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Introduction

1 INTRODUCTION

People often encounter ill effects of food intakke term adverse reaction to food applies to any
clinically abnormal response induced by fddéood allergy, an adverse reaction to food, is now
recognized as a significant food safety issue. Wsharmless dietary proteins of either animal

or plant origin are common elicitors of food allergeactions in susceptible humans evoking a

range of symptoms and are thus gaining promines@epaoblem in clinical medicirfe®

This chapter is divided into four sections; thestfisection deals with various aspects of food
allergy, the second section focuses on its managemed treatment, the effects of food

processing on the allergenicity of food are disedds the third section and the last section deals
with the legislations, analytical methods to vektyrect declarations and some food allergens in

detail.
1.1 Food allergy and various aspects

1.1.1 Food allergy and its causes
Food allergy is an abnormal response towards spéadds and specific proteins present within.
Such hypersensitive responses mediated by the imrmaystem occur in sensitized individuals

only>®

It is the food allergen that is responsible for #tlergenicity. Food allergens are proteins and at
times the products of protein breakdown such as ghptide fragments that retain the
allergenicity of the native protein are also coesidl as allergerfsFood allergens are generally

glycoproteins of molecular weight ranging from ©230- 40 kDa or polymers of those proteins.

There are two major unanswered questions relatedetdood allergy associated research. One
being, what makes an individual allergic to comgietharmless food but not another individual
of perhaps even the same family. The other quesiabout the traits of that particular food that
renders the allergenic potency in comparison terditods. Various studies are being carried out

to investigate thi&*°
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To maintain health, a properly functioning and welanced immune system is essential. Food
allergy is a response of the immune system. Orntbeotheories used to explain food allergy is
that since the World War II, prevalence of infeasadiseases like mumps, tuberculosis, measles
and several others has decreased and the lifetsiglddecome more hygienic. All these factors
have resulted in immune maturity that is eitheramgd or delayed. Therefore, overly hygienic
living conditions have led to defective immune nmation which results in sensitization towards

completely harmless fodd.

Despite the fact that food allergy poses a serlmeth problem and is considered the fourth
most important public health problem by the Worldalh Organization (WHO), there is still no
effective treatment other than total avoidanceheffood allergen or some rescue medication in

case of accidental ingestiér.

1.1.2 The difference between food intolerance anddd allergy

A misperception of food allergy exists in generablic; this is mainly due to the fact that food
allergy is misunderstood and often intolerancerelaimed as allergy. It is therefore important
to differentiate between the two. True food allesgor hypersensitivities differ from other forms
of adverse reactions to food which are more appatgly termed as food intolerances as any
abnormal reaction due to them does not involvertiraune systemi.Food intolerance can also
be of a toxic or pharmacological origihAllergies, on the other hand, represent an abriorma
immunological reaction of great magnitude towardergens. This reaction triggers the

production of allergen-specific IgE antibodies igh or T cells)?

1.1.3 Prevalence of food allergy
The exact prevalence of food allergies is unknoinnesevery diagnosis is not based on double-
blind placebo controlled food challenge (DBPCFG);tenstead, diagnosis is often made on the

perception of allergic symptont$.®

The prevalence of allergic diseases has increasehlliglly since the 1960s, especially in the first
world countries. Despite the difficulties encouetenin obtaining substantial population based
data on the prevalence of food allergies, epidergioll studies published over the last 10 tol5
years indicate that a significant percentage ofpihygulation suffers from food allergies and this

percentage is continually on the increase whileettact cause remains unknoWH?® As a result

2
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it has become an important health problem all dverworld®® It is also gaining popularity with
media and general public leading to increased avweasebut the perception of the frequency of
allergic reactions in general public is still fass than the actual incidences of food alléfgy.
Evidence suggests that the prevalence of IgE nestliftiod allergies is higher in infants and
young children in comparison to the adult populatfbAdverse health effects due to food

allergic reactions occur in about 1-3% of the paficth and about 4-6% of childrén-> > 202!

1.1.4 The physiology of the immune response

The factors leading to a reaction after the allerggake are of significance. Food allergy
consists of two separate phases, first sensitizatitere no symptoms occur, and later elicitation
with clinical manifestations. When an allergenngasted, digestive enzymes act on it, it gets
degraded to a certain extent and is absorbed iguhenucosa. Specialized cells of the immune
system deal with it and finally present it to tinemune cells that are responsible for producing
an immune response. In allergic patients, theie ngsulting synthesis of specific antibodies of
the immunoglobulin E (IgE) class by lymphocytes.eT¢pecific IgE antibodies circulate and
bind to the membrane of blood basophils and tismast cells. Subsequent contact of the
immune system with the same allergen will resulthi@ production of more specific IgE that
bind to basophils and mast cells and once the geotigE antibodies bound to the mast cell
and basophiles is sufficient, the allergen molediles with specific IgE. This triggers the
allergic reaction and the release of pharmacoldigicactive mediators like histamine,
prostaglandins and leukotrienes causes the onseheofvarious symptoms associated with

allergy> ’

1.1.5 Diagnosis of food allergy

An accurate and reliable clinical diagnosis isicaitin food allergy as it helps patients against
unnecessary and at times potentially health thn@adediets and unnecessary exclusion diets
imposed by misdiagnosis and also allows adhereacdidtary suggestions for the allergic
consumer: * The diagnosis tends to ascertain a reliable ligkevben the clinical history of an
adverse reaction to food, as proclaimed by theepgtiand the immunological basis of the
reaction® The diagnosis is based on several indirect tdwls utilize the properties of the blood
serum; the blood of the patients contains whitetloells and IgE antibodi8sSkin tests oin

vitro assays are usually employed since these try tothe clinical reaction with the IgE

3
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mediated pathophysiology. These diagnostic methwdisate the presence of food specific IgE
antibodies but do not diagnose food allergy its&lpositive controlled food challenge gives the
conclusive verification of the clinical relevancetlween the reported history and the detected
food specific IgE. These methods are discussed in detail in theviollp text.

1.1.5.1 Skin tests

The skin test was introduced by Blackley as theaddrmal form of allergen skin testing more
than 100 years ago and the prick test was deschpddtwis and Grant in 1924. Since it is fast
and cheap and due to the readily available ressitis, testing is still the primary tool for the
diagnosis of food allergy in daily practit&?In a skin prick test, the skin is punctured throag
drop of a glycerinated food extract or the testasducted by first puncturing the native food and
then the skin for the prick - to - prick techniqéeskin prick test (SPT) reaction is considered to

be positive in case of a mean wheal diameter ofrBana wheal area of 7 nffrespectively: 2

1.1.5.2In vitro tests

Thein vitro determination of specific IgE is more time consognand expensive and in general,
renders comparable results to the SPT, neverthéldéss its own advantages which includes
qguantification of food specific IgE antibodies. $tallows keeping track of the course of allergic
disease in each patieht®

1.1.5.3 Oral challenge tests - Double - blind plabe - controlled food challenges
Charles May is given the credit for initiating thee of double - blind placebo - controlled oral
food challenges (DBPCFCs), in routine clinical aresearch aspett. The DBPCFC is
acknowledged as a gold standard in food allergegmdisis, it also is the most credible and
reliable method to confirm or dismiss the occureent an adverse reaction to a food in older
children and adult&’ It is however not employed for individuals witthistory of anaphylactic
shock. A standardized procedure has not been deatlas yet; the challenge is performed by
administration of increasing doses of the food wnomnsideration. This is usually done by
doubling the dose every 15-30 minutes until a maxmuose is reached, that is the normal daily

serving. It is important that the first dose isdvelthe individual threshold levél.
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1.1.6 Symptoms

Allergic reactions to food encompass a broad spetof symptoms which range from mild ones
like a skin rash to as severe as being potentidlythreatening or even fatal in extreme
cases: ® ?* Even the intake of minute amounts of food allesyansufficient to elicit allergic
reactions in sensitized individuals. In generak fgediated immediate hypersensitivity reactions
occur rapidly and are often severe, fatalities helge been associated with th&hre The time
observed for allergic reactions to appear variesmfa few minutes to 2 hours following food
ingestion or inhalatioh Elaborating further, a number of target organs ieyaffected and the
symptoms manifested include digestive disordeispiratory symptoms, circulatory symptoms
and skin irritations and the reactions include carii|a, angioedema, rhino conjunctivitis,
laryngeal edema, asthma, oral allergy syndrome itimgn diarrhea and systemic anaphylaXis.

The symptoms associated with food allergy are dised below.

1.1.6.1 Cutaneous reactions (skin symptoms)

Skin symptoms, also referred to as the cutaneoastioms, are the most common clinical
manifestations of food allergy along with the syomps of the gastrointestinal tr&ctAcute and
generalized urticaria, with or without angioedenm,the most common occurrence. It is
frequently observed in combination with symptom®tbfer target organs, but may be present as

the sole demonstration of an allergic respdnse.

1.1.6.2 Oral allergy syndrome

Oral allergy syndrome (OAS) is a type of urticamdich is confined to the lips and
oropharyngeal mucosa. The symptoms associatedtmatidAS include the pruritus of the lips,
tongue, palate, ear and throat. These symptomsamsaybe coupled with a mild angioedema at
the same sites and generally appear within 5 tonitiutes following food intake. Even though
food can trigger OAS, the syndrome is more commoblserved in patients allergic to pollen in
association with allergy to fresh fruits, nuts oegetables, or cross reactivity between

homologous proteins present in pollen and plants.
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1.1.6.3 Gastrointestinal symptoms
Symptoms of food allergy induced by the gastrotmes tract incorporate nausea, vomiting,
abdominal pain and diarrhoea. These symptoms som@etbecome apparent solely but more

often are evident in combination with other targefans:

1.1.6.4 The respiratory tract and food hypersenshity

In addition to the above mentioned symptoms, ragmiy tract symptoms may also be attributed
to food allergy. These symptoms are uncommon, doogour in isolation and encompass a
broad spectrum. These include nasal congestionpmiiea, sneezing, nose and throat itching,
coughing and wheezing. Asthmatic reactions andeabubtnchospasm caused by food allergy
constitute a more worrisome and dramatic groupliofcal manifestations with high risk since

they are common during fatal and near fatal fotetgic reactiong: 2* 2°

1.1.6.5 Anaphylaxis

Anaphylaxis is the severest manifestation of folbekrgy, can be fatal and has been established
as a medical emergentylt is an immunologically mediated event that oscwithin minutes of
exposure to a particular foreign substance evémeiintake is in trace amourffslt is caused by
massive release of mast cell mediators that maglwevmultiple organ systems. The patients
may also develop other symptoms like urticaria,rifug, vomiting, diarrhoea, angioedema,
laryngeal edema, bronchospasm, abdominal crampsjacaarrhythmias, hypotension and
shock! An approved definition does not exist, howevegmylaxis may be defined as an acute,
rare, life threatening generalized or systematipengensitivity reaction regardless of the
mechanism or it may be defined by a set of moreiipecriteria especially involving severe

respiratory or cardiovascular symptoms.

Although fatal allergic reactions have been knoamdver 4500 years, anaphylaxis was not fully
identified until this century. The term “anaphylgikiinds its origin in a classic study by Portier
and Richet in 1902 where they elucidated the rde@mth of several dogs that they attempted to
immunize against the toxic sting of the sea anem8mee the reaction represented the opposite
of their intended “prophylaxis” they contrived ttegm “anaphylaxis”, that is without or against
protection. Several studies have indicated the m@amse of anaphylaxis to be food

hypersensitivity. The first contemporary information food anaphylaxis in humans was
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published by Golbert and colleagues in 1969. Thescdbed 10 cases of anaphylaxis following

ingestion of various food assortments includingitegs, fish and milk?

1.1.6.5.1 Prevalence of anaphylaxis to food

A large variety of food stuffs has been reportedinduce anaphylactic reactions and food
anaphylaxis is the dominant cause of anaphylaxitsasccurrence is even greater than that of a
bee sting. The list of food stuffs that may do so is almostimited since in theory, any food
protein is able to trigger an anaphylactic reactiorfoods that are likely to induce an
anaphylactic reaction include fruits, legumes, trats, peanuts, fish, shell fish, cow’s milk, egg,
seeds and cereals or grains. Anaphylactic sympésseciated with food allergy occur in several
patients, specially children and adolescents aad&lses of anaphylaxis treated in the emergency
department are increasihgHowever, there are no exact prevalence figurdearf anaphylaxis.
One reason for unreliable data for its prevalerscéhé absence of an approved definition of

anaphylaxis.

1.1.7 Geographical aspect of food allergy

The affect of a particular region on the prevaleot®od allergy cannot be ignored since it has
been observed in certain populatioReod allergy is determined by the complex intecangiof
allergen exposure and the individual susceptibilitye allergen exposure is considered to be an
important determinant since a lot depends on edtafgts. In an area where a food is frequently
consumed, the risk of allergy to that food is ajseater than in areas where it is rarely eaten.
The various foods that are common elicitors of kergic reaction vary from USA to Canada to
the European UniohThis can be elaborated by the following exampliséy allergy has been
reported to be more dominant in areas where #rgely consumed, as in Norway, Portugal and
Japan. Similarly, shrimp allergy is reported torhere prevalent in southern states of USA.
Peach allergy appears to be more frequent in cdegnivhere it is common part of food, for
example, Spain, Portugal and Ithjlso, peanut allergy is the most frequent fooeraly in the
United States and in England but it is not so widead in other European countries. However, it
has also been observed that with time, variousgadle are spreading rapidly and becoming more

common in those parts of the world where they vpeewiously rare.
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1.1.8 Cross reactivity

Cross reactivity refers to allergic reactions tadgamultiple food stuffs due to the presence of
proteins that share common or similar epitopSsveral such cross reactions have been observed
and reported. Cross reactivity between pollen aod tuffs also exists, frequent cross reactions
are observed between birch pollen and hazelnuiappte and also between pollen of mugwort

and celery.

At times, a significant association exists betwsensitization to certain fruits and vegetables
along with sensitization to other foods belongingeither the same botanical family or to a
different one. Clinically this phenomenon has begplained as “cluster of hypersensitivi&y?.
Several clusters have been observed and in 1984d6n reported various clusters based on a
long list of case studi€g.These clusters include apple and pear, kiwi faniil avocado, potato
and carrot, parsley and celery and also stonesfrmicombination with apple and celery, as well
as hazelnut, walnut, Brazil nut, almond with des#mond®® Several other clusters have also
been reported, these include celery, carrot, mugama spices; apple, carrot and potato; fennel
and celery; cherry and apple; melon, water melahtamato; fennel, carrot and celery; lettuce

and carrot; tomato and peanut; celery, cucumbemicand watermelon.

1.1.9 Threshold doses

In toxicology the term threshold dose refers toltveest quantity capable of eliciting a reaction.
Likewise, in food allergy a threshold dose refaysthe lowest amount of allergens that can
trigger an allergic reaction. Any amount below itlwot trigger a reaction and is therefore safe
to consumé.The threshold dose that provokes symptoms is ¢miteand for IgE mediated food

allergies it varies considerably ranging from a fewligrams to as much as eight grams or
more’® It is generally assumed that the severity of gection is proportional to the degree of
sensitization and the level of intake of the offegdfood. Clinical data shows that the threshold
dose level, also termed as minimal eliciting dd4&D), vary among people and also within the
individual over timé Generally, it is believed that food allergic pate are at risk after

consumption of food containing allergenic contartésat > 10 pg / g food.
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1.1.10 Psychological considerations of food allergy

Food plays a significant role towards the social physical development of an individual; it is
no surprise that various psychological disorders associated with food. Among various
problems like anorexia, obesity, bulimia and margrenfood allergy also has a significant role

to enact?

