, 90] Colloidal gold as a label has also been compared to 
conventional ELISA and a good agreement has been found [91]. 

The detection limits achieved with visual detection vary from 0.1 ng/ml [84] to 1 
µg/ml [79]. Linares et al. [79] compared different labels with a biotin-streptavidin 
system and Li et al. [84] measured pharmaceutical indomethacin with competitive 
assay. These tests present both ends of the range of detection limits. Also with 
competitive assay, Nara et al. [92] detected cortisol with a detection limit of 30 ng/ml 
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and Tripathi et al. [93] measured 17-α-hydroxy progesterone, a marker for congenital 
adrenal hyperplasia, in a serum with a detection limit of 2.5 ng/ml. Similar results have 
also been measured with sandwich assay. Chan et al. [91] measured human heart-type 
fatty acid-binding protein with a detection limit of 2.8 ng/ml and Fang et al. [94] 
detected prostate acid phosphatase with a detection limit of 0.25 ng/ml using many test 
lines in one membrane. Detection of insecticide carbonyl has been tested by Wang et al. 
[90] with a detection limit of 0.1 µg/ml. Additionally, three different tests show exactly 
same detection limit of 50 ng/ml: detection of ricin [37, 95], detection of botulium 
neurotoxin type B [95] and detection of deoxynivalenol [96]. 

The differences in detection limits may result from differences in the procedure of 
producing the test and due to the different materials used. Also every researcher has 
developed their own standards for the limit of a detectable line. However, visual 
detection and the properties of colloidal gold affect the detection limit on at least some 
level: no detection limit is below 100 pg/ml. Even though this threshold of detection 
may be enough for many systems, there is also a variety of other methods which reach 
much lower detection limits as presented earlier. 

6.1.2 Lateral Flow Measurement Systems to Colloidal Gold Label 

The result of colloidal gold lateral flow assay is traditionally detected by visual 
interpretation. However, the subjective interpretation may cause errors and the limit of a 
detectable line may vary between interpreters. Also, the results cannot be documented 
automatically and no quantitative results can be received. Due to the potential of 
colloidal gold based lateral flow assay as a low cost and only qualitative functioning 
test, commercial readers are not being developed eagerly and only a limited number of 
readers are available today. [97] In addition to commercial solutions, Kim et al. [98] 
tested conductimetric detection of the colloidal gold line. In order to produce good 
enough conductivity they coated the gold with polyaniline. This resulted better 
conductivity as with plain gold. 

The readers available are mostly based on cameras and suitable recognition software 
and the system can be based on charge-coupled device (CCD) imaging systems or 
scanning systems. CCDs are large, heavy and expensive and the size of the device may 
be limited by the fact that the whole test area needs to be viewed at once in order to 
capture the image. However, the closer the camera is to sample, the more photons can 
be captured and the image is better. Scanning systems, in turn, need to see only part of 
the recognition area in the same time thanks to the confocal scanning system. It can be 
placed very close to the sample. The evaluation of the data is also rapid and imaging 
software and processing are not needed. [97] 

The basic working principle of the scanning systems is that the light source and test 
strip are moving in relation to each other and the reflected light from the membrane is 
seen by the confocal detectors with a high signal. When the colloidal gold line passes 
the light, the intensity of the reflected light is reduced due to the absorption of light by 
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the particles. The change in the intensity of the reflected light is proportional to the 
overall density of the gold particles. In quantitative measurements the area or the height 
of the reducing intensity peak is the result. This method is utilized at least in the 
ESEQuant Lateral Flow Immunoassay Reader by Qiagen. [97] Other commercial 
devices include, for example, Uniscan™ from Unison Biotech, which uses light 
emitting diodes (LED) as the light sources similarly to the majority of commercially 
available products. It is also based on the measurement of reflected light, but instead of 
CCDs, it uses a contact image sensor (CIS) array. [99] 

Even though qualitative readers are available, there are also quantitative readers, 
such as the ChemPro® Reader Module from Environics. It is based on the detection of 
the gold particle lines in lateral flow assays. This reader in made as an extra module for 
the ChemPro® 100 chemical detection device but it can also be used with software in a 
PC. The detection of the lines is based on the CCD imaging system with an image 
recognition algorithm and LEDs as the light source. Basically, the device sets some 
limit to the detectable line and decreases the errors originated from pure visual 
detection. [100] The software of the reader has been optimized to ricin detection. In this 
research the colloidal gold tests are evaluated manually and the measurement system 
mimics the commercial products. 

6.2 Magnetic Nanoparticles 

Magnetic nanoparticles are a vast group of nanosize particles which exhibit magnetic 
properties. Magnetic properties can be divided into ferromagnetism, paramagnetism and 
diamagnetism. Ferromagnetic materials can maintain their polarization after they are 
exposed to an external magnetic field, while paramagnetic materials show magnetism 
only in external magnetic fields. Diamagnetic materials, in turn, produce the opposite 
magnetic field from the external field and similarly to paramagnetic material, exhibit no 
magnetism without the external field. 

The theory behind nanoparticle magnetism is reviewed extensively by Gubin et al. 
[101]. The main contributors to the differences in behavior compared to the bulk metal 
have been proposed to be the single-domain structure and the ratio of the surface atoms 
compared to the total number of atoms in the particle [101]. Single-domain structure 
refers to the fact that the whole particle has uniform magnetization. One of the special 
properties of the nanoparticles is superparamagnetism, which basically means that the 
higher the magnetic moment of particles, the lower the magnetic field that is required to 
observe the magnetic saturation phenomena [101]. Magnetic saturation is reached when 
the increase in applied external magnetic field cannot produce any more increase in 
magnetization. In addition to the previous, it has been suggested that the fact that all the 
directions of magnetic moments are not enertically equivalent can have an important 
role in nanoparticles behavior [101]. Nanomagnetic theory is complex and not yet fully 
understood but it is clear that nanoparticles have different magnetic properties when 
compared with bulk material. 
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The material of magnetic nanoparticles is usually somehow involved in iron (Fe). 
The commonly used materials are hematite and maghemite, crystalline modifications of 
Fe2O3, magnetite (Fe3O4) in addition to pure Fe, cobalt (Co) and nickel (Ni) and their 
combinations. However, the nanoparticles can ignite in air in room temperature, so they 
have to be encapsulated in order to stabilize them. The stabilizing materials can be, for 
example, zeolite, glass, silica gel, carbochain polymers or soluble polymers such as 
polystyrene. [101] 

The magnetic labels in this study consist of small, diameter of 10-20 nm, Fe3O4 
particles, which are clustered in the polystyrene matrix. The magnetite particles are 
ferromagnetic. However, one polystyrene coated cluster contains so many randomly 
orientated ferromagnetic particles that they show no magnetism outside. In an external 
field the magnetic domains turn in the same direction and potentiate the field. Due to 
these properties, the magnetic labels are actually superparamagnetic particles. When the 
external field is removed, the orientations of the magnetic domains return to their initial 
random states due to thermal fluctuation. [102] 

Magnetic particles have been utilized in many different systems in addition to lateral 
flow systems. The separation of different substances has been under investigations and 
many procedures have been developed as reviewed by Šafařik & Šafařiková [103]. In 
order to separate different particles with the aid of an external field, they have to contain 
magnetic material or a magnetic material, such as magnetic labels, has to attach to them. 
In addition to magnetic labels similar to this study, so-called magnetoliposomes can also 
be used. [103] They are liposomes in which are immobilized magnetic particles or 
magnetic fluids. Antibodies can attach with the lipid layer in liposomes [104]. 

In addition to separation techniques, magnetic particles can also enhance tissue 
repair when it is accomplished by magnetic biomimetic scaffold. For example, a bone 
graft with magnetic properties can attract magnetic drug carries and as a result the 
specificity of growth factors to the specific place would increase. This was tested in 
vitro and the magnetization had no effect on cell viability. [105] Magnetic nanoparticles 
have been used as drug carriers in another way as well: the particles attached with the 
drug is injected near the target and guided toward the target by an external magnetic 
field outside the body [106]. 

In cancer treatment research, the potential of magnetic particles has also been 
noticed. In addition to drug carrier applications in chemotherapy, hyperthermia can 
utilize the magnetic properties. In hyperthermia treatment the magnetic particles will 
attach or be injected to cancerous tissues and then they are heated by a remote external 
field, for example, with variable field strength and constant frequency. The heating will 
kill the tumor cells. [107] In gene therapy applications magnetic particles can be 
attached with viral or non-viral gene delivery vectors which are directed toward the 
target cell by a magnetic field. These types of applications are reviewed by Plank et al. 
[108]. 

Another researched application of magnetic particles is the enhancement of 
magnetic resonance imaging (MRI). When different amounts of magnetic material are 
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attached to different tissue types, they can be separated more accurately in the picture. 
When attached to tissue-specific molecules, magnetic particles will accumulate to that 
tissue more than to others. This method can be combined with other applications, for 
instance, with drug delivery. It also enables the monitoring of cell migration, apoptosis 
and enzyme activity in addition to the detection of numerous metastases and tumors. 
[109] In addition to MRI, another imaging method utilizes magnetic properties. 
Magnetic particle imaging (MPI) has been introduced by Gleich & Weizenecker [110]. 
It is based on the nonlinearity of the magnetization curves of ferromagnetic material and 
the magnetic saturation of the particles. The image is formed from the harmonic 
frequencies produced by the oscillating magnetic field applied to the target. [110] 

6.2.1 Magnetic Particles in Lateral Flow Assay 

Magnetic particles are suitable for lateral flow assay if the reading device is designed to 
measure magnetization of magnetic labels. Similarly to gold particles, magnetic 
particles produce colored lines if the concentration of substance is high enough. 
However, the color of the line is yellow instead of red. To some extent, these tests can 
also be interpreted visually but the reading device can detect smaller concentrations. 
Visual interpretation can detect only the first 10 μm from the top of the membrane while 
detection of magnetization by a reading device covers the whole thickness of the 
membrane [56]. 

Due to the structure of the magnetic labels, the external magnetic field does not 
have an effect on them during storage or transportation. The measurements with suitable 
magnitude do not damage the attached particles either. Wang et al. [56] also showed 
that signals do not degrade significantly during the time. Additionally, during the 
chemical handling the magnetic label cannot be neutralized or denaturized [111]. The 
use of colloidal gold and magnetic particles as labels are also straight forward and 
simple compared to enzyme labels [112], for instance. However, magnetic labels are 
usually large compared to antigens and traditional labels and they attach to each other 
easily with cross-linking which diminishes the optimal binding of antibodies [111]. 
Also, the magnetite content of the particles affects the intensity of the magnetic signals 
[56] and may cause errors in results if the content is not homogenous. Nevertheless, the 
magnetic labels seem superior when comparing the detection limits and linear range of 
detection to the corresponding features of traditional labels. 

Xu et al. [113] measured the detection limit of 10 pg/ml to cardiac troponin 1 using 
the Magnetic assay reader (MAR) from Magnabiosciences (USA). The test also showed 
results in five different magnitudes. Similar results are also shown by Mulvaney et al. 
[114]. They measured RTA with a detection limit of 10 pg/ml and six orders of 
magnitude with the Bead array counter (BARC). Also, Taton et al. [115] measured 
cytokine interferon-γ with lateral flow assay using paramagnetic labels. They measured 
the linear range of four orders of magnitude and a detection limit of 12 pg/ml. These 
results are 10 to 1000 times smaller than those detected using colloidal gold as labels. 
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6.2.2 Lateral Flow Measurement Systems to Paramagnetic Label 

Due to the fact that magnetic particles can be detected very accurately compared to the 
visual inspection with different kind of devices, researchers have studied different 
possibilities. Applications vary from high-transition temperature dc superconducting 
quantum interference device (SQUID) [116], magnetoresistive sensors [115] to resonant 
coil magnetometer [117]. Different coil shapes and measurement positions are also 
being tested. 

Kiely et al. [117] presented a device called the resonant coil magnetometer where 
two coils are integrated with a reaction vessel and paramagnetic particles are detected 
with a resonant circuit. The number of bound paramagnetic particles is determined from 
output resonant frequency. The detection limit of the device is 62.5 µg of paramagnetic 
particles. With an external electromagnet, magnetic particles can be guided to the right 
binding place, and unbound particles can be guided out of the measurement area. Kiely 
et al. [117] also measured Cardiac troponin 1 with the device and reported a detection 
limit of 0.5 ng/ml. With the same kind of approach, measuring the change in frequency 
but using an oval coil magnetometer, Richardson et al. [111] measured transferrin with 
a calculated detection limit of 0.5 µg/ml. 

Chemla et al. [116], in turn, tested a system based on a microscope like SQUID. 
Their device utilized net magnetization produced by superparamagnetic particles when 
the magnetic field is applied. The field is directed parallel to SQUID. When the 
superparamagnetic particles are attached to specific antibodies and antigens, the 
relaxation of the complex is slower than that of unbound magnetic particles after the 
field is turned off. Due to the fact that the paramagnetic particles do not possess 
permanent dipole moment, their dipole moments can rotate toward the most effortless 
direction instead. This rotation after a magnetic field is applied is called relaxation. 
Consequently, the slowly decaying magnetic flux can be measured with SQUID. This 
approach needs no washing steps because bound and unbound particles can be 
distinguished from each other directly. The detection limit of this device is measured to 
be 5x104 of magnetic particles and compared to the detection limit of standard ELISA, 
105, it is slightly smaller [116]. In addition to Chemla et al. [116], Enpuku et al. [118] 
tested the same type of approach and estimated the detection limit of 10 amol for 
Interleukin 8. 

Magnetoresistance technology was presented by Baselt et al. [119]. The detector 
was based on giant magnetoresistive (GMR) sensors which were basically thin-film 
multilayers, the resistance of which changes in response to the magnetic field. This idea 
was utilized by Rife et al. [120] in the detection of magnetic particles. They developed 
the BARC system where 64 GMR sensors were detecting the intended surface area. The 
detection limit of one sensor was approximated to be ten magnetic microbeads with a 
diameter of 2.8 µm. In lateral flow assay this system was utilized by Mulvaney et al. 
[114] with good results as presented earlier. 
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Even though different measurement systems have been developed, only two 
commercial products for detecting magnetic particles in lateral flow assay are available 
at the moment. They utilize the magnetic properties of paramagnetic particles. 
Basically, the measurements are based on the fact that the change in permeability 
produced by the paramagnetic particles induces the change of inductance to the 
measurement coil. The more magnetic particles, the more significant the inductance 
change. 

One of the systems is the MAR device from MagnaBioSciences. The system utilizes 
a C-shaped electromagnet to produce the magnetization of the paramagnetic particles. 
The magnetization is measured with an array of thin film induction coils placed in the 
gap where the test line is during the measurement. [121] Workman et al. [122] measured 
Human immunodeficiency virus 1 p24 antigen with this system with the detection limit 
of 15 to 30 pg/ml in sample buffer and in 50 % plasma. 

The other commercial device, which is tested in this study, is from Magnasense 
Technologies. It is based on a similar idea as the MAR device: to measure change in 
inductance induced by the change of permeability of the paramagnetic particles. 
However, instead of C-shaped coils, this system utilizes identical planar microcoils 
which are placed symmetrically to the impedance bridge. The magnetization of the 
paramagnetic particles is achieved by the first microcoil located above the test line 
when an AC current is fed to the bridge. The actual signal is produced when the 
inductance of the coil is changed with high frequencies and as a result the bridge is 
unbalanced. Magnetic particles have a little influence on the measurement coil 
inductance, so other microcoils are placed to the Wheatstone bridge to compensate for 
environmental influences. [123] 
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7 MATERIALS AND METHODS 

7.1 Preparation of Buffers 

Phosphate buffered saline (PBS) was prepared using sodium chloride (NaCl) purchased 
from Riedel-de Haën (Germany) 80 g/l, potassium chloride (KCl) 2 g/l, sodium 
hydrogen phosphate (Na2HPO4) 14.4 g/l and monopotassium phosphate 2.4 g/l all 
purchased form Merck (Germany). The pH of the solution was adjusted to 7.2 by 
sodium hydroxide (NaOH) (Fluka chemicals/Sigma-Aldrich, Germany). After that the 
PBS was sterilized in autoclave and diluted as 1:10 in purified water.  

Bovine serum albumin (BSA) purchased from Sigma (USA) was used as a blocking 
agent in blocking buffers. Conjugate blocking buffer and colloidal gold storage buffer 
contained 1 % (w/v) BSA and 0.05 % sodium azide (NaN3) (AnalR BDH, England) 
diluted in PBS and the paramagnetic particles storage buffer contained 0.1 % (w/v) BSA 
diluted in PBS. The membrane blocking buffer, in turn, contained 1 % (w/v) BSA, 1 % 
(w/v) sucrose (Sigma chemical co, USA), 0.01 % (w/v) Tween 20 (Biochemical BDH, 
England) and 0.2 % (w/v) polyvinylpyrrolidone (PVP) (Fluka, Germany) also diluted in 
PBS. 