The most common psychological affect is anxietystwess; food allergy may also become a
continuous source of stress to the patient as agetb the entire family because of the endless
vigilance necessary to avoid a reactidiThe stress posed by food allergy not only affélces
sensitized individual and his family emotionalliyalso limits family activities such as eating out
as it is associated with a high risk factor. A vastnber of problems arise because a considerable
majority of the populace is still ignorant of theverity of the problem and do not comprehend
the risk associated with ingestion of allergensspite the increasing awareness a lot of people
still do not believe food to be life threateningany way therefore, a sensitized individual or his
family may encounter problems when interacting vgitith people. They might even try to feed
the antigen containing food just to prove theimpoDue to this allergic children may also have
problems at school and for a highly sensitive ¢iplarents may decide to home school the child
to reduce the risk of exposure to offensive foodother aspect is the development of certain
eating habits after a reaction by the sensitizelividual. This may include eating only certain
things and avoiding all other food out of fear akaction which may lead to malnutrition. After
an incidence of a reaction the patient may alsofecwithdrawn, fearful and mistrust others for
their food and parents of such individuals feeltguand may lose confidence in their parenting
skills. Thus psychologically both the patient ahdit families are affected since all the above

mentioned factors have a huge impact on the pelitesd’

1.2 Allergy management and treatment

1.2.1 Allergy management

A relationship between food ingestion and its reacts clearly observed in certain cases, an
acute IgE mediated reaction following food ingesti® one such instance. Allergy management
then becomes considerably important for individualssceptible to such reactioffs.A

comprehensive management plan for food allergy nemstompass all aspects and include
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adequate instructions required for avoidance ohsftensive food and a written emergency

plan of action for accidental ingestibn.

1.2.1.1 Allergen avoidance

Strict and complete avoidance is the key to prewngllergic reaction and the only proven
therapy® %* ° Despite its importance, it has proved to be alehge difficult to achieve.
Various reports of such incidences exist in liter@atwhen an individual, fully aware of his
allergic disposition, accidentally ingested thesiaen containing food. As minute amounts of
allergen can cause calamitous results, providirgjaate information to the patient regarding the
allergen holds great importance that cannot beederhwareness must be raised in patients
concerning the different terms used for that paldic food in the ingredient list and also

information about the foods more likely to contdiem® %*

1.2.1.2 Elimination diet

Since strict avoidance is the only way out for dlergic person, elimination diets are
recommended. These tend to eliminate the offeraieegen from the diet of the individual. To
recommend an appropriate diet, correct diagnodis an accurate identification of the allergen
is crucial. A significant clinical problem concertige people suffering from allergic reactions to
multiple foods, sharing homologous proteins. Inhsgases, where several foods need to be
avoided, elimination diets may result in eatingodilers and malnutrition. In such cases dietician

supervision is imperative, particularly for growingildren® *2

1.2.1.3 Label reading

For allergen avoidance, label reading is a critstap, thus affected individuals and their families
depend on ingredient labels of commercial prodtatscertain the safety of their fogkh error

in this process can arise due to incorrect labetingerroneous reading of the label by the
consumer and can have drastic resultd.t is therefore vital to read the label each time a
product is purchased since different batches os#mee product may have different ingredients.
To read the label more than once, as a precausianaasure while purchasing a product will
help minimize the chance of error in label readirf§.Another critical aspect of label reading
has been reported by Joshi et al. in a study wineng found out that percentage of people who

were successfully able to identify the offendingdoon the ingredient list was very low since
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most people were not aware of all the technicasamentific terminologies used. Examples of
such incidences would be the presence of milk praotea product; often labeled as “whey” or
“ammonium caseinate” or the case of eggs, wher@rdsence can be indicated as “albumin” or
“globulin”.®" Thus, to minimize the risk, patients must impreiveir awareness of the offending

food and its terminology.

1.2.1.4 Allergy management outside the home

Most of the severe food allergic reactions occutside home therefore eating out should be
either avoided or carefully monitored to avoid dmgden allergens. It can also be avoided while
travelling for long hours, even on a flight by gang home cooked meals rather than relying on
the meals served since most flights do not endigsgan free food. Besides these precautions,

friends and colleagues should be well aware of tmreact in case of a reactith

1.2.1.5 Allergen management in the food industry ahassociated issues

Consumer complaints concerning the presence of dergéel allergen at hazardous levels
indicate that unresolved issues exist with allengemagement systems in the industilye food
industry has taken numerous initiatives concerrsgageral issues to meet the requirements of
food allergic consumers\ brief overview ofaccidental presence of allergens aalkhted issues

follows.t®

1.2.1.5.1 Raw materials
On the industrial scale, the first step where ammation may occur is the raw material. The
supplier has often little or no knowledge of thenfalation of ingredients used as raw materials.

To overcome this, regular audits and training efshpplier may helff

1.2.1.5.2 Manufacturing processes

The presence of undeclared allergen in a producbeadue to the multi step manufacturing and
factors associated with each step. These inclualgenuate cleaning, lack of physical separation
at cross over points in production lines, carryraseallergens from shared storage equipment or
from maintenance tools. To overcome these problethsrough cleaning, inclusive of
disassembling of the equipment, different storageilifies and maintenance equipment for

specific allergenic foods should be obserifed.
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1.2.1.5.3 Equipment design, effective training ofmeployees and labeling

Equipment design can pose as an important isstherdiecause it is hard to clean because of the
difficulty in dismantling that may result in allesg accumulation which cannot be readily
detected by inspectidfi.Training of the employees is also critical siné&m wrong people are
trained or not enough people are provided with adegtraining® Since avoidance is the key
for survival, effective and correct labeling is @sgal to achieve a high health protection level
and to guarantee complete information to consurfiefs. most consumers are aware of their
specific sensitivities, a complete labeling of mdjents will minimize the chances of a
reaction®® Instead of using old labels, new labels must keel @sach time because if the labeling

is not reviewed each time, ingredient declaratiould be inaccurat®

1.2.1.5.4 Cross contamination

Cross contamination is another serious issue; ithés contamination of allergen free food
products with traces of food allergens through pheduction process. As a precaution, food
manufacturers often label their food products withay contain” a certain allergen. This
drastically reduces the range of food productsbigtfor allergic consumeld Contamination in
bakeries is quite likely, especially when freshdarcts are placed in close proximity without any
packing. Avoiding such high risk foods will defiely help minimize the risk of accidental

ingestion of the allergetf.
1.2.2 Treatment of a food — allergic reaction

1.2.2.1 Rescue medication

Although most allergic individuals with severe foallergy are aware of their allergic
disposition and the causative fo@V,oiding food allergens is often complex aheé possibility

of accidental ingestion of allergens cannot bedwat, in fact it is quite frequeAl. Therefore
having a rescue medicine is of vital importance.patients and their close acquaintances should
be trained for an early recognition and treatmetaio allergic reaction. Epinephrine and
adrenaline are the key drugs for treatment of sewepotentially severe food allergic reactions.
Patients must carry self injectable adrenaline asttbuld be trained to inject it

intramuscularly’: *
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1.2.2.2 Immunotherapy

Current methods of allergy management, completéedance of the offensive food and rescue
medication are certainly not the céré curative treatment is an essential requirementdod
allergic patients suffering from severe anaphytatactions that cannot follow elimination diets
because of exposure to hidden allergens and afiBkalth threatening or even fatal reactions.
Since for respiratory and insect venom allergipec#ic allergen immune therapy (IT) emerged
as an effective treatment it can be expected tltatuld possibly be a therapeutic option for food
allergies. From recent studies it can be expedtatin future new strategies, such as sublingual

and oral immunotherapy, will be effective in redugiensitivity to allerger®.
1.3 Food allergens and effects of processing

1.3.1 Allergens in foods

Considerable efforts have been taken so as toifgehe attributes of non-toxic food proteins
that evoke an IgE mediated allergic response isisead patients. Several allergens have been
identified and allergen data bases have also betaps Food allergens seem to be restricted to a
small number of protein famili€d. Proteins are consumed daily in enormous varietyuih
plant and animal sources. In an atopic individttadre is a high risk of an allergic reaction as
soon as the protein is ingested. Allergenicity oy &od is rarely due to a single protein, it is
mainly due to an allergen repertoire comprisingesal different protein. According to
structure and sequence criteria these proteinglassified into different protein families, one
such database classifying proteins into familiestlos basis of sequence homology is Pfam
databasé® Allergenic proteins are found in not more than &9the total ofca. 4000 Pfam
families with only three dominating plant food afjen protein families/superfamilies that have
been identified. These include the prolamin (inclgd2S albumins and LTPs), the cupin family
and the Bet v 1 family (PR 10 family). These alavith profilins account for more than 65% of

all plant food allergen®:

1.3.2 The effects of food processing on allergens
Factors affecting allergenicity of food include tto®@d matrix and its effect on protein stability
as well as food processing techniques which camewiincrease or decrease the allergenic

activity.>” Recent research has highlighted this importanéctsyf processing on allergenicity of

13



Introduction

food3® “° There is a general agreement that depending onbitehemical and physical
specificities of the allergenic proteins in a certibod, the impact of a given technology on the
allergenicity of food is variabl&: ** During thermal preservation of several fruits ardetables
their allergenicity is reduced or even rapidly lést a vast majority of sensitized consumers.
This is because consumers may suffer from theadle&lgy syndrome which is provoked by the
PR 10 proteins. These are relatively unstable &bilng since several epitopes, the protein region
recognized by an antibody, are conformational amdenvulnerable to heat treatment than the
linear epitopes® *

1.3.2.1 Thermolabile proteins - unfolding conformabnal epitopes

The Bet v 1 superfamily of plant food allergenghie major group of proteins involved in the
pollen and fruit or vegetable cross reactivity.general Bet v 1 homologues are labile proteins
and during cooking, the conformational epitopes destroyed as a consequence of unfolding,

their IgE reactivity and ability to elicit a reasti is also reduced by such food proceséing.

1.3.2.2 Thermostable proteins — undergoing limiteéblding and aggregation

Some food proteins unfold to a limited extent, hasg in partially folded molten globule
structures which may aggregate and form other tstree within foods. The 11S and 7S
globulins are significant plant food allergens lgjmg to the cupin super family with a tendency
to form large thermally induced aggregates. Thdskuljns are stable, the thermal transition of
7S globulins is around 70 — 75 °C while 11S unfdidemperatures above 94 °C. However, only
minor changes are observed in the protein secondancture even on heating to such
temperatures. As a result of this structural sitgtolf the globulins their allergenicity also shows

remarkable thermostabilify;.

1.3.2.3 Thermostable proteins — resisting unfoldingnd refolding on cooling

There are certain proteins that are stable eveleiaturing conditions such as high temperature
and pressure or low pH and high concentrationshabttopes, which are capable of disrupting
macromolecular structures such as proteins; thesede guanidine hydrochloride or urea. The
prolamin superfamily is an example for such pratéfriThus food processing has no effect on

such families of proteins.
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1.3.3 Options for processing to minimize allergenity in foods

1.3.3.1 High pressure processing of food

Few studies concerning the influence of high presgteatment on allergenicity have been
published. High pressure processing has been osezlitice the allergenicity of food stuffs in
some cases. For instance, allergenicity of ricen@daced using high pressures of 100-400 MPa.
Under such conditions, a considerable amount ofepre was released which on analysis by
SDS-PAGE and immunoblot, proved to be the majar aitergens?

1.3.3.2 Removal of allergens

Separation technology can also be employed to eethad allergenicity. Ultra filtration, which
has been used to prepare infant formulas in cortibmavith proteolysis can be used to remove
large immunologically active allergen fragmefitdn foods where allergens are expressed in
specific tissues only, tissue removal will redube tllergen load of the resulting processed

food3°

1.3.3.3 Enzymatic treatment

Allergenicity can be reduced via enzymatic treatmertwo ways. One of these is the proteolytic
modification of the epitopes. In this case the gget are targeted in such a way that the
biological functioning of the allergenic protein met affected. Ascertaining sufficient contact
between protease and allergen and proper comhbmatithe two can help reduce allergenicity.
Proteolytic processing and using the informatiorepitope structure and suitable proteases have
been successfully applied to decrease the allerigenif wheat flour gluten and sdy.Ensuring
adequate epitope or allergen contact with the eezygnzymatic processing of raw materials

may also reduce the allergenicity.

The other method is the enzymatic oxidation angdsstmking; it is presumed that the oxidatives
affect proteins allergenicity. Sufficient contacetween allergen and oxidising enzyme is
essential, enzymes include the polyphenol oxidases peroxidases. This is associated with
some effects of the oxidation reaction like decodtion or changes in tastg.
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1.3.3.4 Other novel technologies

Other techniques include gamma irradiation andgulidectric fields and acoustic treatment. So
far, there are no reports of successful attemptsetince allergenicity by means of gamma
radiation. It has been proved to be unsuccessfulestucing the allergenicity of celery

allergens’®
1.4 Legislations, important allergens and analyticamethods

1.4.1 Legislations concerning food allergy

The allergenic potential of a broad range of fotuffs has been identified. It is particularly
important for an allergic patient to know the exemtposition of food especially concerning the
presence of potentially allergenic constituentsve®a initiatives have been taken by public
health authorities and subsequently legislation® lteeen formulated. Until recently, labeling of
ingredients that were less than 25% of the finispemtuct was not compulsory in Europe as
indicated in Article 6 of EC Directive 2000/13 dfet European Parliament. However, due to
strong consumer requests for better informationualdood composition and for consumer
protection, the European Commission has issued E€:tiive 2003/89 as an amendment to EC
Directive 2000/13, effective since 2005 that deaith ingredient declarations on food stuffs.
Annex llla of this guideline includes a list of fangredients and products thereof classified as
possible allergens or leading to possible intoleganin addition, any ingredient used in
production and is present in the finished prodwtigther in its original form or altered, must be
indicated on the label with clear reference to tlane of this ingredierif Sesame and its
products are on the list as well as lupine angritglucts, which have been added in 2006 to the
list.®* Poppy has yet to make its way to this list sintlergy to it is very rare although
anaphylactic reactions to poppy have been repoktéth the requirement of food allergen
labeling in the EU and the US the awareness of faltetgies is not only increasing among

consumers but also among food processors and teguigencied?

Keeping in mind the severity and prevalence ofttiree afore mentioned food stuffs, sesame,
poppy and lupine, the following text discusses ®tad their plant physiology, uses and

allergenic potential.
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1.4.2 Sesame

Sesame being an herbaceous plant of the familyliBedae is an annual self pollinating plant
with an erect, pubescent, branching stem, andbi3 @. 1.20 m tall. The principal species found
in commerce isSesamum indicuii Sesame$esamum indicurh., Pedaliaceae) is a very old
crop and is probably the most ancient oilseed \atiid by mankind. It is thought to have
originated in Africa but it has also been charazest to be a highly prized oil crop of Babylon
and Assyria about 4000 years ago. Sesame hasitadiippbeen associated with various regions,
the Chinese used sesame oil for light and to make for ink blocks. Another example is of
African slaves who brought sesame seed to Amethes; used the term “benne seeds” for it and
thus sesame became a popular ingredient in Souteeipes. The English term “sesame” traces
back to the Arabic term afimsim the Copticsemsemand the early Egyptian term sémsent*
Sesame is still being used worldwide with differeames according to the region of production,
in some areas like China, Mexico, South and Cemtrakrica it is known as “sesamum”, in
South India and Burma it is termed as “gingellyi.regions of Sierra Leone, Guinea and West
Africa it is called “benniseed” whereas it is tedres “sim-sim” in Middle East and “till” in East
and North Africa® China, India, Sudan, Mexico and Burma are the majoducers of sesame
seeds in the world by contributing to approximatd@s of its total world production. In Burma,
it is the major source of edible oil for local cangption.

1.4.2.1 Nutritional value of sesame

Sesame is used in the form of whole or crushedsseeds sesame oil since it is a highly valued
source of edible oil as well as protein and thepdnolds great importance owing to its high
content of excellent quality oil. The sesame oithva mild pleasant taste, is a natural salad oill
which is easily digested and is stable to oxidasitress, for these reasons it is acknowledged as
healthy for consumptiofr: *® The chemical composition of sesame shows thataniimportant
source of oil containing 42-54% oil and 22—25% @irot> ** It was also reported to have 13.5%
of carbohydrates, 5.3% of ash and 5.2% of moistBesame constitutes an inexpensive source
of protein, fat, minerals and vitamins in the diefsrural populations, especially children.
Products derived from sesame have been recommdadgwung children in societies of the
Mediterranean region, because of their high notrétl value*® The edible parts of sesame seeds

consist of the embryo. The embryo of the sesam#sssaised to make sesame butter-like that is
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called “tehineh” which is a popular food in the Mid East. Another popular sesame food is
“Ogerie”, it is used in Sierra Leone, West Afrieand is used in bakeries, confectionaries and in
the formulation of baby food. The embryo is alsedign the making of sesame oil. Literature

has various reports concerning the health benafs®ociated with the consumption of sesame
including weight gain control, prevention againatdiovascular diseases and protection against

ageing™

1.4.2.2 Protein composition of sesame

The amino acid composition of the sesame seedsigue and unusual among the oilseed
proteins owing to the high content of sulphur contey amino acids that is, methionine and
cysteine, and low content of lysine. Due to itsromacid profile, sesame has been recommended
as a protein supplement for legumes. Furtherm@samse is also a rich source of niacin, folic
acid, vitamin E, calcium and phosphorus. Major @it present in sesame seeds are storage
proteins such as albumins that constitute 8.9%hef groteins, globulins (67.3%), prolamins
(1.3%) and glutelins (6.9%). The major proteinssesame include the water insoluble 11S
globulin which constitutes 60-70% of the total sgedteins and the soluble 2S albumin which
constitutes approximately 25% of the total seedgims. The two are conventionally termed
globulin and B-globulin, respectivel{*® The existence of a 7S globulin as a minor corestitu

of the total storage proteins in sesame has briefn reported in several investigations. The 7S

globulin constitutes approximately 5% of the tatesame proteif!.