7.2 Preparation of Ricin 

As a model for pure ricin was used ricin A-chain from Ricinus communis purchased 
from Sigma-Aldrich (USA). All the dilutions were made in PBS. To produce an impure 
ricin preparation, an assortment of seeds of ricin was purchased from Helle Oy 
(Finland). First, 50 g of the seeds were peeled and homogenized 10 minutes with Ultra-
Turrax T25 homogenizer (Janke & Kunkel, IKA Labortechnik, Germany) with 200 ml 
acetone in ice. The solution was stored for 4 days in +4 °C. The ricin suspension was 
filtered with a Büchner funnel with vacuum suction. The solid material from the filter 
paper was extracted again with 200 ml of acetone and the suspension was allowed to 
stand in +4 °C for 3 days. Then filtration was repeated and the residue was dried. The 
resulted powder was stored in -18 °C. As a last step, 100 mg of the ricin powder 
prepared beforehand was diluted to 1 ml of 1xPBS from where other dilutions were 
prepared. The ricin concentrations used are shown in the tables 7.1 and 7.2 for the ricin 
preparation and the ricin A-chain respectively. Because the exact amount of ricin in the 
ricin preparation is not known, only the average concentration is presented later in the 
results section. 
 
 



34 

 
Table 7.1. The ricin preparation concentrations used. Below are shown the used 
concentrations of ricin powder, ricin in powder dilution, concentration and mass of 
ricin in test strip and the average ricin concentration in test strip, which is used later in 
the results to represent the ricin concentration of the ricin preparation. The last row, 
17, represents the control without any ricin where the ricin solution was replased by 
PBS in the tests.  

  
Mass of ricin in test 
strip (mg) 

Concentration of ricin in test strip (mg/ml)  

 
Concentration 
of powder 
(mg/ml) 

If 1 % 
ricin in the 
powder 

If 5 % 
ricin in the 
powder 

If 1 % 
ricin in the 
powder 

If 5 % 
ricin in the 
powder 

The average 
ricin 
concentration 
(mg/ml) 

The 
average 
mass of 
ricin (mg) 

1 100 0.005 0.025 0.1 0.5 0.3 0.015 
2 10 0.0005 0.0025 0.01 0.05 0.03 0.0015 
3 5 0.00025 0.00125 0.005 0.025 0.015 0.00075 
4 1.0 0.00005 0.00025 0.001 0.005 0.003 0.00015 
5 0.50 0.000025 0.000125 0.0005 0.0025 0.0015 0.000075 
6 0.25 1.25E-05 6.25E-05 0.00025 0.00125 0.00075 3.75E-05 
7 0.125 6.25E-06 3.13E-05 0.000125 0.000625 0.000375 1.88E-05 
8 0.06250 3.13E-06 1.56E-05 6.25E-05 0.000313 0.000188 9.38E-06 
9 0.03125 1.56E-06 7.81E-06 3.13E-05 0.000156 9.38E-05 4.69E-06 
10 0.01563 7.81E-07 3.91E-06 1.56E-05 7.81E-05 4.69E-05 2.34E-06 
11 0.00781 3.91E-07 1.95E-06 7.81E-06 3.91E-05 2.34E-05 1.17E-06 
12 0.00391 1.95E-07 9.77E-07 3.91E-06 1.95E-05 1.17E-05 5.86E-07 
13 0.00195 9.77E-08 4.88E-07 1.95E-06 9.77E-06 5.86E-06 2.93E-07 
14 0.00098 4.88E-08 2.44E-07 9.77E-07 4.88E-06 2.93E-06 1.46E-07 
15 0.00049 2.44E-08 1.22E-07 4.88E-07 2.44E-06 1.46E-06 7.32E-08 
16 0.00024 1.22E-08 6.1E-08 2.44E-07 1.22E-06 7.32E-07 3.66E-08 
17 0 0 0 0 0 0 0 
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Table 7.2. The ricin A-chain concentrations used and the mass of A-chain in the test 
strip. The last row, 14, represents the control without any ricin where the ricin solution 
was replased by PBS in the tests. 

 
Concentration of 
ricin A-chain 
(mg/ml) 

Mass of ricin A-
chain in test strip 
(mg) 

Concentration of 
ricin A-chain in 
test strip (mg/ml) 

1 0.515 0.002575 0.0515 
2 0.343333 0.001717 0.034333 
3 0.206 0.00103 0.0206 
4 0.103 0.000515 0.0103 
5 0.085833 0.000429 0.008583 
6 0.0515 0.000258 0.00515 
7 0.0412 0.000206 0.00412 
8 0.034333 0.000172 0.003433 
9 0.0206 0.000103 0.00206 
10 0.00824 4.12E-05 0.000824 
11 0.00515 2.58E-05 0.000515 
12 0.00412 2.06E-05 0.000412 
13 0.001648 8.24E-06 0.000165 
14 0 0 0 
 

7.3 Preparation of Immunochromatographic Test Strips 

The test strips were prepared in HiFlow Plus nitrocellulose membrane (Millipore, US) 
which have a 4 µm thick polyester backing. The capillary flow time is 180 seconds per 
4 cm. The 2.5 cm wide membrane was first cut in 4.5 cm pieces with a paper guillotine 
(BLS-systems, Germany). The antibody applying was performed with 5 cm long piece 
of ruler. The used monoclonal antibodies, MabR2E4 and MabR10E5, were received 
from Ani Biotech (Finland). The MabR10E5 was used to attach to the membrane. In 
order to produce the desired concentration the antibodies were diluted to PBS. The 2.5 
µl of 2.0 mg/ml antibody solution was applied to a length of 2.5 cm on the ruler and 
imprinted to the membrane. Before use, the piece of ruler was blocked with a membrane 
blocking buffer by applying it instead of the antibody solution to the used area. The 
antibody applying procedure is presented in the figure 7.1, working phases 1-3. The 
position of the test line was 1.7 cm from the top of the membrane. 

After the applying of the test line, the membrane was dried for 2 to 6 hours in room 
temperature. Then it was blocked with a membrane blocking buffer by immersing the 
membrane into the buffer. After the whole membrane was wetted it was washed by 
immersing it five times in the first PBS and 5 times in the second PBS solution. The 
blocking procedure is presented in the figure 7.1, phases 4-6. Then the membranes were 
allowed to dry overnight. 
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Figure 7.1. 1. The antibody solution was applied on the edge of a piece of ruler in the 
area of 2.5 cm. 2. The antibody solution was imprinted to the membrane with the help of 
guiding blue supports. 3. Only homogenous lines were accepted to the test. 4. The piece 
of membrane was immersed in the blocking solution until it was wetted through. 5. The 
membrane was washed with PBS, immersing it 5 times in the solution. 6. Membrane 
was washed again in the second PBS solution similarly to the first PBS wash. 
 

Next the absorption pad was attached to the membrane. The pad was made from 
approximately 2 mm thick and 1.5 cm wide cellulose cotton. It was attached to the 
membrane by Scotch MagicTM tape (France). The absorption pad was connected to the 
membrane by a 2 mm wide area in the top of the membrane. The tape attaches the 
absorption pad to the membrane with a 2 mm wide adhesion area. The structure of the 
test strip is presented in Figure 7.2. 



37 

 
Figure 7.2. The test strip has test line 1.7 cm from the end of the nitrocellulose 
membrane. The absorbent pad has 2 mm wide contact area with the membrane 
similarly to tape. 
 

After placing the absorbent pad the 2.5 cm wide pieces were cut to 0.5 cm wide 
strips with the guillotine. As a result, the 4.5 cm long and 0.5 cm wide strips with 
absorbent pads and approximately 1 µg of MabR10E5 in the test line were ready to use. 

7.4 Preparation of Colloidal Gold 

The colloidal gold was produced by the citric acid reduction method [124]. First, 10 ml 
of 0.1 % HAuCl4 (Merck, Germany) was diluted to 90 ml of purified water. The 
solution was heated to boiling point and then 3 ml of 1 % sodium citrate diluted in water 
(J.T. Baker Chemical co, USA) was added to it. The boiling continued for 5 minutes. 
First the solution turned black but after a few minutes of boiling the color of the solution 
started to change to red. After 5 minutes the red solution was cooled and stored in +8 
°C. The scanning electron microscope pictures from the colloidal gold was taken with 
LEO 1450VP (England). 

7.5 Determining Optimal Concentration and pH for 
Antibody Conjugating 

The titration was executed in a flat bottom microplate (Greiner bio-one, Germany). 
From the antibodies MabR2E4 was conjugated with colloidal gold. The concentration 
gradient was constructed by starting with an antibody concentration of 200 µg/ml and 
adding it 27.5 µl to the plate places A1 to H1. Then 7.5 µl from each well was removed 
to the next row (A2-H2) and 2.5 µl of PBS was added resulting in a total of 10 µl of 
solution in each well. Moreover, 10 µl from the row A1-H1 was moved to places A3-
H3. Then 10 µl of PBS was added to A3 to H3. From row A3-H3 10 µl of solution was 
moved to next row (A4-H4) and the addition of 10 µl of PBS was performed similarly 
to earlier. The moving of solution and addition of PBS was repeated until the smallest  
concentration desired was reached. The resulting concentrations were 200 µg/ml, 150 
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µg/ml, 100 µg/ml, 50 µg/ml, 25 µg/ml, 12.5 µg/ml and 6.25 µg/ml. The procedure is 
presented in Figure 7.3. 

 
Figure 7.3. The titration procedure. The resulting antibody concentrations were 200, 
150, 100, 50, 25, 12.5 and 6.25 µg/ml. From row 1 7.5 µl and 10 µl were removed to 
the next row and further from the row 3 10 µl was moved to the next row. The 
concentrations were adjusted by diluting antibodies with PBS. After this procedure, 
every well contained 10 µl of the antibody solution. 
 

After that the pH gradient was created by mixing 1 ml of colloidal gold solution to 
different amount of 1 % K2CO3, 0 µl, 2.5 µl, 5 µl, 7.5 µl, 10 µl, 15 µl, 20 µl and 25 µl. 
The resulting pH range was approximately from 5 to 7. These solutions were added 100 
µl to the microplate so that the row A has the lowest pH and row H had the highest pH. 
After 10 minutes of waiting 100 µl of NaCl was added to every well. The places which 
remained red had the succeeded gold-antibody conjugate, where the antibodies protect 
the colloidal gold particles from the salt. The places turned to blue have aggregated gold 
particles in them and those mixtures do not have enough antibodies to protect the 
colloidal gold from the aggregating properties of salt. This is shown in Figure 7.4. Then 
5 µl of the ricin solution extracted from seeds containing 0.02-0.1 mg/ml of ricin was 
added to every red well and strips prepared beforehand were placed to them. After the 
whole membrane was wetted, 50 µl of PBS was allowed to rise in membrane as a 
washing step. The best concentration and pH for conjugation was determined from the 
results. 
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Figure 7.4. The wells turned to blue have aggregated gold particles in it and the 
possibility of succeeded conjugation is in the wells remaining red. The membranes were 
placed in the spots inside the restricted area. 
 

The best conjugates were in the places D1-D3, E1-E3 and F1-F3. The membranes 
from these places are shown in Figure 7.5. The selection between the good conjugates is 
based on the fact that the fewer antibodies to produce stable conjugate, the more 
probably there is only one antibody layer surrounding the gold particle. The selection of 
pH was based on the idea that the most stable pH is one of the good conjugates. After 
testing the best conjugate was F3. 
 

 
Figure 7.5. The strip membranes from the best places D2-D3, E1-E3 and F1-F3. E4 
and F4 have blockage in the bottom of the membranes.  
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7.6 Preparation of Colloidal Gold and Antibody Conjugate 

According to the results from the titration, the concentration and pH were selected and 
the correct amounts of substances were calculated. To 10 ml of colloidal gold was 
added 150 µl of K2CO3 and after that 150 µl was removed from the solution. Next, 40 
µl of 2.5 mg/ml Mab R2E4 antibody was diluted in PBS so that the whole volume was 1 
ml. Then the antibody solution was added to the colloidal gold solution and the whole 
mixture was stirred for 30 minutes in room temperature. The solution was divided into 
centrifuge tubes and centrifuged 60 minutes with 13400 rpm. While removing the 
supernatant the pellet diluted to supernatant and it was separated again with centrifuge 
(5 min, 13400 rpm). When the supernatant was removed the pellet was diluted to 100µl 
of colloidal gold storage buffer solution and stored at +8 °C. 

7.7 Preparation of Paramagnetic Particle and Antibody 
Conjugate 

The paramagnetic particles M1-020/50 were purchased from Merck, Germany. The 
average diameter of the particles was 200 nm, the magnetic pigment from dry weight 
was 53.3 % and the latex content was 10 %. The scanning electron microscope pictures 
from the paramagnetic particles were taken with LEO 1450VP (England). From the 
original bottle 20 µl of magnetic particle solution was diluted to 380 µl 1xPBS. 
Antibodies MabR2E4 with the concentration of 2.5 mg/ml were also diluted 40 µl to 
580 µl 1xPBS. Then magnetic particles were added to the antibody solution and stirred 
for 3 h in room temperature. Then the supernatant was separated from the magnetic 
particles by a neodym magnet (Clas Ohlson, Sweden) as shown in Figure 7.6. The 
supernatant was collected and the remaining pellet was diluted to 1 ml of conjugate 
blocking buffer. After the pellet was diluted to the solution, it was separated again with 
the magnet and diluted to 200 µl of 0.1 % BSA in PBS. From the first supernatant the 
absorbance was measured at the wave length of 280 nm with the spectrophotometer 
Genesys 10UV from Thermo Scientific (USA). PBS serves as zero for the device. The 
result, 0.037 A, suggests that 26 µg of antibodies were left in the solution and 74 µg 
were conjugated with the particles when assumed that the absorbance of 1 mg of IgG is 
1.4 A [125]. 
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Figure 7.6. The separation of paramagnetic particles with a magnet. 

7.8 Test Procedure and Measurements 

Basically, all tests were performed similarly to each other. Only the ricin concentration, 
the label and the way the results were interpreted change between different tests. The 
basic procedure was that 44 µl PBS was placed to the microplate well after which 1 µl 
label solution and 5 µl of ricin solution were added to it. When using paramagnetic 
particles as labels the conjugate was sonicated with Transsonic T660/H (Elma, 
Germany) for 5 minutes before mixing it with PBS. Then the prepared membrane was 
placed in the hole and allowed to stay until the solution was risen up to the absorbent 
pad. This step took 15 minutes. After that 100 µl PBS was allowed to rise to the 
membrane and to wash the excess label to the absorbent pad. This step took 30 to 45 
minutes. Next, the strips were dried until they were desiccated. Then tests using 
paramagnetic particles as labels were coated with ARcare® adhesive (Adhesives 
Research, USA) and enclosed in the plastic housing (Ani Biotech, Finland). 

The semi-quantitative measurements were accomplished by eye inspection. All of 
the intensities of the lines were divided to categories from 0 to 4 by three persons. The 
highest intensity from all of the colloidal gold tests and, similarly, the highest intensity 
from all of the magnetic particle tests were marked as 4 and the test showing no line at 
all was marked as 0. The result was an average of the estimations of three persons. 

Paramagnetic particle tests were also measured with a MIAU reader from 
Magnasense Technologies (Finland) and the colloidal gold test was also evaluated from 
pictures. The camera used was a Canon EOS 1000D (Japan) with lens Sigma 50 mm 
1:2.8 DG MACRO (Japan) and all of the pictures were taken under the same lightning 
with the same settings and from the same distance. The pictures were taken with the 
assistance of the EOS 1000D software, and the settings used were automatic focus point 
selection (A-DEP), brightness +1.33, ISO 400 and auto white balance (AWB). 

The pictures were then processed with the free image processing program ImageJ 
1.45 [126]. First, the pictures were modified from the coloured to 32-bit gray scale 
pictures. Then the averages of the gray values beside the line and in the line were 
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measured. The average beside the line represents the background and it was subtracted 
from the value measured from the line. The result represents the intensity of the line. 
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8 RESULTS 

8.1 Microscopic Evaluation of Colloidal Gold and 
Paramagnetic Particles 

The electron microscopic pictures from the magnetic particles and colloidal gold 
particles are presented in Figures 8.1 and 8.2, respectively. The particle sizes evaluated 
from the picture varied from approximately 800 nm to 150 nm for magnetic particles 
and from 100 nm to 50 nm for the colloidal gold particles. Even though there are some 
large magnetic particles, most of them are approximately 200 nm. The colloidal gold 
particles are much smaller than magnetic particles and their size distribution seems to be 
much narrower. 

 
Figure 8.1. Electron microscope picture of the magnetic particles. The size range is 
large. 
 