1.4.2.3 Sesame allergy and its prevalence

Sesame seed allergy is a common cause of foodygllar many countries, including Israel,
Japan, the United States, and various Europeartriesfii The incidence of sesame seed allergy
in adults and children has been increasing foiptst several decadaad has been documented
in several countries, including Great Britain anas&alia>® ** During recent decades, the use of
sesame seed has spread to North America and Eurbpencreasing prevalence in European
countries could represent 2—4% of total food ale=tf ™ Its prevalence in Israel is more
common than in North America and Europe which canatiributed to the early exposure to
sesame in Israel where it is often recommendedhitdren in their first year of ag®.In a more
complex study investigating 4078 Australian chifdréhe sensitization rate to sesame seed was

found to be one third to that of the peanut sexaditin rate and higher than the sensitization rate
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to any tree nut! The increasing consumption of foods containing sesseeds and sesame oil is
paralleled by an increase in reported sesame-imdatiergic reaction$®> *® **The increasing
consumption of sesame seed containing foods igaltiee products which have come into the
market due to increasing trends of vegetarianisthatiher products such as the international fast
food and bakery products, whesesame seeds are generally used for toppings addyrike
hamburger buns, bagels, bread sticks, and othedbgdods’ Sesame is not only used in edible
products but also in cosmetics and pharmaceuticadyets, and allergic reactions to
cosmetics/toiletries have also been repotiethis increase in sesame-induced allergic reactions
called for additional studies on the characterratand identification of the specific sesame

allergens®

1.4.2.4 Clinical manifestations of sesame allergy

Ingestion of sesame seeds and sesame oil by gedsiindividuals has various clinical
manifestations. Sesame seed allergy can resuithere delayed-type hypersensitivity reaction
or an immediate-type systemic immunoglobulin E—ratstl response. The clinical picture
includes characterization by atopic dermatitis) praritus; angioedema of the lips, tongue, and
uvula; generalized erythema or urticaria; rhinitesspiratory distress, asthma, nausea, vomiting,
weakness, or hypotensioRlypersensitivity reactions tend to be more sevar@ature, often
resulting in an anaphylactic reaction in severess®® Many sesame allergic patients are also
allergic to tree nuts or peanutshich is not surprising given the high level of igehic cross

reactivity observed between sesame seeds andute® n

1.4.2.5 Identifying sesame allergy

To identify sesame allergic individuals is not asyetask. The DBPCFC (double-blind, placebo-
controlled food challenge) is the gold standardtifier diagnosis of sesame allergy. Moreover, in
many instances, it is perhaps the only way of déistahg a link between a clinical reaction and
exposure to sesame allergens. However, oral clggtean patients with a history of anaphylaxis
are generally not performed due to the severitthefreactions triggered by sesame. Generally

SPTs andn vitro tests are the only procedures used to identifgreesallergic individual&*
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1.4.2.6 Allergens in sesame

The major allergens of sesame seeds have alreadyidbentified: these include a sulfur poor 2S
albumin Ses i 1 with the molecular weight of 10 kBasulfur rich 2S albumin, Ses i 2, with the
molecular weight of 7 kDa, a 7S vicillin-like gloluthat is Ses i 3 with a molecular weight of
45 kDa>" °"%2%3 two oleosins with a molecular weight of 17 kDa ddkDa called Ses i 4 and

Ses i 5, respectiveR? and two 11S globulins called Ses i 6 and Se¥i 7.

1.4.2.7 Threshold doses

Sesame allergens are known to be very potent,rgapsirticularly severe reactions in sensitized
persons with a high risk of life threatening andpkig >* °® °* ®® Exceptionally minute amounts

of sesame are capable of eliciting a severe aflergaction in highly sensitized patients.
Extremely sensitive subjects were reported to réacoses as low as 30 mg crushed sesame

seeds and 1 mL sesame%il.

1.4.3 Poppy plant

The poppy plantRapaver somniferujris a member of the botanical family Papaveraeeakan
annual herb. Ibriginated from the coast of the black el is cultivated extensively in many
countries, especially in Asia and Central and Sdutterica. Ithas also been grown all over

Europe for centuries and is the source of both paeeds and opiufff ¢’

1.4.3.1 Uses of poppy

Papaver somniferuns the source of both poppy seeds and opium. ©hanwercially available
seeds are widely used as ingredients for varioissnas®® ® Poppy seeds and poppy oil are used
both for cooking and flavoring. The commerciallyadable seeds are widely used throughout
Europe as ingredients especially for poppy cakespamppy rolls. Crushed and sweetened poppy
seeds are a common filling for certain crepes,dsfs) and pastri€d: ® In addition to food,

poppy seeds are sometimes used for coloring oe&Xample, antitussive syrups.

1.4.3.2 Allergenicity of poppy

Despite the widespread use of poppy, allergic r@astas a consequence of consumption are
rare®® Seeds can induce immediate-type allergic reactans IgE-mediated sensitization to
poppy seeds, if present, is usually associated sétrere clinical symptonf&.Since sensitized
patients can develop severe anaphylactic symptoinds important to recognize the
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hypersensitivity to poppy se&f.Positive prick tests with raw and baked poppy sees

indicative of the thermostability of the relevantigen®

1.4.3.3 Symptoms

Allergic reactions to poppy are rare but severe assbciated symptoms may affect the skin,
mucosa, and bronchial and gastrointestinal traldte. clinical symptoms reported range from
itching around the mouth and lips and nausea t@hanactic reactions after consumption of
poppy®® Another fact of significant importance is that acgon to poppy seed can also be
caused by inhalation and not only by oral expogaréhe allergen. This further confirms that

poppy seed allergy is usually sevéte.

1.4.3.4 Allergens in poppy

The allergens identified and that have so far bselated include Pap s 17 kDa, which is also a
Bet v 1 homologue, a Pap s 34 kDa and a Pap diprdffin an instance, where the sera of 11
poppy seed-allergic patients was studied, spelgfcfrom the sera of 10 patients bound to a 45
kDa protein, of 4 bound to a 34 kDa protein anéd &6 a 17 kDa and to a 14 kDa protein and 3
to a 5 kDa protein. The 40 and 45 kDa allergensevggycoproteins and contained IgE binding

carbohydrate moieties. Homologues of pollen allesgihat are cross reactive were detected in

poppy seed extract. These included Bet v 1 andlipr6f

1.4.3.5 Cross reactivity

It was observed, in the reported cases, that psppy allergy coincides with various other food
allergies®® Immunological cross reactivity was recognized kip grick tests (SPT) and RAST
inhibition experimentsCross-sensitizations or cross reactivity betweeppgoseeds and other
food stuffs such as sesame, hazelnut, rye grain kamil fruit have been described® °®

Allergological workup also revealed a novel crosasitization with buckwhe4t.

1.4.3.6 Reported cases and increasing prevalence

The increasing prevalence of poppy seed allerggvisent from various reported cases of
individuals suffering from allergic symptoms affgppy ingestion. In one instance, a 52-year-
old patient suffered from epigastric pain, angioede and respiratory distress and required
emergency care, all a few minutes later of popgyeaansumption. Skin prick test confirmed

the poppy seed allerdy.n another case a 17-year-old boy suffered a masthon after eating a
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poppy seed cake. The allergic reaction comprisedcafe abdominal pain followed by diffuse
urticaria and a very low blood pressure. After adstration of adrenaline and corticosteroids
the condition improved. A skin prick test againeppy proved to be highly positif& Another
report deals with a case of a woman, who complaswveelling of the throat after ingesting ice
cream with poppy seed toppifidin yet another incidence a 17-year-old unconsciemsle was
admitted to the intensive care unit and was repaesuffer from an anaphylactic reaction with
nausea, heat sensation, and abdominal pain tertemiafter having a bite of poppy cadkeall
above mentioned cases are indicative of the incrggsrevalence of poppy seed allerdy.
another study dealing with food hypersensitivitySweden, Denmark, Estonia, Lithuania, and
Russia poppy seeds were reported to show somé slgiptoms associated with food allergy.

Among these countries Sweden showed the higheslpreee of poppy seed allerdy.

1.4.4 Lupine

The genusLupinus commonly known as lupine, belongs to the Legumsao family and
subfamilyPapilionaceaeit is a legume comprising of a wide range of o480 species. Among
the legume family, the second largest family ofdspkants’? lupine is an interesting one due to
various reasons. It can be cultivated under a tyag&climatic conditions, representing a more
easily available and therefore cheaper proteinceotitan other legumes. It also has high protein
content, comparable to that of soybean, about 36&eodry weight and the lowest presence of

anti nutritional compounds and relatively low ailntent.

Several species have been cultivated in the Antgdriands and Mediterranean region and it is
widely grown as a flowering plant with usual gardspecies being poisonous. However,
varieties with low alkaloid contents are of agrtauhl importance and are used for human and
animal consumption. These includepinus luteusvhich is yellow lupine of South America and
the Central Europe regiohupinus albusthat is white lupine, a variety of the Mediterranea
countries andLupinus angustifoliusor blue lupine cultivated in Australid. " The afore
mentioned varieties are known as sweet lupines et been cultivated for centuries for
domestic animal feed and also for human nutritroainly in several parts of Australia, Europe,
and South Americ& Blue and yellow lupine seeds are mostly used éedf while the white
lupines are primarily grown for food us&s’’
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1.4.4.1 Uses of lupine

Being similar to soy in protein and amino acid emf lupine has proved to be an alternative to
soy as a source of vegetable proté&iin addition, recent studies show various healthefis
associated with lupine, they are capable of lowgeroholesterol and glucose levels, or
specifically are capable of lowering plasma ch@esdtand triglyceride concentrations in hyper
cholesterolemic laboratory animdfs.”® Moreover, lupine may provide a useful alternafive
individuals wishing to substitute animal with plaproteins for cardiovascular disease

prevention?

Roasted lupine seeds have been used as snacknfddediterranean countries for years. Since
the introduction of lupine flour as an ingredientwheat flour in1990, lupine flour has been
used as a substitute or as an additive to othardland lupine consumption has become more

widespread since then owing toitstritional and food processing qualitiés’* 8% 82

Lupine is commonlyadded to wheat flour; andveet lupine flour is used in baked goods and
health foods in Europdt may be added to breads, bread rdiiscuits,pastas, jams, sauces,
dietetic productsvarious meat products as wa#l milk and soy substituté% 23

Products with about 10% of lupine flour show goamhsumer acceptance. A survey of 112
commercial samples from the Norwegian market shotied lupine has become a common
ingredient in food products. Due to abundant protein content lupine flour is @pyar
ingredient in vegetarian, lactose and gluten frexpcts for people with lactose intolerance or

celiac diseas®

1.4.4.2 Lupine allergy

With the increasing consumption, it has becomerdleat lupine seeds also contain allergenic
proteins and the incidences of lupine allergy hiaceeased to8® Some individuals experience
allergic reactions upon ingestion or inhalationwgdine products, with symptoms ranging from
rashes and nausea to anaphyl&kisupine flour has been reported as a causativelefga
reactionsand since 1994, a number of cases of immediae-allprgy to lupine flour-containing
products have been published. In 2002 in Frangenduproducts were the fourth leading cause
of anaphylactic food reactions, after peanuts,,rand shellfisi{> Furthermore, the inhalation of
lupine flour could be an important cause of allerggnsitization in exposed workers and might

give rise to occupational asthma and food all&fgy.
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Lupine allergy may arise as a result of cross reiactin people who are already allergic to
another member of the Legume family, the most comincidences occur in peanut allergic
patients. It may also arise by primary sensitizatas lupine allergy can occur as a separate
entity, without evidence of clinical or laborataryoss reactivity to other legum&s’* 78 84.8

1.4.4.3 Symptoms

Clinical symptoms, reported post lupine ingestionntalation are similar to those reported for
other inhalant or food allergens. Symptoms incladeast range like throat tingling, cough,
wheeze, urticaria, atopic dermatitis and oral gifdike symptoms confined to the oral cavity
have also been reported. Lupine allergy is alsalsi@pof eliciting anaphylactic reactioffs® &
Ingested doses of lupine flour reported to havggeied clinical reactions range from 265 to

1000 mg, but the lowest dose triggering reacticmsriot been establish&d.

1.4.4.4 Allergens

The major allergens of the Lupinus species arag®proteins, the conglutins, they comprise of
four fractions calleds, B, y and 8-conglutin® It has also been presented that a major cross
reactivity against peanuts is found in fheonglutin section of lupine.

It is believed that the major IgE-binding proteinlupine is located in the region between 43-45
kDa and immunoblots indicated that the most diigneactive band had a molecular mass of
43 kDa. Other possible major allergens of lupirmiflhave not been characterised in detail. In
2005, Magni and colleagues, using two-dimensiotattephoresis, reported that two lupine
proteins, conglutin gamma (2S albumin) and 11Slobstrongly reacted with the sera of their

lupine-sensitised patients.%

1.4.4.5 Reduction in allergenicity

Lupine allergens are relatively stable and therenasdefinite indication that technological
treatments alter the allergenic potential of lupimkeen studied under various conditions of
pressure, temperature autoclaving and microwaveingealmmunoblotting and SDS-PAGE
confirmed that neither microwave treatment nor @ogkreduced IgE binding capacity.
However, reduction in allergenicity has been regubrafter autoclaving lupine seeds at 138 °C

for 30 minuted* 808
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1.4.4.6 Cross reactivity with peanut and other legmes

Since legumes, peanut in particular and to somd ahesser extent, soybean, are well known
allergenic foods, it is not surprising that lupipeses to be an allergenic food as well. Serologic
cross reactivity between other members of the legtamily and lupine is commdA.Although
lupine allergy has been reported to occur by prymsensitization, it is more often the
consequence of cross reactivity in patients witheaisting allergy to other legumesich as
peanut, soybean, lentils, green beans, chick pepsas Several studies indicate that the risk of
cross reaction between peanut and lupine is qugh  peanut-allergic patients and the
incidence of peanut-lupine cross allergy is risih§” 82 83 889993t has also been estimated that

30% or 40% of peanut-allergic individuals reachjoine 3" 34

1.4.4.7 Prevalence

The prevalence of primary allergy to lupine in theneral population is unknown and currently
seems to be much rarer in non peanut-allergic atsybjects? It is likely to be dependent on
local eating habits and lupine consumption appéarde increasing in several European
countries. The risk is higher in peanut allergidiwduals due to the potential cross reactivities
and they represent about 0.7-1.5% of the Europepulation. The possibility of under-reporting
of allergic reactions to lupine cannot be excluded further studies are needed to establish the
prevalence of allergic reactions to lupine in peaallergic individuals as well as in the
population of allergic individual&'

The first case of lupine allergy was reported i®49hen a 5-year-old sensitive to peanut
developed allergic symptoms after ingesting pasttified with lupine flour. Since then, various
cases of lupine allergy amongst all age groups e@bpfe have been reported with all
manifestations associated with a reaction includiogtact urticaria and respiratory symptoms
including anaphylaxig® 82 90996

Due to the increasing incidences of lupine assediailergic reactions, the presence of lupine
materials in foods has to be labeled in the Eunopéaion starting from December 23, 2008,

according to Commission Directive EC 2006/142

1.4.5 Analytical methods — significance and requiraents

Food allergies are now acknowledged as a seriodisignificant health and food safety issue. It

is not only a matter of consumer concern, but ialso in the economic interest of food
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manufacturers to be able to give assurance regpaliargen absence in food products. Hence
developing analytical tools is necessary for tHiaée, specific, sensitive and accurate detection
and quantification of food allergens in food stuttss also crucial to improve the robustness of
the already available analytical methdds:® Despite all the precautionary measures that the
food industry invests in like extra cleaning, chesign equipment design and the label stating
“may contain traces of...”, a probability of uninteed consumption of food allergens still exists.
This may be due to issues related with incoming raaterial and so absolute guarantees
concerning the absence of unwanted contaminatierualikely and so detection of residues of
allergenic components is also importdhtence, the requirements that an analytical method
must meet for the detection of allergenic protem$od are twofold. One, the method should
have sufficient sensitivity to detect trace amounitoffensive proteins and two, appropriate
specificity for the detection of allergenic proteim complex food matrices as well as in
processed foods. Additionally it is important thia methods are fast and robust with a certain

amount of ease of handling so that the use isimited to only highly trained personriél.