 
Figure 8.2. Electron microscope picture of the colloidal gold particles. The light spots 
are colloidal gold particles and the larger bright areas have many of them. 
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8.2 Evaluation of Test Strips 

The functioning of the test strips were assessed by measuring ten parallel tests at three 
different concentrations with both colloidal gold and magnetic particles as labels. The 
ricin used was from the ricin preparation and the approximated ricin concentrations 
were 0.001 to 0.005 mg/ml ricin, 0.00025 to 0.00125 mg/ml ricin and 0.00003125 to 
0.000156 mg/ml ricin with the sample size as 50 μl. The results from the colloidal gold 
test were assessed by the image processing software and the magnetic particle tests were 
measured with the MIAU device. The results are presented in Table 8.1.  
 
Table 8.1. The results from the parallel measurements with colloidal gold and magnetic 
particles as labels (n=10). 

Ricin 
concentration  0.001-0.005 mg/ml 0.00025-0.00125 mg/ml 0.00003125-0.000156 mg/ml 

 Mean 
Standard 
deviation 

Relative 
Standard 
deviation 
(%) Mean  

Standard 
deviation 

Relative 
Standard 
deviation 
(%) Mean 

Standard 
deviation 

Relative 
Standard 
deviation 
(%) 

Colloidal 
gold 16.02 2.20 14 15.17 2.18 14 7.21 2.39 33 
Magnetic 
particles 4731.41 833.75 18 3573.42 557.30 16 906.48 388.55 43 

 
The relative standard deviations vary from 14 % to 43 % overall and in colloidal 

gold tests it was slightly lower than in magnetic particle tests. However, the smaller the 
results, the higher the relative standard deviations seem to be. The test strips seem to 
work slightly better with colloidal gold particle labels than with magnetic particle labels 
but the difference is quite small particularly in the linear measurement range. 
Nevertheless, these results mostly indicate that the test strips were not of very good 
quality and the error produced by the test strips to the measurement results is almost the 
same for both label types. 

8.3 Colloidal Gold Measurement from Pictures 

The intensity of the test line in the colloidal gold test was evaluated from pictures with 
the image software program ImageJ. The background was evaluated beside the line and 
it was subtracted from the mean value of the pixels in the test line. Figure 8.3 shows 
how the image was processed.  
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Figure 8.3. 1. Original picture, 2. Picture changed to 32-bit grayscale, 3. Background 
measurement and test intensity measurement place. 
 

The results with the concentration series of ricin A-chain and ricin preparation are 
presented in Figure 8.4. As can be seen from this figure, the average value of the 
concentrations in ricin preparation is representative of the possible ricin concentrations 
compared to the results with the A-chain. Later, only the average value is presented in 
the figures and the detection limits are calculated to it. 

The tests with the ricin preparation show a clear linear range of detection, from the 
detection limit, 30.6 ng/ml (1.53 ng) to the 375 ng/ml (18.8 ng) of ricin. The detection 
limit was calculated as the sum of the average of blank measurements and three times 

the standard deviation of the blank measurements. The sensitivity is 6.9 
mlmg
valuegrey

/
_ . 

The plot of ricin A-chain results, in turn, has a peculiar very steep part before the 
decrease to the blank level. However, it may be an error produced by the measurement 
system and the image processing. If the steep part is considered an error, the sensitivity 
of the measurement to ricin A-chain is the same as to the ricin preparation, 6.9 and the 
linear range of detection is from the detection limit, 479 ng/ml (24.0 ng), to the 3433 
ng/ml (172 ng) of ricin. 

Even though the linear measurement range seems to be larger for the ricin A-chain 
than for the ricin preparation, the preparation has a higher intensity in the test line and a 
lower detection limit. Also, the intensity level in the ricin preparation test remains at a 
high level after the linear part, while in the ricin A-chain measurements the intensity 
decreases relatively quickly at high concentrations. 
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Figure 8.4. The results of colloidal gold tests with ricin A-chain and with ricin 
preparation, 1 % of ricin, 5 % of ricin and average ricin concentration. The standard 
deviations are presented to the A-chain and to the average ricin preparation plots 
(n=3). 

8.4 Paramagnetic Particles with MIAU Device 

The paramagnetic particle tests were measured with MIAU reader (Magnasense 
Technologies, Finland). The results are presented in Figure 8.5. The test with the ricin 
preparation resulted in a clear linear range from the detection limit 56.5 ng/ml (2.82 ng) 

to 1500 ng/ml (75 ng). The sensitivity is 1250.1 
mlmg

valuetmeasuremen
/

_ . The results from 

the A-chain measurements, in turn, do not form as clear a linear part: the closer the 
received maximum values, the steeper the line. However, the approximated linear range 
is from the detection limit 605 ng/ml (30.3 ng) to 4120 ng/ml (206 ng) and the 

sensitivity is 708.4
mlmg

valuetmeasuremen
/

_ . 

In these measurements the ricin preparation resulted in a much better detection limit 
than the A-chain measurements. The maximum measurement value is significantly 
higher and the sensitivity is better in the ricin preparation tests. Moreover, the A-chain 
plot decreases remarkably with higher concentrations and the line approaches zero 
almost as sharply as the line rises. The measurement value decreases also with the ricin 
preparation analyte in high concentrations but the decline is much smaller. 
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Figure 8.5. The paramagnetic particle tests measured with ricin preparation and A-
chain. The standard deviations are shown in also (n=3). 

8.5 Semi-quantitative Visual Evaluation 

The semi-quantitative measurements were performed for the series of dilution of ricin 
A-chain and the ricin preparation with both of the labels. In many applications the 
colloidal gold tests are read only visually, so the visual properties of the tests are 
important. Three persons estimated the intensity and visibility of the tests on a scale 0 to 
4, where 0 is no line and 4 is the intensity of the best line. All colloidal gold tests were 
compared to the best line in the colloidal gold tests and all magnetic particle tests were 
compared to the best line in the magnetic particle tests. The mean values of the results 
from the colloidal gold tests are shown in Figure 8.6 and the mean values of the results 
from the magnetic particle tests are presented in Figure 8.7. 
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Figure 8.6. The semi-quantitative results from the colloidal gold tests with visual 
evaluation as a mean of three assessments by different people. 
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Figure 8.7. The semi-quantitative results from the magnetic particle tests with visual 
evaluation as a mean of three assessments by different people. 
 

In both measurements, the visual detection limit of the ricin preparation is lower 
than the detection limit of the ricin A-chain. Due to the semi-quantitative nature of the 
measurement, the detection limit is determined to be the first measurement point where 
the group value is higher than 0.5 which means that more than half of the evaluations at 
a certain concentration are identified to have a test line. For ricin preparation the 
detection limits for both label types are the same. However, in colloidal gold 
measurements more strips are identified to have the test line than when magnetic 
particles were the label. The detection limit to both of the tests was 47 ng/ml as 
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concentration and 2.3 ng as mass of ricin. The all measurement series are presented in 
the same Figure 8.8. 

The detection limit for the ricin A-chain is lower for the colloidal gold labels than 
for the magnetic particles, 515 ng/ml as concentration and 26 ng as mass of ricin. The 
detection limit for the magnetic particles is 824 ng/ml as concentration and 41 ng as 
mass of ricin. 
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Figure 8.8. All results from visual evaluation in the same figure.  

8.6 Re-Measurements of Strips after a Period of Time 

The same test strips as used before were re-measured after two and four weeks storage. 
The results are shown in Figures 8.9 and 8.10 for colloidal gold and paramagnetic 
particles, respectively. As can be seen from the figures the magnetic mesurements were 
almost exactly the same and the colloidal gold mesurements had large changes. 
Nevertheless, the intensity of the test lines seemed to increase after two weeks’ storage. 
In colloidal gold measurements, one possible explaination is that the colour of the 
colloidal gold lines changes to darker while drying (Mika Saramäki, personal 
communication, May 2, 2012). However, it can be questioned wheather these changes 
are due to the changes is the tests or does it better represent the error produced by the 
image processing and the images itself. After all, it is clear that the results from the 
magnetic particle tests were almost identical. 
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Figure 8.9. The measurements with colloidal gold compared to measurements after two 
and four weeks. 
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Figure 8.10. The measurements with paramagnetic particles compared to 
measurements after two and four weeks. 
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9 DISCUSSION 

9.1 Possible Error Sources 

As can be seen from the figures 8.4-8.7, the relative standard deviation in the results is 
relatively large. Even though the error can be caused by the preparation of the test 
strips, by the materials used or by the actual measurement system, the main error source 
is the variations in the antibody lines which were applied manually with a ruler. 
Basically, the error from the test strip preparation was the same to both label types used, 
but due to their differences they behaved slightly differently. The distinctive 
measurement system also caused different kinds of errors in the results. Next, the 
possible error sources are examined more closely. 