The threshold dose, above which allergic reactameselicited, is difficult to assess due to its
variability. However, there is a general consertbas the detection limits of analytical methods
for food products must be between 1 and 100 mdlefgenic protein per kg of food (ppm).
Commercially available test kits for the detectaomd quantification of allergens in food products
mostly make use of ELISA or PCR technology thafilfuhis criterion and have limits of

detections in the range of 0.1-10 mg/*Rg’?®

1.4.6 Methods for analysing allergenic proteins
Detection is not an easy task since the allergempi@sent in minute amounts in complex and
often highly processed food. There are variouserg\articles that cover the latest developments

in food allergen analysis: ¥ %

In the past decade or so of allergy based researabus possibilities have proved useful in food
allergen detection. At present, for allergenic eirotanalysis, immunoanalytical methods and
PCR fulfil most of the prerequisites for the anaysoncerning sensitivity and specificity. The
former being easy to handle relies on antibodiesHe detection of proteins with LODs in the
range between 0.1 and 10 mg / kg. The latter ire®lnucleic acid amplification with LODs
below 10 mg / kg®
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The protein based methods employed for detectiopgses include ELISA, SDS-PAGE and
immune sensors which are either optical, electnmit& or mass sensors. Real-time PCR
methods have already been published for the deteatif hazelndf ' peanuf® %
lupine™ 1% sesam®& %1% or the simultaneous determination of sesame anelnat in food:*®
ELISAs have already been developed to detect sepetential allergens such as hazetfiftt®®
peanut®® *° walnut, soy** **and lupiné®™ ***°> Up to now, only a few papers report the
development of dipstickE *"or immuno sensof¥ that allow the detection of allergenic food.
An overview of commercial immunoanalytical methdds the detection of allergenic food is

given in a recent review artict@.

1.4.7 Brief overview of published methods for foodllergen detection

Holzhauser and Vieths (1999f® published a sandwich ELISA for the detection otés of
hazelnut protein. For the detection of native andsted hazelnuts polyclonal anti-hazelnut
antibodies from rabbit were used. The limit of déten was found to be 60 + 50 ppb hazelnut
protein in the sample. To determine the recovedyfiérent food matrices, a coconut cookie, a
yoghurt cereal bar, an almond candy cream chocbltand a homemade whole milk chocolate
were spiked with hazelnut in concentrations frof0Q.to 10%. The obtained recoveries were in
the range from 67 to 132%. To determine the cresstivity a total of 39 different food

ingredients were tested and no cross reactivitydesscted.

Akkerdaas et al. (20043° developed a sandwich enzyme-linked immunosorbesatya® detect
pepsin resistant hazelnut proteins in food produaisobtain anti-hazelnut polyclonal antibodies
rabbits were immunized with either pepsin-digestadelnut or untreated hazelnut. Less than 1
1g hazelnut in 1 g food matrix could be detected. dedermine the recovery of hazelnut
chocolate samples were spiked with 0.5-@0hazelnut/g chocolate and the mean recovery of
97.3% was observed. Ten plant foods were testedrésss reactivity, the highest cross reactivity
was found for peanut (0.034%) followed by walnuD{@%), then almond (0.008%) and lastly
sesame (0.002%).

Rejeb et al. (2003)"° developed a competitive enzyme-linked immunosorbsesay (ELISA) to
detect hazelnut by using polyclonal antibodies gmee against a protein extract of roasted
hazelnut by rabbits. The limit of detection wasrfduo be 0.45 pg of hazelnut protein per gram

sample. Recovery results were generated by spikantk matrixes at four levels ranging from 1,
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2.5, 5 and 10 pg/g of hazelnut protein. The recoweas found to be between 64-83% in
chocolate and 78-97% in other matrices. No croastirgty was observed for the 39 different

food stuffs that were tested.

Drs et al. (20043% presented an indirect competitive enzyme-immureags the detection of
hazelnut in food. Hens were immunized with a proitract of roasted hazelnut and polyclonal
antibodies were isolated from the egg yolk andfgmai For the determination of the limit of
detection of the ELISA an extracted blank cookietrirawas spiked with hazelnut protein
solutions with different concentrations. The LODsafaund to be 1@g of hazelnut protein/L
with an average recovery of 128%. The crude antdsodhowed cross reactivity to almost all
food stuffs tested whereas the immunoaffinity pedfantibodies proved to be more specific and
showed cross reactivity with beans (8.09%), sunéloseeds (6.26%), poppy seeds (5.36%) and
chickpea (3.42%). The cross reactivity was belowf8fchestnut, Brazil nut, green pea, sesame,
barley, wheat, yeast, rolled oats and corn.

Holzhauser and Vieths (1999)}° developed an indirect competitive ELISA for theeition of
hidden peanut proteins. The LOD was 2 ppm pearatéior («g/g food), at this concentration the
recovery of peanut protein was 143%. At peanutgimotoncentrations 13 ppm the recovery
was in the range from 84 to 126%. Thirty food irtjeats such as legumes, nuts and stone fruits
were tested for cross reactivity. None of the tk$ted samples showed cross reactivity to the
antibodies except walnut and pinto.

Holden et al. (2005¥ published a sandwich ELISA for the determinatidniupine in food
making use of polyclonal anti-lupine capture antiles produced in rabbits and a biotinylated
conjugate of the same antibody for detection. TEd®Lof the sandwich ELISA was 0.1 pg of
lupine protein/g sample, taking the sample diluioto account. Furthermore, it was found that
the LOD of the assay varied in the different bladokd matrixes. In pasta and vegetarian
sausage, the LOD in terms of lupine protein waspu@/, in hot dog bread it was 0.2 pug/g, and
in chocolate spread it was 0.4 pg/g. The recovetiained ranged from 60% to 116%. No cross
reactivity was observed for bean, hazelnut, drid#,ar wheat flour. Minor cross reactivity was
however observed for chick pea, peanut, pea, suy,lentil, none exceeding a lupine protein

concentration corresponding to 0.4 ug/g.
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Holden et al. (2007}*° developed a polyclonal-monoclonal antibody basediwich ELISA for
detection of lupine protein. The assay was semsitivboth native and processed proteins from
Lupinus angustifoliusndLupinus albusand had a detection limit of 1 pg/g. Samples pirle-
free bread were spiked with extract of lupine flatilevels of 1, 100, and 1000 pg/g of bread
sample. The recoveries for processed proteins iroralbusranged from 78 to 112% in the
polyclonal-polyclonal antibody assay and from 85 160% in the polyclonal-monoclonal
antibody assay. However, the recovery for brea#lespwith native lupine proteins froro.
angustifoliuswas between 12 and 16% in the polyclonal-polycl@mibody assay. In contrast,
the recovery rate for lupine flour proteins washeigin the polyclonal-monoclonal antibody
assay ranging from 44 to 88%. No cross reactivigsviound in extracts obtained from 18
different food stuffs, however, the method testedifpve for extracts from brown bean, walnut,
linseed, curry, and tandoori masala. When thesa@stwere diluted to 100 pug of protein/g of

sample, no cross reactivity was observed i.eexthcts gave signals below the LOD.

Mohammed et al. (2002%° investigated if a biosensor was a feasible metlodetect food
allergens or not. The limit of detection improvedhwnthe higher antibody dilution since it
increased the amount of antibody — antigen intemast A detection limit of 0.7 pug peanut/mL
extract was achieved. For an antibody dilution @® the LOD was found to be 2.3 pg/mL, for
the dilution of 10000 it was 1.5 pg/mL, for 2000810000 the LOD was 0.7 pg/mL.

Piknova et al. (2008Y* published a real-time PCR method for the deteatibthe hsp 1 gene
from hazelnuts; the detection was carried out withagMan probe. The limit of detection was
found to be 13 pg hazelnut DNA. In spiked pastringles hazelnut could be detected at
concentrations> 0.01%. No cross reactivity was found with plantshsas peanuts, walnuts,
almond, pistachio nuts and cashews.

Hird et al. (2003)'°* developed a real-time PCR method for the detecifqgeanut. The primers
and the probe were designed for the Ara h 2 geN& Bxtraction was carried out with different
commercially available extraction kits. The PCR Inoek allowed the detection of peanut in a
biscuit which had been spiked with 2 ppm of lightbasted peanut powder. For the 33 samples
tested for cross reactivity no amplification of eanut specific DNA sequence was observed.
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Scarafoni et al. (2009 published a real-time PCR method based on SYBRiGfer the
detection of lupine flour in food products. The difigation efficiency, determined by serial
dilution of purified genomic leaf lupine DNA, wagtween 96% and 100%. The DNA extracted
from lupine flour showed an amplification efficignbetween 95% and 101%. The limit of
detection was found to be 7 pg of lupine DNA thatresponds to 0.1% lupine flour in food. The

primers did not show any cross reactivity to offoeds.

Schéringhumer and Cichna-Markl (2007Y** published a real-time PCR method for the
detection of the gene coding for the Ses i 1 pmotehich is a major sesame allergen. A
molecular beacon probe labeled with the reporter E%M and the quencher DABCYL was
used. 17 samples that were tested did not showcarss reactivity. Serially diluting sesame
DNA extracts up to 1:10000 yielded an amplificatiefficiency of 100.3%. To determine the
limit of detection, a food matrix of crisp breadsspiked with sesame seeds in concentrations of
5,25,1,0.5,0.1, 0.05, 0.01 and 0.001%. Thieieffcy was 86.4%. For sesame concentrations

below 0.05%, €values over 35 were obtained.

Brzezinski (2007§* developed a real-time PCR method for sesame dfmteict food products.
The amplification of the 66-bp fragment of the 2uanin gene (Ses i 1) was detected by using a
TagMan probe. The limit of detection was 5 pg DMAttcorresponds to 50 mg/kg sesame DNA
in food products. No cross reactivity was found $eeds which are commonly used in bakery
products, such as pumpkin, poppy and sunflowersseed

Mustorp et al. (2008%® published a sesame specific PCR method for the gacoding 2S
albumin - a major allergen of sesame. The limidetection of the developed method was 0.5 pg
sesame DNA, the amplification efficiency was foundoe 96% and the method did not show

any cross reactivity towards a variety of plants there tested.

Schéringhumer et al. (2009)° developed a duplex real-time PCR method for theikaneous

detection of sesame and hazelnut in food. Primadgpaobes were designed for the genes of two
major allergenic proteins, Ses i 1 of sesame anmdaCoof hazelnut. Two TagMan probes were
used and were labeled with the reporter FAM and &y the Black hole quencher BHQ 1 and

BHQ 2 for sesame and hazelnut, respectively. lkespblank whole meal cookies sesame and
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hazelnut could be detected until a concentratiod.@®5% for both analytes. No cross reactivity

was shown with 25 tested common food ingredients.
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2 AIM

Despite food allergy being the major cause ofditareatening hypersensitivity reaction, no
therapy is available and strict avoidance of tihergén along with easy access to epinephrine
injections are the only safe approaches that aflenglividuals can undertake. Under current
conditions, correct labeling of food ingredientghe sole way to help sensitized persons to
avoid exposure to the allergenic proteins whichatrémes present only in trace amounts.
Sesame and lupine are on the list containing 1dnpiaily allergenic foods which have to be
declared according to the EU directive EC 2006/F@py seed allergy, though severe is
still rare and therefore there is no declaratiaquiement for labeling poppy, if present, as

yet.

In view of legislations that have evolved, allergigtection in food and food stuffs at all
levels is gaining importance. It is important toprove awareness amongst people and
crucial for the food industry to be able to ideptdlergenic ingredients and to detect them in
complex food matrices. Therefore, development dft, faeliable and robust analytical

methods to detect potentially harmful allergenskisolutely vital.

Numerous analytical methods have already been dgseél for the purpose of allergen

detection, amongst these, immunoassays and PCRdseptay a significant role.

In light of the potential threat posed by food jieto human health, and the significance of
developing analytical methods for allergen detegtihe aim of the present study was the
development of analytical methods for three alleigdoods namely sesame, poppy seeds
and lupine. The methods which had to be developellilded a competitive ELISA and a
qguartz crystal microbalance (QCM) immuno sensorsiEgame detection using anti-sesame
polyclonal antibodies from a chicken. For this ppgg the antibodies were to be prepared by
injecting a 1 mg/mL sesame protein extract intoea bnce a month. The isolation of the
antibodies from the yolks of the eggs obtained seleeys after the immunization injection
was the next step. Besides these two methods dimealPCR method for poppy seed
detection was also to be developed. For all threthads, the competitive ELISA, the QCM
immuno sensor and the real-time PCR, the developofethe methods was to be followed
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by optimization for the best conditions. As theidalion of the developed methods is of vital
importance, the LOD and the specificity of the deped method were to be determined. To
demonstrate the applicability of the developed m@shanalysis of samples in complex
matrices and commercially available food samplesthde carried out.

Besides the above mentioned methods, during theseowf research, preliminary
experiments for the development of an immuno-PCRhatk for the detection of lupine
using anti-lupine antibodies from a chicken andabbit were also to be carried out. The
antibodies in this case were to be produced by immamg chickens and rabbits with 1
mg/mL of lupine protein extract once every thirtgyd. The antibodies were then to be
isolated from the yolks of the eggs obtained indhage of chickens and from the serum of the
rabbits.
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3 THEORY

This chapter deals with the theoretical conceptpleyed for the purpose of the current
research and is divided into six sections. Theskide the immune system (section 1) and
different analytical methods such as enzyme linkeshunosorbent assay, (ELISA) (section
2), immune sensors (section 3), the polymerasenaieaiction, (PCR) (section 4) as well as a
combination of ELISA and PCR, namely the immuno-P(Rction 5) and lastly gel
electrophoresis (section 6).

3.1 The immune system

The fundamental role and purpose of the immuneeByst protection against infectious
organisms and toxic products. The immune systerorpuorates extensive and elaborate
range of mechanisms that identify and locate foretglls, viruses or macromolecules,
neutralize and ultimately eliminate them from thedy. In the midst of these events it is

certain protein molecules and cells circulatingtigh the body that play a significant rdle.

3.1.1 Defining certain terms associated with the imune system
Certain significant terms dealing with the immurystem are defined and explained briefly;

details of these will follow in later text.

An antibody is a molecule that binds to a known antigen; gmmtimmunoglobulin is often
used interchangeably for antibody although immualoglin refers to a group of proteins

irrespective of whether or not their binding tarigeknown®

The termsantigen and immunogen are employed to express different attributes of a
molecule. Any molecule that binds to an antibodyclassified as an antigen. When a
molecule is used to induce an adaptive immune respd is termed as an immunogen.
Immunogenicity is not an intrinsic property of a molecule; itoisly the ability to induce an
adaptive response. Similarntigenicity too is not an intrinsic property and is definedaby

molecule’s ability to be bound by an antibddy.
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3.1.2 Non adaptive and adaptive immunity

The immune system encompasses two broad categomnesich it works, namely adaptive
and non adaptive immunity. Non adaptive immunityedmted by cells that respond non
specifically to foreign molecules does not improwvégh repeated exposure to the same
foreign molecule. It includes phagocytosis by mpbages, secretion of lysozyme by
lacrimal cells and cell lysis by natural killer kselin contrast to this, adaptive immunity is
directed against specific molecules mediated blg callled lymphocytes that synthesize cell
surface receptors or secrete proteins, i.e. anglpdvhich bind specifically to foreign
molecules. Another distinguishing feature is thasienhanced by reexposure to the same

molecule!