9.1.1 Error Sources in Test Strip Preparation and Materials 

The preparation of the test strips produces some error to the measurements because the 
whole procedure was completed by hand and without extensive practice. When the test 
line was applied to the membrane, that part of the membrane was pressed slightly with a 
ruler. Because the weight of the press was not constant, some of the membranes were 
compressed more than the others. As a result, some membranes were irreversibly 
compressed and the label molecules may have been trapped into the test line without 
binding to the antibodies. However, in all test strips some of the labels clearly passed 
the test line without binding or trapping to it. The membranes may also have been 
scratched during the handling or they may not be homogenous as a result of their 
production or storage. Nevertheless, if the membrane was scratched observably, it was 
not used in the test. 

The membranes were handled only with pincers or gloves, but they were very 
electric likely due to the suboptimal humidity. Consequently or due to some other 
reason the liquid did not rise evenly in all membranes. The electricity disappeared after 
the membrane was wetted but it might have had an influence also on how well the label 
molecules were able to be absorbed to the membrane. 

Even though the membrane was blocked before the test, some labelled antibodies 
might still have attached to the unblocked binding sites and produced a background 
signal to the measurements. This background was reduced in measurements to the 
extent possible with magnetic particle labels by the arrangement of the coils in the 
MIAU device. One coil was measuring the place where commercial products have a 
control line and it represented the background in these measurements. In colloidal gold 
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label tests the background was reduced from the intensity of the test line by hand. 
However, it is one possible error source, at least in the visual evaluation measurements. 

In addition to the previous, the drying of the membranes after the analyte and wash 
run may also have influenced the results. In some cases, the label molecules changed 
their direction of flow when they were drying. The less of the labelled antibody was 
attached to the test line, the more of it flowed back. Even though the boundary of the 
reflux did not reach the test line by visual evaluation, some particles may have reached 
it anyway. In this case, the measured value compared to the background is higher than it 
should be. This phenomenon can be seen well from Figure 9.1, where the gray values 
from one test strip are shown as a function of the location in the strip. The gray values 
decrease the closer the location is to zero. The downwards peak is the test line, where 
the smaller gray value means darker colour. 
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Figure 9.1. The gray values of the strip used to measure ricin A-chain with 
concentration of 824 ng/ml of ricin. 
 

In magnetic particle tests the particles formed a slightly visible agglomeration at the 
bottom of the membrane where the waterline was. As a result, the amount of magnetic 
particles which reached the test line is not known to be exactly the same every time. 
This is one possible error source. The agglomeration was more obvious if the magnetic 
particle-antibody solution was not sonicated for a long enough time before using it in 
the test. Five minutes seemed to be a good length of time before the use but after the 
conjugate was made, it required a longer time before working in the desirable way. 
Some of the agglomeration can be explained by the fact that the magnetic particle 
solution contained some considerably larger particles than the rest of them. 

In some cases in the colloidal gold test as well, some label molecules were trapped 
to the membrane. The reason for that was not completely clear but the unsuccessful 
conjugate had a big role in that. Even though some conjugate seemed perfect in the 
titration procedure, it did not work well when many strips were run. Basically, the right 
pH and concentration had to be tested after the directional titration results. 
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9.1.2 Error Sources in Measurement Systems 

In magnetic particle tests with the MIAU reader, the error sources are bound to the 
features of the device. The measurement setup is known to be very sensitive to 
temperature changes on the area of the measurement coil. All coils should be at exactly 
the same temperature or an error is produced. 

During the manufacture of the test strips, the membranes were cut with paper cutter 
from where some magnetically active particles may have adhered to the cut edge. 
Similar to dust or other impurity in the membrane, they may affect the measurement. 
However, the dust also has to be somehow magnetically active in order to have an effect 
on the measurements and normally it is not. Also the place where the background was 
measured had to be clean from any disturbing material or the results were modified. 

The colloidal gold measurements contained many more possible error sources than 
the measurements with the MIAU device. Firstly, the optics of the camera produced 
some error, and for example the resolution of the camera was limited. Secondly, even 
though the light exposure was standardized as well as possible, it may also have caused 
some differences in the pictures. This was taken into account with the subtraction of the 
background. However, if the part where the background was approximated had been 
exposed to light differently from the test line, an error may have been produced. 

Thirdly, the pictures were processed by hand. For that reason, the background 
measurement place as well as the test line place had some modifications from one 
picture to the next. Also, when the test line was not seen any more from the figures or 
by the eye, the test line place was measured only by approximation. 

When comparing the error sources in the magnetic particle and in the colloidal gold 
test measurements, there seem to be more error sources in the colloidal gold tests. In 
both measurements the errors from the production of the test strips are the same, but the 
different label molecules obviously behaved differently in the same strips. In the 
measurements of the colloidal gold test the error from the analyzer is bigger than in the 
magnetic particle tests due to the fact that the analysis is made by hand. In addition, 
both measurements also have error sources produced by the measurement devices and 
software. 

Based on the evaluation of ten parallel measurements with the same concentration, 
the relative standard deviation, a measure of the error, was lower in the colloidal gold 
test at every measured concentration, however. In general, the error was largest in the 
small concentrations similar to the difference in relative standard deviation. In the 
middle of the linear range, the relative standard deviations were almost the same and in 
high concentrations the difference increased again because the error in magnetic particle 
tests increased and in colloidal gold test decreased. However, the error produced by the 
analyzer of the colloidal gold tests was not shown in these measurements at all because 
the analysis was made only by one person. 
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9.2 Ricin Preparation and Ricin A-Chain 

One of the most distinctive phenomena in the results was the behaviour of the test of the 
ricin A-chain compared to the ricin preparation. In all measurements, the detection limit 
of the ricin A-chain was one magnitude higher than in the ricin preparation, which 
means that the test can detect ricin in smaller amounts than the ricin preparation. Also, 
the highest measured value was lower than in the ricin preparation measurements except 
in the visual evaluation with colloidal gold. However, the sensitivities of the tests were 
the same with colloidal gold as the label, but in magnetic particle measurement the 
sensitivity of A-chain was also smaller than in the ricin preparation. Additionally, after 
the linear range, the measured values with the higher concentration decline very quickly 
in the A-chain measurement. In the measurements of ricin preparation the decline is not 
as dramatic as with the A-chain, and it actually decreases notably only in the magnetic 
particle measurements. 

9.2.1 Differences in Detection Limit 

The reason for the lower detection limit of the ricin preparation is not apparent. The first 
possible explanation is that the antibodies used are not as sensitive to the A-chain as to 
the whole ricin. As explained previously, the actual ricin molecule is twice as big as the 
A-chain and it also contains the B-chain. However, both the used antibodies can clearly 
attach to the A-chain, because it is possible to generate some results when it is used as 
an analyte. Basically, it is still possible that the antibodies can attach more easily to the 
whole ricin than to the A-chain because the three-dimensional structures of proteins are 
important to attachment and the structure may change when the A- and B-chains are 
combined. 

Another possible explanation is that the antibodies are also sensitive to the ricin 
agglutin in the ricin preparation. The ricin agglutin is composed of two ricin molecules 
attached to each other from A-chains. If the label molecules are also attached to the 
agglutins the concentration of the ricin only seems to be higher in the ricin preparation 
than in the ricin A-chain solution. Even though the agglutin is not as toxic as ricin, it has 
some unhealthy effects, as reviewed previously. In fact, it can be a good measure of 
possible ricin contamination because there is always some agglutin in a simple ricin 
preparation. 

If the antibodies are also sensitive to the agglutin, there are then two binding sites 
for the labels and basically one agglutin may attach to two labels. As a result the signal 
is enhanced at some level. However, due to the fact that in agglutin the A-chains are 
bound to each other and the B-chains are surrounding them at both sides, there may be 
some kind of steric hindrance and binding with the antibodies is not possible. In this 
case the agglutin do not influence the result. 
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9.2.2 Linear Range of Detection and Decrease in Measurement Values at 
High Concentrations 

Even though the sensitivity of the antibodies to the ricin A-chain or to the agglutin may 
explain the lower detection limit, it does not explicate the decrease in the measured 
value in high concentrations. The Hooke effect, where all label-antibody complexes are 
attached to the antigens and the excess analytes bind to the test line before the complex, 
explains at least part of the test results. However, the measurement values of the A-
chain decreases very sharply and the Hooke effect should not normally be that steep. 
The slope of the magnetic particle test with the ricin preparation is more likely to be 
explained only by the Hooke effect. 