3.1.2.1 Classes of adaptive immunity

Adaptive immune response is further classified imto kinds, humoral and cell mediated.
The humoral response, mediated by the B lymphoadytedliance with the helper T cells,
results in the generation of antibodies that bmébteign antigens. Cell mediated responses
on the other hand are typical for cytotoxic T lyrmopites and result in their binding to

foreign or infected cells with subsequent lysishefse cells.

3.1.3 Lymphocytes and the immune system

An immune response is a consequence of a complegssef events that involve the
immunogen and lymphoid cells. The immune system primes of more than 10
lymphocytes dispersed through the body, capabtegpond expeditiously wherever needed.
Lymphocytes are generated continuously from prdagestem cells in the bone marrow and
travel through the blood and lymphatic systems aocumulate in lymphoid organs, the
lymph node and spleen in mammals. During the pssjpa of the immune response,
immunogens aggregate in one of the lymphoid ordghat then becomes the focus of the

response: 2

Several kinds of lymphocytes with varying functidreve been identified. To illustrate their
cellular functions they are classified into threesio types, the B cells, cytotoxic T cells and
helper T cells. The B cells secrete antibodies @sd carry a modified form of the same
antibody on their surface acting as a receptorafiigens. Cytotoxic T cells carry out the
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lysis of foreign or infected cells, and bind thrbu@ cell surface receptors to these targets.
Helper T cells play a regulatory role of vital imence in controlling the response of B cells
and cytotoxic T cells; these too have surface T mageptors. Thus all three contain cell

surface receptors that can bind antigefs.

3.1.3.1 Clonal expansion of lymphocytes

The antibodies on the B cell surface bind the amtighe B lymphocyte is activated to

secrete antibody and later proliferation is actdatT cells respond in a similar fashion as
well. This burst of cell division results in theonkl expansion of the antigen specific
lymphocytes and this marks the first step in theettgpment of an effective immune

response. For this cell division, the primary stén the lymphoid organs. For as long as the
antigen remains, the lymphocytes activation comtsuthus strengthening the immune
response.

3.1.3.2 Clonal selection governing properties of himmune system
Clonal selection determines certain propertiehefimmune system including the specificity

and the tolerance.

3.1.4 Specificity of the immune response

The molecular basis of the specificity of the immawystem comes from the phenomenon
that the antibodies and T cell receptors bind t@igm molecules. The specificity of the
immune response is controlled by a simple mecharits is, one cell recognizes one
antigen, and this is so as the entire antigen tecen a single lymphocyte are identical.
Antigen receptors are glycoproteins found on thdase of mature lymphocytes and by
ensuring the synthesis of only one type of receptithin one cell, antigen specificity is
adhered to. Although the kind of response of T Brigmphocytes differs, it is true for both.

3.1.5 Tolerance and auto immune diseases

Since antibodies and cytotoxic T cells efficientlyminate antigens, it is important for the

immune system to distinguish between foreign madéscand normal components of the

body. It is not common to generate an immune resp@gainst self or host molecules and
this lack of response towards self is called toleealolerance is established and preserved
by constantly eliminating any such lymphocytes traiduce antibodies or T cells capable of
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binding to host molecules by the process of clarektion which occurs in the thymus
during the development of the immune system. Selttive clones are specifically removed
during their differentiation. Failure of this sdien process results in an immune response

against self. This causes a range of disordersatdlely termed as autoimmune diseases.

3.1.6 Antibodies

Antibodies are protein molecules or a large famoilyglycoproteins with key structural and

functional attributes, produced by the host in oese to the presence of a foreign entity in
the body. They are in circulation throughout thedol and lymph where they tend to bind to
the foreign antigens. Functionally, they are tygaifby their ability to bind to antigens as well

as to specialized cells or proteins of the immuysesn’

3.1.6.1 Structure of an IgG antibody

Structurally, antibodies are composed of a chanatite unit that can be envisioned as a Y
shape. The most abundant, IgG antibodies, in thersean be used to explain the structural
features of antibodies since they consist of omlg structural Y unitThe IgG molecules
consist of three protein fragments; the two ideaitiones form the arms while the third
fragment forms the base of the Y unit. Each arntaios a site that can bind to an antigen,

thus rendering the 1gG molecules bivalént.

3.1.6.2 The heavy and light chains and protein don@s and antigen binding sites
Figure 1 illustrates the structure of an antiboye Y unit consists of four polypeptides, one
identical set is known as the heavy chains anather as the light chain. The heavy chains
are approximately 55,000 daltons while the ligrdaiok are about 25,000 daltons.

One light chain combines with the amino—termingioa of one of the heavy chains forming
the antigen binding domain, expressedFab, fragments with antigen binding site. The
terminal regions with the carboxyl group of the tiveavy chains fold together resulting in

theFc, fragment that crystallizes, domain that dealfiwitmune regulation.
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Figure 1: Antibody structure
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The region between the Fab and Fc fragments isitige; it allows lateral and rotational
movements of the two antigen binding domains tlaerslering freedom to interact with a
large number of various antigen conformations. Tber polypeptide chains are held

together by disulfide bridges and non covalent lsdnd

3.1.6.3 Classes of antibodies and heavy and lightasns

There are five classes of antibodies, the IgG, I¢gdA, IgE and IgD. The distinguishing
factors being the number of Y like units and thgetyf heavy chain found in the molecule.
IgG molecules have heavy chains caljechains, IgM’s havel chains, IgA’s have: chains,
IgE’s havee chains and IgD molecules hayehains. The amino acid sequences found in the
Fc fragment are responsible for these differenttés;enables the antibodies to function in
different types of immune responses and at padicthges of the maturation of the immune
response. While there are five classes of heavyslualy two types of light chaing,and,
exist. An antibody will have one type of heavy chand one type of light chain.

3.1.6.4 Different regions in an antibody

Various regions are present in a Y unit; the det@ié presented in the following text.
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3.1.6.4.1 Constant and variable regions in light ahheavy chains

The length of the light chains is approximately 220ino acids; a division in two results in

two regions each being 110 amino acids long. A amspn of amino acid sequences from a
number of light chains revealed that the amino-teaimhalf was heterogeneous, this region
is called the variable (V) region and the carbaeyminal half is known as the constant (C)
region. There are only two types of constant regjiame withk and the other with light

chains.

The 1gG heavy chains are approximately 440 amindsadong with one variable and three
constant regions each being 110 amino acids loegv¥i chains from different classes may

have additional constant regiohs.

3.1.6.4.2 Hyper variable regions

The variable regions of a heavy and light chain loime and form an antigen binding site.

The structural basis for the large repertoire ofling sites is a result of the heterogeneity of
the variable regions, this leads to an effectispomse. Heterogeneity is not random in the
variable region; it is concentrated where the ocintéith the antigen occurs. Most of the

variability occurs in three short regions of eabhin, giving three hyper variable regions for

both the light and heavy chain. These hyper vagiabions lead to binding of the antibody
to the antigen and are present on short loopsttiand into the region that interacts with the
antigen. They are referred to as the complimerdatgrmining regions or CDRs since they

are the actual binding site for the antiden.

3.1.6.5 The antibody response

A series of interactions resulting from the presenaf a foreign antigen between
macrophages, T lymphocytes and B lymphocytes laada antibody response. The result of
such a response is the production of a large numibantigen specific antibody molecules,
formation of the antibody-antigen complex and itmoval from circulation through

phagocytosis by macrophades.

3.1.6.5.1 Immunological memory and primary and secwary responses
The first encounter with a foreign antigen or thienary response results in a relatively weak

reaction that results in non specific phagocyto$ithe antigen. A certain sequence of events
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amidst the primary response prepares the host fgrsaccessive exposure to the same
antigen. The antigen is processed by the antigesepting cells (APCs) and presented for an
effective response. After an APC engulfs an antigen phagocytic vesicle fuses with a

lysosome, thus partially degrading the antigen. Tragments of the antigen on the cell

surface of the APC along with a cell surface glyotgin are found in a complex that is the

major histocompatibility complex (MHC) class Il pem. This complex of antigen fragment

and class two protein is then bound by a receptdhe surface of a helper T cell known as T
cell receptor. This step is essential for the diffeiation of the B cell into the plasma ckll.

Some of the antigen specific lymphocytes remaincinculation even after the antigen
elimination. These cells are capable of respontiingny subsequent exposure to the same
antigen consequently providing the cellular bass immunological memory. Second
exposure to the same antigen results in strong rapd elicitation of a response, the
secondary response. For both these responses|g@eclasma cells are the main sites of
antibody production and these are terminally défetated B cells. The memory B cell from
the B lineage ismperative in generating a rapid and vigorous sdaon response. The
ability to mount a strong secondary response imédras immunological memory and has
the potential to last as long as the animal liveslassical primary and secondary response to

an immunogen is a result of cooperation betweethede types of lymphocytes.

il

1

Antibody concentration in serum
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Figure 2: Classical primary and secondary respottsan immunogen
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Figure 2 depicts the primary and secondary immespanse. So a strong antibody response
is a three step process; initially the antigen niiisti to the surface antibody on the B cell
which has the same antigen binding sites as thetselcantibody. Secondly, the processed
antigen fragments must bind to class Il proteinstldas complex forms the basis of
recognition by T cells. Thirdly, the antigen fragmand class Il protein complex must bind

to the T cell receptor to ensure that B cell stitioh by helper T cells is specific?

3.1.7 Production of antibodies and their use

The production of antibodies relies am vivo humoral response of the animal. It is thus
important that the production method for antibodreaximizes their potential affinity.
Antibody production can be divided into three dististages: i) preparation of immunogen,
i) antibody production and iii) assessment of lamdiies” There are two kinds of antibodies,
polyclonal and monoclonal. Polyclonal antibodiegnegrally with high affinity for the
antigen are easier and uncomplicated to produce usghly purified antigens. Monoclonal
antibodies require considerable investment in tene equipment but offer the ultimate
advantage of providing the continuous productio afefined reagent, once they have been
identified. They can also be produced using p#ytiplrified immunogen. Monoclonal
antibodies by definition are more specific thanyplanal antibodies, however, this unique

specificity can occasionally complicate matters.

3.1.7.1 Immunogenicity and immunogenic trait of a mlecule

Immunogenicity, the ability of a molecule to indum@ immune response, is determined both
by intrinsic chemical structure and the abilitytbe host animal to recognize the injected
compound. In general, a compound must contain @&opgpcapable of binding to the cell
surface antibody of a virgin B cell to be able fiea primary response and a strong
secondary response. This binding is essential dsté&rmines the specificity of the resulting
antibodies. Many naturally occurring and synthetitnpounds such as proteins, peptides,
carbohydrates, nucleic acids and lipids can beessfal immunogens. The second property
of a molecule rendering the capability of an aptnmmogen is the ability to promote cell to

cell communication between B cells and helper Tscet
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3.1.7.2 Phagocytosis and immunization

Since the first exposure to an antigen deals with ghagocytosis, techniques designed to
optimize immunizations work by increasing the eéfircy of phagocytosis. The factors that
are taken into consideration include choice of pprapriate injection site, altering the form
of the antigen, and using an adjuvant. The sizefamd of an antigen also determines the
efficiency of phagocytosis, particulate antigens pinagocytosed with far more ease than the
small soluble molecules. Therefore, the conversibrsmall soluble molecules into large
particulate aggregates usually proves to be anctefée approach to increase their

immunogenicity*

3.1.7.3 Immunizing animals

Only a limited number of sites are available toeaearcher to intervene, manipulate and
tailor the response to a particular antigen. Theruention is twofold, that is either antigen

modification or alteration in injection conditionsThe second class of intervention

incorporates various factors such as the choia@nohal, the dose and form of the antigen,

the use of adjuvant, the route and number of iigastand the period between injectidns.

3.1.7.4 Antigen preparation

The aim of antigen preparation for the purpose imization is to do so in a way that will
procure the strongest and most appropriate respowdgle preparing an antigen,
determining the level of antigen purity essental $tarting the immunization schedule is of
critical importance. This decision is based on iended purpose of the antibodies, if
specificity is essential, then the antigen hasetptified to homogeneity.

3.1.7.4.1 Dose and form of the antigen

The dose and form of antigen are also importane@sp For determining the dose, two

different criteria are taken into consideratiomstfithe optimum dose required to achieve the
strongest response, second the minimum dose likeipduce the production of a useful

polyclonal antisera. The form of the antigen ioatsucial; particulate antigens being better
antigens than soluble molecules. The immunogen delatonship suggests that there is a
threshold concentration of immunogen which is regpiito be maintained for a sufficient

time for the immune response to occur.

53



Theory

Generally it is possible to inject the large molacuveight proteins and polypeptides without
further modification since they are naturally imrogenic. This also holds true for complex
polysaccharides even though their natural immunieggrmay be a result of small amounts
of protein associated with their structure. Theasgd molecules usually have various
epitopes, antigenic determinants, on their stractusolation and purification of these
molecules sometimes leads to a disruption of thegiural structure and hence an alteration in

the configuration of the discontinuous epitopés.

3.1.7.5 Adjuvants

Non specific stimulators of the immune responsekamvn as adjuvants; a wide spectrum of
such immunological adjuvants exfstising adjuvants is essential to induce a strottidpaaty
response to soluble antigens, though they maylwatya be required for particulate or whole
cell antigens. Adjuvants incorporate two componentse is designed to form a deposit
protecting the antigen from rapid catabolism. Teeosid component needed for an effective
adjuvant is a substance that will stimulate the imen response non specifically. The
advantage of using adjuvants is twofold; first,ythep the antigen at a local deposit thus
preventing rapid dispersal. Secondly they increthge rate of phagocytosis as they can
stimulate the secretion leading to recruiting mpbemes to the site of antigen deposition.

3.1.7.6 Choice of animal

To meet the requirements of increased applicateoms quality control for antisera dealing
with diagnositic purposes a solution is to prodtiee antisera in large animals from which a
single bleed could provide a substantial volumeamfisera that, if stored correctly, gives
consistent specificity and reaction characteristiéarious factors determine the choice of
animal to be used for immunization, these inclute dmount of serum needed, the species
used to isolate the antigen, the amount of avalaitigen and whether or not monoclonal
antibodies are needéd.

A broad range of vertebrate species can be emplfpyetthe antisera production, five most
commonly used laboratory animals are rabbits, nmats, hamsters and guinea pigs. A single
bleed yields 25 mL of serum from rabbits, 100-2Q0fgom a mouse and 1-2 mL from a rat,
hamster or guinea pig. If large volumes of seraragaired larger animals are needed and so

pigs, horses, sheep and donkeys are all used caniathet For routine production of
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polyclonal antibodies rabbits represent a goodaghsince they are easy to keep and handle
and can be safely and repeatedly bled and theaali¢i® they produce are well characterized

and easily purified.

3.1.7.7 Number of animals

The number of animals to be immunized is also dfcat importance. Even genetically
identical animals generate different antibodiesnfia single preparation of antigen and when
outbred animals such as rabbits are used, the$eresites are magnified, therefore if

sufficient amount of antigen is available, sevardmals should be immunizéd.

3.1.7.8 Routes of injection of an antigen

The route of injection is determined keeping thpeactical aspects in mind, one is the
volume to be delivered, second aspect incorpothtebuffers and components injected with
the immunogen and lastly it is important to consithe speed with which the immunogen

must be released into circulation.

The different methods of injections include subnoetaus, intramuscular, intradermal and
intravenous injections. Subcutaneous injections veicely used for the immunization of

laboratory animals. Intramuscular injections areplalyed to produce a slow release of an
antigen. Intradermal injections are generally usedmmunization of larger animals and are
known to generate a very slow release rate of iaunogen. Intravenous injections are
used for the secondary or any later boost and amyr used for primary injection. All

injection sites are not equally effective at taimpgptantigens for phagocytosis. The idealistic
sites have high numbers of antigen presenting &IRCs) and low rates of antigen

degradation.

Oily adjuvant emulsions have commonly been injecedcutaneously or intramuscularly.
Some authors have also suggested intradermalioneictto the foot pads. This route should
be avoided since it causes considerable pain toattimal. A multiple site intradermal
injection procedure in which the immunogen is itgelcat between 30-50 sites, usually in the
back and neck region, is reported to give a vepydraesponse but can result in extensive
skin ulceration. Studies have shown that similsults can be achieved using subcutaneous

injection at only four site$.
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3.1.7.9 Boosts

The first detectable signs of an increase in thabyer of B cells bearing the antigen specific
surface antibodies appear 5-6 days after the pyinmection of antigen. The antibodies
become detectable in the serum around thda¥ after injection and remain at low levels for
some days. The response is dramatically differentsobsequent injection of the same
antigen since after the second injection the nurob& cells containing the antigen specific
cell surface antibodies increases exponentfally.

3.1.7.10 Storing and purifying antibodies

One of the practical advantages of antibody moteciiaving compact and stable protein
domain is that they are resistant to a broad rafhgeildly denaturing conditions. This makes
long term storage of antibodies relatively easytil#oties are stored conveniently at -20 °C
in the serum that they are collected in.

Purified antibodies are required for a number @hteques. There are a wide variety of
methods used to purify antibodies; the correct @haf purification method depends on a
number of variables including the intended purptise species in which the antibodies were

raised, its class and subclass.
3.1.8 Antigen and immunogen related factors

3.1.8.1 Epitope

Epitope is defined as the region of an antigen thi@racts with an antibody and is often
termed as the antigenic determinaAtwide range of synthetic organic chemicals alwiti
carbohydrates, lipids, nucleic acids and amino satidve been identified as epitopes. An
epitope is not an intrinsic property, it is desedband ascertained by the binding site of an
antibody and its size is also determined by thelinmg site size. The combining site,
visualized as a cleft or pocket in which the epétigdocked, is relatively small as shown by

X-ray diffraction studies of the structures of ogatals of antigens bound to antibodtes.

3.1.8.2 Continuous and discontinuous epitopes
It has been elucidated that 5-10 amino acids inngact protein constitute a continuous

epitope as the residues are in continuous pepindagde in the protein. In the case of
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discontinuous epitopes the antibody recognizesdsiglues in spatial proximity to each other

and not in continuous peptide linkage within itsary structuré.

3.1.8.3 Structural changes

An interaction between an antibody and antigen aasur with or without large structural
changes in the antibody or the antigen. Some swds® indicate that antibodies can induce
structural changes in the antigens. Even small ggmgiin the antigen structure profoundly
affect the antibody-antigen interaction so muchtlsat the strength of interaction can be
reduced 1000 fold by the loss of just a single bgén bond.

3.1.9 The antibody-antigen reaction

The basis of all immunochemical techniques findsrdots in the interaction between an

antibody and an antigén?

The antibody-antigen complex is in equilibrium witte free components, the reactants obey

the Law of Mass Action:
Ab + Ag— Ab.Ag

In the above equation, Ab represents the antibddyrepresents the antigen and Ab.Ag
represents the antibody-antigen complex.

Any Ab.Ag complex is capable of undergoing dissbora The affinity of the antibody
determines the extent to which the Ab.Ag complessdciates:?

3.1.9.1 Nature of bonding of the antibody-antigenamplex

The antibody and antigen binding entirely dependsan covalent interactions. The stability
of the immune complex is determined by a combimatibweak interactions depending on a
precise antibody-antigen alignment. Forces likerbgdn bonds, van der Waals forces,
coulombic interactions and hydrophobic bonds en@sspghese non covalent interactions.

The overall interaction is a balance of many ativacand repulsive interactions.
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3.1.9.2 Cross reaction
The molecular basis of a cross reaction comes ftioen fact that antibodies recognize
relatively small regions of antigens and on ocaasisimilar epitopes can be found on other

molecules:

3.1.9.3 Strength of an antibody-antigen interaction

Three major factors govern the overall strengthanfantibody-antigen interaction, these
include the intrinsic affinity of the antibody ftine epitope, the valency of both the antibody
and the antigen and the geometric arrangemeneahtaracting components.

3.1.9.3.1 Affinity

The strength of the bond between the antigen amdttibody, or more precisely, between
epitope of the antigen and the corresponding ppeatdf the antibody, is termed as the
affinity of the antibody. It is the measure of thiading strength of an epitope to a paratbpe.
The antibody-antigen binding is non covalent andergible and follows the basic
thermodynamic principles of any reversible bimolacunteraction. Hence, if the molar
concentration of the unoccupied antibody bindirgssis expressed as [Ab], [Ag] represents
the molar concentration of the unoccupied antigedibg sites, and molar concentration of
the antibody-antigen complex is expressed as [Ah.Awge affinity constant K will be

expressed as:
Ka= [Ab.Ag]/ [AD] . [Ad] 1)

In practical terms, affinity describes the amounthe antibody-antigen complex that will be

found at equilibriunt.

3.1.9.3.2 High and low affinity interactions

The rate of diffusion determines the time takenatthieve equilibrium. High-affinity
antibodies will bind larger amounts of antigen ishorter period of time compared to low-
affinity antibodies. This implies that high-affigiinteractions are essentially complete well
before low-affinity interactions. High-affinity aibbdies generally perform better in all

immunochemical techniques due to the stabilityhef complex. With suitably high affinities,
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addition of excess antibody essentially binds thére available antigen, but with low

affinity antibodies a significant fraction of thatayen remains freé.

3.1.9.3.3 Factors affecting the affinity of the anbody

The affinity constant for the antibody-antigen maigions, like all equilibrium reactions, is
affected by temperature, pH, and solvent. Any ckaimgthese factors effects the affinity
constant by either driving the reaction towards plate binding or by releasing the bound
antigen, thus increasing or decreasing the numifeantibody-antigen complexes at

equilibrium.

It is possible to exactly determine the affinitymobnoclonal antibodies but this does not hold
true for polyclonal antibodies. This is because oobonal antibodies are homogenous
whereas antibodies of different affinities condétuhe polyclonal sera, making exact
determination impossibfe?

3.1.9.3.4 Multivalent complexes and intermoleculabridges

Both antibodies and antigens can also be multivabenthe antibody molecule contains two
paratopes, or if the antigens have multiple copieshe same epitope or if they contain
multiple epitopes recognized by different antibaedi®ultivalent interactions stabilize the
immune complexes by rendering the reactions pmbticrreversible! An interaction
between an antigen with more than one epitope algclpnal antibodies leads to the
formation of complexes stabilized by intermolecutaidges. One antigen binds to one
antibody, if the antigens are linked through manébmdy-epitope bonds a cyclic or lattice
structure can be formed. The dissociation rate sihgle antibody-epitope bond is same as
for a simple interaction but since the antigertiistseld by other interactions the overall rate
of dissociation is very slow.

3.1.9.3.5 Avidity

For multivalent complexes the term affinity is nsted, instead the term employed is avidity
which refers to the measure of the overall stabitif the antibody-antigen compléxin
practical terms, it is the ability of an antibodyttind its antigeri.Since avidity describes the
complete reaction, this value ultimately determirtke success of all immunochemical

techniques.
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3.2 Immunoassays

The basis of all immunochemical techniques findsrdots in the interaction between an
antibody and an antigen. Immunoassay is one suclanatytical method. Among the

immunochemical techniques, it is one of the mosbaplished ones, employing various
methods to detect and quantify both antigens atibahes. The term immunoassay usually
refers to a quantitative method, but in a broadenspective it includes characterization
methods for analyzing the immunological properiiésanalytes. With appropriate means
they can be made to be remarkably quick and e&sergting information that is otherwise

difficult to achieve! *

Since the discovery of radioimmunoassay technolbgyYalow and Berson in 1959,
immunoassay methodology has become exceedinglylamojou routine clinical diagnostics.

Immunoassays are used for the detection and measnteof a near limitless range of
analytes in clinical chemistry, microbiology and mgaother fields with most analytes of

interest being either antigens or antibodies thérasé

3.2.1 Different assay systems and possible variati®

Assay systems are divided into two groups, onegusibeled and the other using non labeled
methodology. In the former, the antibody-antigesctmn is detected using a marker labeled
substance and in the later the antibody-antigenpt®mcan be detected directly without

markers’

There are four possible variations to carry outramunoassay, these include an antibody
excess, or an antigen excess, an antibody conguetibr an antigen competition. Assays
employing antibody excess or antigen competitioegect and quantify antigens, while

assays that make use of antigen excess or antibothypetition detect and quantify

antibodies:

3.2.2 Assessment of antibodies for use in immunoags
When selecting a polyclonal antiserum either frooatalogue or from in-house productions
there are certain desired characteristics that teebd consideretl.
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3.2.2.1 Titer and specificity

Titer is the dilution of an antiserum that giveseatain specified reaction in a test system, for
example, binding 50% of a certain amount of labededigen. The titer represents an
important aspect in the case of polyclonal antisaraigher titer means a more economical
use of the antiseruf.

High specificity is the essential attraction of inmmelogical techniques. The specificity of an
antiserum/antibody is its most important charasteri An antibody has a unique specificity
for a particular epitope, but this epitope candagnfl in one or more antigens leading to cross
reactivity. In a polyclonal antiserum there is delnegeneous mixture of antibodies with a

range of specificities.

3.2.3 Enzyme-linked immunosorbent assay (ELISA)

Engvall and Perlman are considered to be the pisradeELISA since they first introduced it
in 1971 as the first non-isotopic immunoassay egipfpan enzyme as a label. Ever since it
has been gaining importance as a significant agalytechnique and has become the most
popular immunoassay used in research laboratads/t The assay can be designed, using
relatively little equipment, to measure antigens amtibodies with high sensitivity and

specificity> ’

3.2.3.1 Enzyme labels

Enzyme labels provide amplification of the detectsignal. The criteria for an ideal enzyme
label include that they are available in large amsuhave low cost, high specificity and low
non specific binding, valuable precision of detagctwithout any loss of activity, an easy
conjugation to the antibody with minimal interfecels caused by assay conditions of pH,
ionic strength, detergents, buffers and enzymectofs. Enzyme labels are inherently stable
in native as well as conjugated forms, for morenthayear at 4 °C and even longer if freeze
dried™ >’

3.2.3.2 Enzyme labeled antigens, antibodies or sedary reagents

All immunoassays rely on labeled antigens, antie®dir secondary reagents for detection.
Enzyme labeled reagents are detected using chromwogebstrates. For assays that are

carried out in microtiter wells, a soluble subsdréitat is converted to a soluble coloured
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product is used. Enzyme levels are monitored byowol development in the

spectrophotometé.

ELISA makes use of enzyme labeled antibodies fer dhatection of the antibody-antigen
complex. Antibodies can be readily labeled by cemtilcoupling to enzymes. The labeled
antibody binds to the antigen and then is detebiedising the label as a signal. A large
number of enzymes have been used for this pur@ogbthe ones commonly used include

horseradish peroxidase, alkaline phosphatasg-gadactosidase.

3.2.3.3 Direct and indirect labeling

Enzymes may be attached to the antibodies by dwrdcidirect methods. The direct methods
link enzyme to antibody covalently whereas indinexetthods use an intermediate molecule
to link the enzyme non covalently. Direct couplioigenzymes to antibodies must preserve
the activity of both the enzyme and the antiboaglirect methods use an enzyme labeled,
secondary molecule that binds to the primary adiytio a second step of the assay. Two of
the most popular secondary molecules are streptaddd protein A. Streptavidin is an
effective secondary molecule when used with thanvit biotin which is a small molecular

weight molecule with a strong non covalent affirity

3.2.3.4 Important aspects of ELISAs

Although various different configurations of immwassays exist, ELISAs often prove to be
the one of choice owing to certain attributes agatures. The three importacharacteristics
are: the solid phase adsorbent, the enzyme laldebase of operation. The solid phase may
be paper, plastic or glass beads, latex emulsiomsicrotiter plate well with a significant
advantage of quick and thorough washing of unboeadents. The second advantage is that
the enzyme label makes it safe, compared to o#tteld such as radionuclide, hence making
it possible to work without any safety issues conitgy the waste and with no requirement
of a specialized lab. The ease of the ELISA prooeds noteworthy since ELISAs are
relatively trouble free to apply hence allowing e\@mateurs to apply an assay according to

their requirements.”
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3.2.3.5 Types of ELISAs for antigen detection
Numerous ELISAs exist as several variations and ifications are possible among the
immunoassays to determine either antigen or anyitbexel. The classification is based on

different criteria; the four classes of immunoassane discussed below.

3.2.3.5.1 The antibody capture assay and factorsfa€ting its sensitivity

The antibody capture assay, also known as the dithapeassay, has its own significance. It
is less time consuming since it requires fewersseeq is able to measure both low and high
molecular weight antigens. Antibody capture asses be used to detect and quantify
antigens or antibodies; they can also be usedrtgace the epitopes recognized by different
antibodies. For such assays, concerning antigeectiat, the protocol is as follows. An
unlabeled antigen solution is immobilized or adsdrklirectly on to the microtiter well, the
solid support, without the use of a primary antjpod@his coating is usually carried out at
temperatures such as 4 °C or 37 °C. Later, sampuleaa antibody in a limited amount are
added, this leads to a competition between theamtimens, the one that was coated and the
one that is added as the sample. Depending onotineentration of the antigen in solution,
the antibody then binds to the immobilized antigéhe antibody can either be labeled
directly or detection can be carried out by usirigleeled secondary reagent that specifically
recognizes the antibody. Following incubation wathabeled secondary reagent such as an
anti-immunoglobulin antibody the amount of antibdabund to adsorbed antigen or retained
on the solid support is measured and related ielet® the antigen concentration in the
sample' 7 For detection purposes substrate is added, therenzatalyzes the conversion of
the substrate into a coloured product. This reaaten be stopped by enzyme denaturation.
The optical density measured by a photometer isréotly proportional to the analyte
concentration in the sample implying that the highe signal the lower the concentration of
the antigen. A standard curve can be obtained dyimd the optical density (OD) against the
logarithm of the antigen concentration.

A pivotal problem concerning this assay is theuregnent of substantial amounts of pure or
partially pure antigen since the plate is coateth whe antigen. This can be a source of

concern when dealing with rare antigéns.
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The three factors that will affect the sensitivitya labeled antibody assay are discussed in
the following text. Theamount of immobilized or bound antigento the solid phase can be
controlled easily either by dilution or concentoatiof the antigen solution. Trevidity of

the antibody for the immobilized antigenis the second factor that affects the sensitiwity
an antibody capture assay. Ttype and number of labeled moietiesused to label the
antibody. Antibodies are either labeled with enzgraebiotin. The sensitivity of detection is

adjusted by varying the number of labeled molech®sd to the antibody.

3.2.3.5.2 The antigen capture assay

In this case, the primary antibody is adsorbech&odolid support and sample antigen and a
labeled antigen are added. In comparison to otb&ays, the antigen capture assay measures
low molecular weight antigens more effectively hystincorporation of the labeled antigen.

In this case a constant amount of the labeled emtig added to the unlabeled sample
antigen. Both antigens then compete for bindinghwifte primary antibody on the plate.
Washing removes any unbound proteins; quantifioats carried out by measuring the
amount of the labeled bound antigen. A higher sangpitigen concentration means less

labeled antigen is bound to the antibody and hémeéinal signal is smalléer.’

3.2.3.5.3 Indirect antibody capture immunoassay

The indirect antibody capture assay is used foedliety the presence of an antibody rather
than antigen in test sample. This assay uses caorratgravailable labeled secondary

antibody along with fairly large quantities of puwe partially pure antigen to coat the plate.
In this case an antigen solution is added for ogatind then an antibody sample is added. If
antigen specific antibody is present in the samitie, antibody binds to the well and is

detected by a labeled isotype-specific antibodyusTtihe captured test antibody is detected

indirectly with a second labeled antibo@ly.

3.2.3.5.4 Antibody sandwich immunoassay and factoedfecting its sensitivity

The antibody sandwich assay is thought to be thst sensitive and the most versatile one
for detecting the concentration of high molecularight antigens like proteins by ELISA
without any prerequisites of antigen purity andycasuitable antibodies being essential. Since
binding of two antibodies to the antigen is regdijrenly multivalent antigens with either

different or repeating epitopes can be detecteds iBot a disadvantage for proteins since
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they are almost always multivalentEither two monoclonal antibodies that recognize

discrete sites or a batch of affinity purified pabnal antibodies can be uskd.

For carrying out such assays the primary antibgdyurified and bound to the solid phase.
An antigen in the sample solution is then allowedbtnd to this antibody forming the
antibody-antigen complex. Washing removes any unBoocompounds and the labeled
secondary antibody, recognizing a different epitopeallowed to bind to the antigen. Since
the antigen is in between two antibodies this ELIgpe is called sandwich ELISA. The
analyte is quantified after washing by measuring éimount of bound labeled secondary
antibody. In the next step a chromogenic substimtadded which is transformed to a
coloured product by the enzyme. The OD value isatly proportional to the concentration
of the analyte in the sample. The major advantdgki®technique is the high specificity and
that no antigen purification prior to the use iessary. However, this assay requires
substantial amounts of both primary antibody amelled secondary antibody.