One probable reason for the steepness of the decrease in the measured value in the 
ricin A-chain measurements is the size difference of the A-chains and the label-antibody 
complexes. The smaller A-chain molecules can move faster in the liquid flow of the 
membrane than the large complexes, which collide easier with the membrane material. 
The effect is the same as in chromatographic separation where the two different kinds of 
compounds are separated based on their sizes. Consequently, when measuring the small 
A-chain with large label-antibody complex and the antibody binding sites of label-
antibody complexes are almost full, the unbound antigens reach the test line first and 
occupy those binding sites. As a result, the measured values do not escalate very high 
and they decrease rapidly at higher concentrations. The dependence on the label size can 
be seen when comparing the colloidal gold and the magnetic particle results. The 
magnetic particles are larger than the colloidal gold particles and the decrease at high 
concentrations is more rapid with the magnetic particle measurements. Also, because 
the ricin molecules are twice as big as the A-chains, a similar decrease is not seen. 

Another significant feature when comparing the ricin preparation and the A-chain is 
that the linear range of the A-chain measurements is significantly larger than in 
measurements of the ricin preparation. However, the maximum measured value is 
considerably higher in the ricin preparation measurements. The explanation of these 
phenomena is unclear but maybe the fact that the measurements cannot detect the A-
chain in as small amounts as the ricin in the ricin preparation is somehow involved to it. 

9.2.3 Two Highest Points in A-Chain Measurement Plot 

One interesting feature in the A-chain measurement is the fact that the graph of 
measurements with the colloidal gold label seems to contain two points with the highest 
measurement value. Between them there is a lower intensity in the measurement line. 
Because these kind of results would be easy to explain by an error in the test solution, 
Figure 9.2 shows all three measurements in the same figure. From the figure it can be 
seen that the lower gray value is not occurring in the same concentration in all the 
measurement series’. This proves that the effect is not an error in the solution series. 
The effect can also be seen in the results of the visual evaluation. In the magnetic 



56 

particle tests this phenomenon is not as clear but in visual evaluation tests some 
fluctuation can be detected. 
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Figure 9.2. The measurement of A-chain with colloidal gold label. The parallel three 
measurements are shown in different colours, and their average is shown in black. 
 

The phenomenon has no clear reason. However, one possible explanation is that the 
antibodies used have two binding sites in the pure A-chain: one which the antibodies 
favour in small concentrations and another, which they not bind to until the first binding 
sites are full. Naturally then, the structure of the pure A-chain has to be somehow 
modified compared to the A-chain in the ricin molecule. Another possible explanation 
is, of course, that the phenomenon is only produced by natural fluctuations in test strips. 
Nevertheless, the phenomenon is strange and unraveling its mystery will require more 
tests. 

9.3 Differences between Magnetic Particles and Colloidal 
Gold Labels 

The differences between the paramagnetic and colloidal gold measurements are partly 
produced by the measurement devices but, of course, the particle properties also 
influence the results. Probably the most obvious difference between the magnetic 
particle labels and the colloidal gold labels is their colour. Colloidal gold produces a red 
line and the magnetic particles a yellowish line. The visibility of the lines in the test 
strip is probably related to the colour: the red colour differs more from the white 
background and can be seen more clearly than the light yellowish lines. However, the 
results show that the difference in detection limits is not as big as it could be in the 
visual evaluation. 

The size of the label particles also differs significantly. The colloidal gold particles 
are about 40 nm in diameter while most of the magnetic particles are 200 nm according 
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to the electron microscope pictures. This can be one explanation as to why the detection 
limits are so close to each other even though the red colour can be seen more clearly. 
The size of the particles also enhances the visibility. The size of the labels may also 
explain some of the results obtained with an A-chain as discussed earlier and in the 
future development of the tests the size difference between detectable molecules and the 
label-antibody complex has to be considered carefully. 

Due to the different size and nature of the particles the quality of the test strips could 
have been better if the test strips were optimized separately to the colloidal gold and 
paramagnetic tests. Even though this approach allows the straight comparison and the 
error produced by the similarly prepared strips is the same for both label types, in 
commercial products the test strips have to be optimised exactly to the label used. 

9.4 Performance of MIAU Reader and Colloidal Gold 
Measurement System 

The MIAU reader and the colloidal gold measurement system were compared by means 
of measurement time, sensitivity, detection limit and the linear range of detection. The 
MIAU reader and its performance were also evaluated further. Both measurement 
systems were also compared to the other measurement systems presented in chapter 4. 

9.4.1 Measurement Time and Sensitivity 

Even though the colloidal gold tests are not evaluated by a commercial device, the 
measurement system mimics the commercial devices: the images taken of the strips in 
similar light conditions are processed by image processing software. The result is 
calculated based on the gray values of the pictures. However, doing this all by hand is 
time consuming and optimized commercial products are certainly much quicker. For 
example, the ChemPro® Reader Module from Environics promises to read the 
qualitative test result in ten seconds. While using the MIAU device, it became clear that 
the actual measurement time is approximately one to two seconds. Basically, it takes 
more time to take one test strip out from the device and slide the next one inside than to 
measure the actual test. In addition to the reading time of the device, test developing 
time also influences the total measurement time. In this study, the test developing time 
was similar in both measurement types. However, due to the washing steps the 
developing time was approximately 45 minutes, which is far too long for this kind of 
application. 

In addition to the measurement time, the sensitivity of the measurements can be 
evaluated. Because the measured values were different in the magnetic and the colloidal 
gold measurements, the results were scaled so that the values of the endpoints of the 
linear ranges in the ricin preparation measurements are the same, one. Then all other 
measurements, also from the A-chain tests, were divided by that original endpoint 
measurement value. The resulted values are presented in Figure 9.3. Based on that 



58 

figure, the sensitivity of the colloidal gold measurement is better than that of the 
magnetic particle tests because the straight upwards lines are steeper in both the ricin 
preparation and the A-chain measurements. However, if the figures are scaled so that 
the largest concentration in both measurements results the same values, as shown in 
Figure 9.4, the sensitivities are quite similar in both ricin preparation measurements. 
However, even then the A-chain measurements with colloidal gold seem to have 
slightly better sensitivity. Similar results are obtained also if the endpoints of the linear 
parts of the ricin A-chain measurements are scaled to be the same as shown in Figure 
9.5. 
 

Sensitivity analysis

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0.0000001 0.000001 0.00001 0.0001 0.001 0.01 0.1 1
C (mg/ml)

Scaled value

CoAu A-chain

CoAu ricin preparation

Magnetic particles A-chain

Magnetic particles Ricin
preparation

 
Figure 9.3. The scaled response curves from the colloidal gold and magnetic particle 
measurements. The endpoints of the linear parts in the ricin preparation measurements 
are scaled to be one. 



59 

 

Sensitivity analysis

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0.0000001 0.000001 0.00001 0.0001 0.001 0.01 0.1 1
C (mg/ml)

Scaled value

CoAu A-chain

CoAu ricin preparation

Magnetic particles A-chain

Magnetic particles Ricin
preparation

 
Figure 9.4. The scaled response curves from the colloidal gold and magnetic particle 
measurements. The measurement values at the highest concentration in the ricin 
preparation measurements are scaled to be one. 
 

Sensitivity analysis

0

0.5

1

1.5

2

2.5

0.0000001 0.000001 0.00001 0.0001 0.001 0.01 0.1 1
C (mg/ml)

Scaled value

CoAu A-chain

CoAu ricin preparation

Magnetic particles A-chain

Magnetic particles Ricin
preparation

 
Figure 9.5. The scaled response curves from the colloidal gold and magnetic particle 
measurements. The endpoints of the linear parts in the A-chain measurements are 
scaled to be one. 

9.4.2 Detection Limit and Linear Range of Detection 

The detection limit and the linear range of detection are also measures of the 
performance of the measurement systems. When comparing the detection limits, the 
colloidal gold system produces slightly smaller values than the magnetic measurement: 
for the ricin preparation 30.6 ng/ml and 56.6 ng/ml, respectively, and for the ricin A-
chain 479 ng/ml and 605 ng/ml, respectively. However, the linear range of the MIAU 
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device is significantly larger (up to 1500 ng/ml for the ricin preparation) than in 
colloidal gold measurements (up to 375 ng/ml for the ricin preparation). The linear 
ranges are presented in Figure 9.6, where the difference can be seen clearly. Even 
though the minimum values where the linear range is initiated are slightly smaller in 
colloidal gold tests, the maximum values of the magnetic particle tests are compensating 
the difference multiple times. 
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Figure 9.6. The presentation of the linear ranges in different measurements. The 
minimum values correlated to the detection limit and the maximum values are the 
endpoints of the linear ranges. The linear ranges measured with magnetic particle tests 
are much larger than in colloidal gold tests. 

9.4.3 Relative Standard Deviation of the Measurements of One Test Strip 
with MIAU Device 

The performance of the MIAU device was also tested when measuring the same test 
strip five times in a row. The relative standard deviations in different concentrations are 
shown in Figure 9.7. The presented values are the mean of the relative standard 
deviations of three different strips at each concentration. As can be seen from the figure 
9.7, the relative standard deviation increases significantly when the concentration of the 
ricin and magnetic particles decreases. This is rational because, if there is only a small 
amount of detectable particles, a change of even one particle is more significant. 

However, there is one part of the plot where the error depicted by relative standard 
deviation is very small in both measurements: from approximately 800 ng/ml to 30 
μg/ml. From this it can be concluded that the device is functioning the most accurately 
between these concentrations. Also, when comparing the standard deviations and the 
measurement plots, it can be seen that the device is functioning well when the 
measurement value of the MIAU reader is more than 500. Consequently, the tests in 
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which the measurement value is less than 500 are not as accurate as the measurements 
above that line. 
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Figure 9.7. The relative standard deviations and the measurement results from the 
MIAU device in the same figure. The standard deviation was calculated from the five 
measurements of the same test strip and the result shown here is the mean value of 
relative standard deviations of three different strips at each concentration. 

9.4.4 Usability of the MIAU Device 

The usability of the test systems can also be evaluated. The MIAU device was quite 
small in size, 10 cm x 15 cm x 20 cm, and very easy to use. The user only needs to place 
the test strip into the device, and to push the measurement button. Manufacturer, 
Magnasense Technologies, also provided the standard strip for normalizing the actual 
measurements. Figure 9.8 shows how the results change if the normalization is not 
taken into account at all. The normalization is not significant because the standard 
deviation from the test design is larger than the difference between the normalized and 
non-normalized results. 
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Figure 9.8. The influence of the normalization to the results. The blue lines represent 
the non-normalized results if the calibration is not considered at all and the orange and 
red lines are the normalized results. 
 

To conclude, the colloidal gold measurements produced a slightly better detection 
limit than the magnetic particle tests. However, the linear range was much larger in 
measurements with the MIAU device and the measurements were very easy to execute. 
Any significant differences in sensitivity were not noticed when comparing the colloidal 
gold and the paramagnetic particle tests. The performance of the MIAU device was also 
investigated further and it was noted that the mean of the relative standard deviations at 
each concentration was significantly lower when the measurement value was more than 
500. Also, the changes in standard strip measurements did not significantly affect the 
results but if the test strips had performed more accurately, the normalization might 
have become more significant. All in all, the MIAU device has potential as a point-of 
care measurement system due to its size, measurement time and performance which is at 
least as good as it is in the colloidal gold system. 

9.4.5 Performance of Colloidal Gold and Paramagnetic Particle 
Measurements Compared to Other Ricin Detecting Methods 

When comparing the performance of colloidal gold and paramagnetic particle 
measurements to other ricin detecting methods presented in chapter 4, it should be 
remembered that the relative standard deviations of the results in this study were 
relatively large due to the manual test line application procedure. Additionally, the fact 
that the different studies are performed in different conditions influences the validity of 
their comparison. 

In other ricin detecting methods, there was one study which had also utilized the 
lateral flow system with a colloidal gold label. They presented the detection limit of 50 
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ng/ml to a ricin preparation but no other values were presented [37]. This detection limit 
is very close to the results shown in this study. Consequently, the colloidal gold results 
can be considered valid reference results, at least if the detection limit is the measure. 
However, the commercial products promise much lower detection limits, such as 4 
ng/ml [127], but it is clear that the handmade strips cannot be of same quality as strips 
manufactured in a production line. 

If the colloidal gold measurement system is considered to produce valid results, the 
results from magnetic particle tests can also be compared to other measurement 
systems. Even though many systems can produce lower detection limits, the 
measurement time is in many cases much longer. In lateral flow assay the actual 
measurement time is the sum of two stages: the time of lateral flow assay to develop and 
the actual measurement time with the device. In this study, the lateral flow assay 
developing time was very long compared to commercial products, but with further 
development it can be decreased to 15 minutes or less. After that the measurement time 
of the MIAU reader is insignificant. Only the surface plasmon resonance method can 
compete with the 15 minutes of total measurement time and produce a similar or better 
detection limit. Usually these instrumentations are not a hand-held size while the MIAU 
device is. However, one small size surface plasmon resonance device is presented and 
its detection limit is only a little larger than the results presented in this study [43]. 

The linear range of detection is not presented in many studies but when compared to 
those where it is, only with a magnetoelastic sensor it is larger than in the paramagnetic 
particle measurements [38]. Even though the presented detection limit is slightly better 
in the system of Shankar et al. [38], the measurement time is two hours. 

9.5 Future Prospects 

As discussed previously, the lateral flow magnetic measurement has potential as a 
point-of-care testing method and it has many good properties compared to the other 
methods. However, the strips presented here cannot be used directly in commercial 
products and they must be developed further. 

In order to produce a commercial ricin test using paramagnetic particles as labels 
some aspects need to be considered and studied further. First of all, the strip 
manufacture procedure needs to be optimised. Because the antibody line is probably the 
most essential part of the lateral flow test, it should be automated. Also the stamping 
technique which was used in this test cannot be recommended due to the possible 
compression of the membrane. Possibly a better technique could be to spray the 
antibodies onto the membrane somehow. The right process climate is also important. It 
guarantees that the membrane will behave properly and the same kinds of static electric 
forces do not occur as in these tests. 

The other important aspect is the choice of the right membrane. The magnetic 
particles were somewhat larger than the colloidal gold particles and consequently, the 
membrane capillary flow time should probably be little faster than in the membrane 
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used in this study. Then the average pore size will also increase and particles will fit 
better to flow in the membrane. Different membranes should be tested in order to 
decrease the agglomeration of the paramagnetic particles in the water line. 

To decrease the agglomeration, there are also other important aspects to consider. 
By testing different membrane blocking agents further, a better combination can be 
discovered. Additionally, the need for sonication has to be noted as a reason for 
agglomeration. In this study the magnetic particle and antibody conjugates were in a 
solution of dilute BSA, but there are probably better substances which may help to 
prevent the agglomeration. Furthermore, the more homogenous the used paramagnetic 
solution is in the beginning, the better the results. 

In this study, only test line was used. However, the control line has also other 
important functions than to show if the test is functional. One problem was the flow 
backwards during the drying and it was the broader the fewer particles were attached to 
the test line. If there had been a control line, most of the excess particles could have 
attached to it and fewer particles would have been able to flow back. However, in this 
study the results were easier to interpret when only the test line was used. In this case 
the control line could have been placed at the very top of the membrane. Then the 
reader would not read the results from the control line, but the validity of the test could 
have been verified and the excess particles would have been bound to that line. 

In addition to the previous development proposals, it must be remarked that this 
study used as simple as possible a way to produce the test strips. They contained only 
the membrane and the absorbent pad, which were attached to each other by tape. In the 
future, it is important to construct the whole package where the membrane length is 
shorter and the conjugate and the sample pad are also parts of the test strip. The 
construction of a completely commercial test may create new problems but some of the 
problems encountered in this test may also be solved. 

Even though the quality of the test strips was relatively poor compared to 
commercial products, the functionality of the MIAU reader was good at least when the 
output signal level was more than five hundred. Also, the overall results with the 
paramagnetic particles were as good as with the colloidal gold particles, particularly 
when measuring the ricin preparation. However, in the measurements of the A-chain the 
results were not suitable for the test method and it requires more research to clarify the 
reasons for that. 
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10  CONCLUSIONS 

The ricin preparation can be measured with magnetic particle labels almost as 
accurately as with colloidal gold labels. The difference in detection limits is small and 
the sensitivities seem to be almost the same. However, the linear range of the 
paramagnetic measurements is significantly wider, and when compared to the other 
measurement systems introduced in the literature it is also one of the best. The linear 
range is the more important the wider a concentration scale is being measured. The tests 
with paramagnetic labels can also be re-measured accurately after a long period of time.  

The MIAU device from Magnasense Technologies (Finland) showed its capabilities 
as a measurement device in this study, and regardless of the fact that the quality of the 
test strips was significantly lower than in commercial products, it was possible to 
generate directional results. The measurement time after the test strips were run was 
only a second, and because the size of the device is also relatively small, the MIAU 
device is very suitable for point-of-care type testing. In future, the device will certainly 
get much use as long as suitable tests are developed to the market. 
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