The sensitivity of two antibody assays is depenadenfour factors. The first one being the
number of molecules of the primary antibody boumdhte solid phase. This can be adjusted
very easily by varying the concentration of theitzody solution. The second and third
factors affecting the sensitivity deal with thedity of the primary and secondary antibody
for the antigen, respectively. The fourth factoaldewith the specific activity of the labeled
secondary antibody, that is the number and typtheflabeled moieties on the secondary
antibody?

For the detection and quantification of antigemsy aintibody sandwich assays have proved
to be the best choice. However, in the absencewof honoclonal or affinity purified
polyclonal antibodies, competitive assays proveddhe next most useful assays for antigen
guantification.

3.2.3.6 Sensitivity and reproducibility of ELISAs

The sensitivity and reproducibility of an immuncagss determined by acknowledging
various parameters. First and foremost a high igffiantibody capable of binding to an
accessible epitope(s) is critical for a sensitissag. Secondly, the adsorption of antibody or
antigen to the solid phase should not in any wawuce the antigen and antibody binding. As
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a result of adsorption, the molecules may be aeknh an ineffective manner or slight
changes in the protein structure may lower or myodiftibody binding. Fortunately this does
not appear to be a common problem. Third, condistenbation times, identical buffers and
reagents and redundant standard curves are necefssarvery plate to accomplish

reproducible results.

The antibody sandwich assays are capable of degeptbtein concentrations as low as 0.1
ng/mL (pmol) and are more sensitive than captusays The antibody capture assays,
typically measuring 1-10 pmol of antigens are, heosvepreferred for low molecular weight
antigens.

3.3 Chemical sensors

The term sensor comes from the Latin wasdntire’, which implies‘to perceive. As
defined by IUPAC, chemical sensor is a device tmatverts chemical information into an
analytically useful signal. Thus the objective otlemical sensor is to translate chemical
information into a measurable quantity; preferably, change in voltage. Chemical

information varies from a specific component coriion to total composition analysfs-*

3.3.1 Advantages of chemical sensors

Sensors are simple, low in cost, rugged and eagpdoate miniature systems and thus can
be applied in various fields including biomedicicalemistry, warfare safety, environmental
and industrial chemistry. Owing to their simpligitgigh maintenance is not required and
they can be operated by non trained personnel.awWinzation renders the possibility to
integrate several different sensors in one devibaking multi-analyte measurements

possible and eliminating cross reactivify*?

3.3.2 Components of a chemical sensor
A chemical sensor consists of a sensitive lay@hysical transducer, an electronic setup for
measurement and a data acquisition unit. The detéieach are discussed in the following

sections’
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3.3.2.1 Sensitive layer

The sensitive layer is a chemical recognition lageynitoring the chemical constituents
within the environment of the sensor selectiveliie Tayer is either natural, comprising of
bio-macromolecules such as enzymes or antibodigscan be synthetic that comprises of a
polymer® The layer composition critically influences efieeness and applicability of the

sensor as it controls the selectivity, sensitiviigsponse time, and lifetime of the sen$or.

There are three major types of sensitive layerg; ittn selective layers detect ionic
concentration changes, whereas the molecular réaytayers rely on the molecular size
interactions. Lastly the bio-sensitive layers cenef biologically sensitive species, enzymes,

receptors, nucleic acids and antibodies.

3.3.2.2 Transducers

Chemical sensors use various transduction prirgiplee major types include optical,
electrochemical, thermal and mass sensitive tramsdu For mass sensitive transducers,
surface acoustic wave devices (SAW) and quartzarysicrobalances (QCM) are the most
common ones. Since mass sensitive transducersbeaveused for the present research, they

will be elaborated in detail in forthcoming secgdf

3.3.2.3 Measuring electronics and data acquisition
Some form of measurement electronics and softwareequired to convert the signal
produced by the transducer into a readable fornthabthe data obtained gives analytical

information*

3.3.3 Principle of a chemical sensor

Figure 3 elaborates pictorially the working prifeipf the sensor. The recognition layer
when exposed to the analyte interacts with it, th@ilts in a change in one of the physical
properties of the layer, mass, optical absorbarefegctance, polarity, impedance, voltage,

fluorescence behavior are to name a few.
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Figure 3: Working principle of the sensor

The transducer system detects and converts thesged to an electrical or optical signal.
The electronics and software then detect, amplifiy process this signal. Finally, the data

acquisition unit processes and stores the acqdaeat” ***°

3.3.4 Characteristics of a sensor
In order to ensure the usage of chemical senseysdould posses certain basic properties.
The following text discusses such characteristigbich a good chemical mass sensor,

especially a quartz microbalance, must possess.

3.3.4.1 Sensitivity

Sensitivity of a sensor is the relationship betwsignal output and the analyte concentration
thus it recognizes the mass changes of the semddiyer on exposure to the analyte.
Sensitivity depends on the type, thickness andctire of the sensitive layer and on the
fundamental frequency and damping of a quartz akyMarious parameters like operating
temperature, viscosity and temperature of the #&mabplution, type of the cell and
measurement electronics also affect the sensitiVityg mass sensitivity of a QCM device is
given by frequency change per unit mass change'’
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3.3.4.2 Noise level
An ideal sensor should have low intrinsic noiseelanith high sensitivity as this allows the

sensor to respond and to detect very small changle concentration of the analyfe.

3.3.4.3 Selectivity

Selectivity towards the species being analyzedits;the selectivity of a mass-sensitive
device refers to the degree to which it is frearfrioterference by any other species present
in the sample matrix. Typically, selectivity is ined both by a selective and/or sensitive
layer and the physical and/or chemical propertfa®@analytes: **

3.3.4.4 Response time

Response time is the time required by the sensoedoh a constant signal or to get the
frequency to a constant value. Fast response taresessential for online monitoring of

processes, a chemical reaction for instance. Resptme is affected by the type of

interaction between the layer and the analyte Aedoperating temperature; it is shorter at

higher temperatures*

3.3.5 Drift

A slow or non-random change of the response ofrsmeunder unaltered experimental
conditions is called drift. It can be observed tlmeontinuous loss or gain of layer material
or due to some electrical reasons. For good sersalts ideally there should be no drift and

under inevitable conditions it should be as lowpassible® **

3.3.6 Reproducibility, repeatability, reversibility and stability

Reproducibility of the sensor response is signifigd the same response obtained with
experiments conducted under the same conditiordifferent times. Repeatability of the
sensor response is determined in experiments thatpeated under the same experimental
conditions but at different times and different aemb conditions. Reversibility is the return
of the measured frequency to its original value amalyte removal. Stability is a
characteristic that takes into account the repribditg of measurements and is directly
associated with the stability of the chemical lagleposited onto the quartz. A sensor can

only be a stable one if it has high repeatabilityl eeproducibility’ **
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3.3.7 Temperature effects

The temperature dependence of measurements iglcrihharefore it is necessary to regulate
the temperature at the time of measurement. A somahge in temperature can cause a
change in the resonance frequency of quartz inrakkiz as in the case of liquids, water or
agueous solutions; the change in resonance freguenrc40 Hz for 1 °C rise in temperature.
This is due to the fact that temperature may afssisor response, response time and
viscosity of the liquidg®

3.3.8 Matrix effects

The presence of any substance in the sample dtherdnalyte that affects the measured
signal is known as the interfering substance. Thetszfering substances interact with the

sensor layer in a similar way as the analytes addade a response similar to that generated
by the analyte, thus their presence results ingam@nt increase in the concentration or
activity of the analytes. At high concentrationsem highly discriminated substances may

induce interference.

3.3.9 Classification of sensors

The chemical sensors are divided into three baategories depending on the type of

transducers which are different depending on tiypie of signal generation principles. These
include electrochemical sensors, optical sensods anoustic wave or mass sensors. The
acoustic wave or mass sensors include the bulksticeuand surface acoustics. Chemical
sensors that measure change in mass on the swoffacehemically sensitive layer can be

employed to a large variety of analytes. Typicahraples of this class of sensors are bulk

acoustic wave (BAW) and surface acoustic wave (SAdjices!” 2

3.3.9.1 QCM as a mass sensitive device and its priple and applications

Quartz crystal microbalance, QCM, is a typical eglemof a bulk acoustic wave device
which primarily relies on the change in mass. Comunaly, QCMs are available for
frequencies up to 50 MHz; above that limit, thetggabecome too thin for mechanical
stability. In sensor applications, the quartz algsbperating in the frequency range of 5-10
MHz are commonly used. QCM based sensors employaatz) crystal oscillator with a

metallic film placed on it for electrical contadthe QCM is basically a mass sensing device
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with the ability to measure very small mass charmes quartz crystal resonator in real-
time. Besides being highly sensitive a major advgatof the QCM technique used for liquid
systems is its ability to allow a label-free deimttof molecules?

Coating the quartz crystals with a chemical recogmilayer renders selectivity to the sensor.
The coated QCM, when placed into an oscillatinguwtr resonates with its fundamental
frequency. This fundamental frequency depends erthitkness, structure, shape and mass
of the crystal. The interaction between an analyie the surface of the sensitive layer results
in a shift of the resonance frequency, which canmsasured with high sensitivity. The
relationship of the change in resonance frequehey@CM can be related to the mass of the
deposited analyte and is given by the Sauerbregteou

2
Acr(pm Ca)%

Af = —f.° Am (2)

The Sauerbrey relationship is given for the measargs in gas phase and relates the change
in frequency, Af), to the change in mas\nG), making use of the density of the chemical
film (pm), the shear modulus of the quartz crys@y),(the fundamental resonance frequency
of the crystalfe) and the area of the crystal,.(A As indicated by the equation an increase in
mass results in a decrease in the frequency. gadlphase measurements, the properties of
liquids are to be considered. Therefore the eqnasioepresented as:

_ _r2 2 pimt
Af =—fo Acr(pmcq)%1/4nfu (3)

The equation describes the frequency change whemuhrtz crystal is placed in a liquid

environment. The equation gives the relationshigveen the change in frequenayf)to the
density p)) and viscosity;) of the surrounding liquid as well as to the dgni,) and shear
modulus Cg) of the quartz crystal. The theoretically expectesjuency shift from gas to
aqueous phase for a 10 MHz crystal is about 2 kbl However, the observed frequency
shift is often 1.5 to 3 times higher. This variamsa@ttributed to several factors including the
differences between the surface and bulk valuesismosity and density, hydrophilic or
hydrophobic nature of the film and its surface twuggss, intermolecular forces, electric

double layer structure, etc.
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There are various fields where QCM sensors carppkea for analysis; electrochemistry of
interfacial processes at electrode surfaces, Hiatdogy, functionalized surfaces, thin film
formation, surfactant research, drug researchidiglating & etching and in situ monitoring
of lubricant and petroleum properties are to nanfiewa Also a large number of analytical
applications have already been published in thea a€ gas sensing and trace ion

determinatiorf %2

3.3.10 Immuno sensors

Immuno sensors are biosensors that make use ddrtileodies as molecular recognition
element for specific analytes that is antigengptm a stable antibody-antigen complex and
provide concentration dependent sigrfalS. Performance of a biosensor depends on the
stability of the immobilization, therefore stablamobilization of biomolecules is crucial to
obtain a sensitive biosens8r?’ Working of an immuno sensor is a two phase prodéss
first phase is to sense the formation of the andifbantigen complex. The second one is then
a signal transfer process that responds to thegehanone of the properties caused by the

antibody-antigen complex formatién.

The immuno sensors have certain advantages over atethods, these include high
selectivity, miniaturizing, a label free (withoutyaenzymatic label) detection of the binding
reaction, being cost effective, fast and robtist? Due to these features, immuno sensors

tend to overcome the shortcomings of other availatgthods.

3.4 DNA - a universal biological analyte

Deoxyribonucleic acid (DNA) technology has rematiyabffected various sectors like
healthcare, pharmaceutical production, diagnos#tgsiculture, food and forensic analysis.
The use of nucleic acids, particularly DNA, as aralgte offers tremendous advantages
including an increased scope of application, lowedgon limits, high speed and high
sensitivity. DNA is the genetic material of the wrdtyy of forms of life and an ideal universal
analyte for biological methodologies. Nearly eveeyl of an organism has an identical copy
of the genome and theoretically a single copy & tene can be detected using the

polymerase chain reactidh.
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3.4.1 DNA extraction
The isolation of genomic DNA is a fundamental regoient for analytical procedures based
on DNA analysis; therefore, a well characterized esbust DNA extraction technique that

reproducibly isolates DNA and is suitable for thenple matrix is essentidl.

3.4.1.1 Factors determining the suitability of theextraction method

The suitability of isolated DNA as an analyte fogigen technique is generally determined
by the amount or concentration, purity and intggrtf the DNA. The amount and
concentration of the isolated DNA must be suffitienough for subsequent analyses. The
extracted DNA must be free from any contaminané thay inhibit analysis. Also, a high
molecular weight ranging from 50 to 200 kbp canabesignificance for certain analysis.

Each of these factors can be influenced by theetitn technique employéd.

3.4.1.2 Various steps of DNA extraction

DNA extraction encompasses various steps from sapngparation to the determination of
the concentration and purity of the obtained DNAamPle preparation incorporating
homogenization, centrifugal separation or minimigithe effects of surface contaminants
prior to cell lysis may prove to be beneficial. Tiext step, cell lysis, is critical as it frees the
DNA and can be done by microwave heating, chemmathanical or enzymatic means. The
stabilization and protection of the released DNAaisignificant step. For this purpose an
extraction buffer that prevents DNA degradationcbilular nucleases liberated during lysis,
is usually present. Next, the separation of nuckeids from cellular and matrix debris and
other biological macromolecules is achieved, eygpbenol - chloroform and chloroform
extractions. DNA purification by removing RNA thiglu appropriate nucleases is the next
crucial step. Other impurities can be removed by egchange columns or the addition of
chelating agents. Lastly, to concentrate DNA toaakimg molarity, alcohol precipitation or

commercial columns are usgd.

3.4.1.3 Choosing the most appropriate DNA extractioprocedure
Before endeavoring upon an extraction method, ésisential to consider certain aspects of
the sample from which the DNA has to be extractéw history of the sample is important

since it gives information regarding any possiblentaminations and so the sample
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preparation steps employed must remove contaminAlgs, the source of the sample, if it
was maintained in a stable environment, is importan determine whether a method
optimized for high molecular weight or degraded DNshould be employed. The
composition of the sample has its own significaritehe sample is heterogeneous with
respect to the analyte, it must be homogenizedieniriitial steps. Some information on the

cellular structure of the sample should be therassto ensure appropriate lysis.

3.4.1.4 Quantification of total DNA by spectroscopy

To determine the yield obtained from a DNA extractprocess, DNA must be quantified.
The simplest and most commonly used technique estsgphotometric determination, that
is, either UV absorption or fluorescent emissiontie UV region, all nucleic acids absorb
strongly with maximum absorbance at a wavelengtl2Gff nm. This physical property is
used for concentration determination of nucleidaan solutions. For determining the purity,
a simple method is to determine thesf g0 ratio; this ratio should be 1.8-2.0 in an

uncontaminated sample of DNA.

3.4.2 PCR — Polymerase chain reaction

Kleppe and colleagues in 1971 elucidated the thieateconcept of generating numerous
copies of a specific DNA molecule using DNA polymase and oligonucleotide primers in a
cyclic process. Kary Mullis in 1983 introduced theocedure for the polymerase chain
reaction and won the Nobel Prize in 1993 for it.té¢knated oligonucleotide synthesizers
were available when the polymerase chain reacB@R) process was demonstrated by Saiki

and colleagues in 198%.34

Real-time PCR is a laboratory genetic amplificattenhnique that renders high levels of
sensitivity and specificity to bioanalysisth a huge impact on various facets of biological
research. In PCR, DNA polymerase is used to copggnent of template DNA, as the
reaction proceeds, its concentration increasest@ntiuorescent signal from the polymerase
chain reaction is continuously collected over ageanf cyclesReal-time PCR assays can be

completed very rapidly since no manipulations aguired post amplificatiort, >
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3.4.2.1 Basic principles underlying the real-time plymerase chain reaction
Basically, the amplification is defined by four jglesa; baseline, exponential, linear and
plateau. Figure 4 illustrates some of these phases.
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Figure 4: Different phases of PER

The amplification during the baseline phase is Wwelbw the detection level of the real-time
PCR instrument with no detectable signal but theoerntial amplification of the template is
occurring. The earliest detectable signal from RE&etected in the exponential phase where
the amplification proceeds at its maximal exporantite. The template concentration and
the quality of the real-time assay determine thgtle of this phase. If an assay is 100%
efficient, 2 products result per cycle from eacmpéate. As the amplification efficiency
begins to taper off, linear phase starts, whichiss a straight line as indicated in figure 4 but
the amplification falls from a ratio of 2 produdi®m 1 template to 1.95 from 1. The
template replication efficiency continues to deeliantil the fourth phase, the plateau, is
reached where the amount of DNA produced in an ificgilon reaction reaches a
maximum level and the amplification rapidly ceades the remaining cycles of the
experiment. The number of PCR cycles before platiegnends on the amount of target at the
start of the reaction but the level of plateaundependent of the initial target concentration.
Consequently, the DNA vyield in reactions amplifiéd plateau cannot be used for

quantification purposes: *°
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3.4.2.2 Factors affecting amplification and reproduibility

The exponential nature of the amplification procesplies that any subtle differences in

amplification efficiency can lead to large diffeoes in product yield and results. Variations
may arise as a consequence of pipetting differencesg different batches of reagents, or
temperature variations at different positions ia thermal cycler. Variations may also arise
in different runs on the same thermal cycler. Besithese, a false positive resulting from the
presence of contaminating DNA poses additional roent is therefore essential to not only
calibrate the thermal cycler but also to use propesitive and negative controls for

reliability of results®

3.4.2.2.1 Reaction components

The reaction components which are of significarlteare the template (DNA target), the
deoxynucleotide triphosphates and magnesium cldofiie amount of target DNA added is
important, if it is too less it may generate a riegasignal while too much may result in the
production of non specific products. The concerdnabf the deoxynucleotide triphosphates,
dNTPs, must be optimized to maximize specificitNApolymerase used for amplification
is magnesium dependent therefore magnesium sesves &nzyme cofactor. The dNTPs
bind magnesium with a stoichiometry of 1:1 so tbaaentration of magnesium must be set

accordingly®

3.4.2.2.2 Primer design and primer optimization

Designing appropriate primers is an essential requent for real-time PCR, while designing
these oligonucleotide primers certain aspects resiken into account. It is important to
know the desired product as the placement of psnmr the template establishes the
composition of the product. The primer sequencetmesiesigned such that they anneal the
correct strandsPrimer specificity is crucial since the greatest challenge in devetp@
successful real-time PCR method is the preventfaron specific amplification. Mispriming
can be prevented by comparing sequence similagtyvden the primers and all other
template sequences in the design space. Sevenagrgrican be designed and individually
checked for cross matches with basic local aligrtreearch tool (BLAST)Primer length is
significant; if too short, it is difficult to desmggene specific primers and choosing an optimal
annealing temperature is hard. Very long oligosdessbeing expensive to synthesize are
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likely to form secondary structures that decredme RCR efficiency and promote primer
dimer formation. PCR primers are typically 16-2&leotides long. The melting temperature,
Tm, determines the optimal PGRinealing temperature An ideal PCR reaction has forward

and reverse primers with similap, Values.

There are software programs with various guidelinkat can help with planning
oligonucleotides, however, following them strictdges not guarantee success. Since primer
synthesis is relatively cheap it is only cost eifex to try several primers to achieve the
desired result rather than attempting to optimib@tmay turn out to be a suboptimal primer
pair>>3" Optimizing primer concentration is of vital importance since each primer set
works best at a different concentration. An optiprainer concentration is the one where the
specific amplification relative to primer dimersneximal, in a positive and negative control

experiment?®

3.4.2.2.3 Polymerases

The first polymerase reaction was demonstrated diyguthe Klenow fragment dE. coli
DNA polymerase. Since the DNA polymerase enzyme was heat stable and fresh
polymerase had to be added after each denaturatiep, the original process was
burdensome. The true potential of PCR was realdeeh a thermo stable DNA polymerase
from Thermus aquaticugas used for amplification; it is the heart of medPCR. Although
Thermus aquaticugTag) remains the most widely used polymerase, a nurobesther
enzymes are now in use for various applicatiirns.

3.4.2.2.4 Thermal cyclers

A broad range of automatic thermal cyclers arelalbls commercially. Any difference in the
machines or the individual machine performance prasound effects on the end result.
While taking the effect of a thermal cycler on PERs important to consider what occurs
during each cycle. There is generally a delusiai tifree discrete temperatures exist in PCR;
DNA denaturation occurring at one, primer annealatganother and primer extension
occurring at the third. More realistically, it is @dynamic process where denaturation
progresses to annealing and then to extension éoéifier cycle is repeated. Denaturation is

likely to be complete as the set temperature isragmhed, annealing starts as the set
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temperature is approached, becoming progressivadyerf at the optimal temperature,

continues past the set annealing temperature aedsian follows primer annealirfg.

The three steps of denaturation, annealing andyatam are elaborated in figure 5.

(@) (b)

(c)
Figure 5: Denaturation, annealing and elongation stdles

(a): Denaturation of double-stranded DNA in twoglenstrands, (b): annealing of primers

on the single strands, (c): elongation of the DMplates by Taq DNA polymerase

During denaturation, the hydrogen bonds are bra@kehthe double stranded template DNA
is denatured at 92 — 95 °C and two single strarelglatained. (a). At annealing temperatures
between 45 and 65 °C, primers, two specific oligheotides complementary to the target
DNA hybridize to their complementary sequence 0bB85 end of the single stranded DNA.

(b). Elongation is carried out at 72 °C, the terapee optimum for the Tag DNA

polymerase which binds to the 3’end of the primed aynthesizes a new DNA strand
complementary to the template. The required dNT@stliis synthesis are in the PCR

reaction mix. (cf°

3.4.2.3 Detection and detection chemistries
The basic methodologies utilize fluorescent dyed e fluorescence signal governs the
detection of real-time PCR; a proportional increas¢he fluorescent signal in subsequent

cycles is directly proportional to the increasegha amplified product. The assay delta is of
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crucial importance in any fluorescent assay, this difference between the initial and final

signal intensities and greater difference is essent

According to the role in the assay, fluorescentauoles used in real-time PCR are divided
into three classes. Firstly, a donor dye i.e. reggpomgives a fluorescent signal monitored
during the course of the experiment. Second iscaapor or quencher molecule, responsible
for the initial quenching of the signal from theooeter. Lastly, a reference dye, common to
all reactions, with no interaction with assay comgrats, functions to normalize the well to
well signal in the software. Quencher molecules e#ther be fluorescent dyes or any
molecules that absorb light within appropriate wemgth range. Theoretically any
fluorescent dye can be a reporter; most commonrdy us 6-FAM (6-carboxy flourescein),
SYBR Green | is also used widef.

3.4.2.3.1 SYBR Green based detection

The incorporation of a free dye into the newly feadndouble stranded DNA product
represents the simplest detection system. DNA bghdiyes have been extensively used for
the direct analysis and quantification of nuclesca. Commonly used dye for this purpose is
SYBR Green |, when stimulated by appropriate wawgtle, its background fluorescence in
solution as a free dye is very low. There is, hosvea dramatic increase in the fluorescence
output when it is bound to double stranded DNA #relfluorescence is proportional to the

amount of double stranded DNA. The signal to neégie of this assay system is excell&ht.

The SYBR dyes are popular for real-time detectiod are readily available commercially.
The popularity of SYBR Green | assays is three;ftdev cost of the dye, ease of assay
development that requires only one pair of prinmet possibility of using the same detection
mechanism for each assay. The only downside bé&iageavery double stranded molecule
generates a signal, be it an inappropriate PCRugtodr primer dimer, therefore careful

primer design is importarit.

In real-time PCR the readouts are given as the pumbPCR cycles necessary to achieve a
certain level of fluorescence, i.e. threshold cy€e Initially the fluorescence signal emitted
by SYBR Green | bound to the PCR product is tooknmearegister above the background,

however fluorescence doubles in each cycle in #pomential phase. The intensity of the
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fluorescent signal usually begins to plateau 383@ycles later, indicating that the PCR has
reached saturation. Primer design needs to be stongent for SYBR Green based assays
than for TagMan assays and it is important to dete the sequence that needs to be
targeted by the PCR; 3% 4

3.4.2.3.2 TagMan based detection

Another category of signaling systems involves tise of a third, fluorescently labeled

oligonucleotide located between the primers callexprobe. Such assays have the added
specificity of the intervening third oligo. Signdl®m primer dimers are not detected which
proves to be a further advantage of a probe baseays. The only PCR amplicon that is
detected is the one to which both primers and pbite simultaneously’

Like the primers, the real-time PCR probes aregies] using software, various aspects that
are taken into account while designing the prolstuge the probe melting temperature or the
annealing temperature, it must nearly be 10 °Cdrighan the forward or reverse primer.
This is to ensure that the primers bind beforepttude participates in the reaction. Also, the
probe should not self anneal and form secondanctsires. The probe should, without
overlapping with the primer sequence, be as closthé forward and reverse primers as

possible® 3

TagMan probes or hydrolysis probes, one of the prabe based assay systems in use today,
are linear oligonucleotides that have been labei#itla reporter on the 5’end and a quencher
on the 3’end. The reporter signal is quenchedpbmter and quencher dyes are in close
proximity in solution. In the elongation step Tat{® polymerase binds and rapidly extends
the new strand following primer bindirig.

3.4.2.4 Data analysis and reporting

The G value, also known as the crossing poing, i€ defined as the cycle when sample
fluorescence exceeds a chosen threshold above robackbfluorescence; positive €sults
from genuine amplification. The;Gs determined by the chosen baseline setting had t
threshold setting which can be either default valoiethe software or selected manually. The

negative controls play a vital role in setting tiheeshold; therefore, no template controls
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(NTCs) must be included on every plate in everyeexpent and help distinguish between a

sample and a contamindft.

3.4.2.4.1 Cycle efficiency and amplicon size

PCR is usually explained as a reaction in whichamm®unt of template is doubled in each
cycle, leading to geometric growth from 1 templete?, then 4, 8, 16, 32 and finally 1024
after 10 cycles; hence making it an exponentiallditggtion process. This is a little fictitious
because the efficiency of the PCR is not 100% aheycle. In practice, the efficiency of the
amplification approaches 100% for only a limitedtp the process. The amplicon size, an
important factor for accurate expression of quadiion, affects the PCR efficiency. Very
long amplicon decreases the PCR efficiency, theeefloe amplicon should be smaller than
250 bp, between 100-250 bp is a typical size rafgé.

3.4.2.4.2 False positives in PCR

PCR being a powerful genetic amplification tookdhetically detects a single DNA target by
producing approximately 10 copies of a selected sequence in a few hours tamsl the
technique may suffer from its own success. All P@&Rplification products can be re-
amplified giving rise to false positive resultsibt excluded from subsequent amplifications.
PCR controls hold great significance; no templategétive) controls should always be
included in real-time runs along with appropriatsigive control. Methods relying on probe
hybridization to produce a fluorescent signal asslliable to produce false results compared

to the other methods where intercalating dyes sed *> *°

3.4.2.4.3 Melt curve analysis

The melt curve analysis, also known as heat diaioai analysis of the PCR product, adds
significantly to the utility of fluorescent DNA hilng dyes since the data can be used to
determine a number of important variables. It resadlee possibility to characterize the PCR
amplicon in situ on the machine and determinekdafamplified signal is for a single product
or not or if there were any primer dimers formetiust making the dimer issue

obsolete’* 38 41
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3.4.2.4.4 Specificity and sensitivity of the reaan

The specificity of the reaction is dictated by th@queness of the priming sequence within
the template DNA used in the assay, and controeumdhich the primers are allowed to

interact with target and to non-target sequenchs. sensitivity of the reaction results from

consecutive amplification cycles, controlled byharmal cycler, where products of one cycle
act as targets in the next cycle, theoreticallpvaithg the amount of selected target to be

doubled at each cycfg.

3.4.2.4.5 Optimization of real-time PCR assays

Every factor associated with PCR has the potetdiaffect the amplification efficiency. For
a robust and specific amplification protocol, vaso factors have to be optimized.
Optimization of reagents is essential for the dewelent of robust assays to obtain reliable
results. A robust assay is the one in which thesing threshold (is not affected by slight
variations. Factors like the primer concentratigmbe concentration, cycling conditions and
buffer composition need to be optimized since digraion in these affects the specificity,

sensitivity, efficiency and reproducibility of tessay’> *°

3.5 Immuno-PCR (IPCR)

A combination of an immuno assay and a PCR is téraee immuno-PCR. Sano et al.
developed an immuno-PCR method, extending the scbpPE€R for ultra sensitive detection
of proteins. It is an immunoassay similar to ELI8x%at, instead of a colorimetric enzyme
reaction, uses PCR for detectithit is a highly promising technique for the ultrasiive
analysis of proteins and other antigens as it coeshithe sensitivity and the signal
amplification power of PCR with the versatility arahtigen specificity of ELISA by
exchanging the signal generating antibody enzymejugate used in ELISA with an
antibody-DNA conjugat&**® The sensitivity of immuno-PCR is much higher thhat of
ELISA; as a consequence the limit of detection, L.QID a given ELISA is generally

enhanced 100-10000 fold by the use of PCR as alsignplification systerfi’ *

Initially the amount of PCR product was assesse@ither gel electrophoresis as explained
by Sano et al. who constructed a steptavidin-pmo#i chimera that was bound to a

biotinylated linear plasmid. The protein A-streptin-DNA-conjugate bound the detection
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antibody which was bound to the analyte in the atiter plate. The DNA was amplified
using PCR and the PCR product was detected bylegtt@phoresié® Using real-time PCR,
the amount of DNA could be quantified with high siémity and accuracy over a wide
concentration rang®.

Owing to the extreme sensitivity of the PCR amgéifion step, immuno-PCR is very
sensitive to contamination and false positive dgnahich result from the non specific
binding of reagents. Therefore, the requirementsHERs are much more stringent than for
conventional ELISA. Thus synthesis of antibody-DN@&njugate and the readout method of
the amplified nucleic acid fragments are of vitaportance. These two steps distinguish the
ELISA from immuno-PCR and are the key for the sgstd conversion of a given ELISA

into a highly sensitive immuno-PCR aséay?

3.5.1 Assemblages for real-time PCR

Immuno-PCR can be assembled in several ways depemdi the binding of the capture
antibody to the surface of the reaction vessel ahdhe DNA label to the detection
antibody*® In a protocol for immuno-PCR reported by Lind ktamtibodies specific for the
protein target were immobilized to the reaction sets On adding the sample, targeted
proteins bound to the immobilized antibody molesul&éddition of the detection antibody,
coupled to a DNA molecule, leads to a bond betwenantibody and the immobilized
protein target. After careful washing to removeuwadbound reagents, the DNA is amplified.
During the exponential phase of the PCR, the amoftiptoduct formed reflects the amount
of target protein that was bound to antibodfegurther developments include various
modifications such as the stepwise coupling ofibybted antibodies and biotinylated DNA

using the biotin binding protein, streptavidintis linking unit.*®

3.5.2 Various aspects of immuno-PCR

Various aspects to be considered during an immu@i-&re discussed in the following text.

3.5.2.1 Attaching capture antibody

A simple way to attach the capture antibody touessel surface, where no special linking
groups are needed, is by physical adsorption. Atisol containing the antibody is added to
the wells; overnight incubation allows the antileslito adsorb to the surface. Another
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possibility is through a streptavidin-biotin linkor this the capture antibody is biotinylated,
the surface is coated with streptavidin. The captmtibody can either be attached to the
surface before being exposed to the antigen aarithe incubated in a test solution to bind
the antigen followed by immobilization to the swda The assay time with this approach is

much shorter but it is also more expensiie.

3.5.2.2 DNA label and labeling detection antibody ith DNA

The DNA label must be carefully designed as it egras the template for PCR. It is
important to ensure that the DNA label and the primair produce negligible amounts of
non specific primer dimer formation. DNA label da@ attached to the detection antibody in
two ways, through streptavidin-biotin linkage or éyvalent coupling using a cross linking
agent. The streptavidin-biotin link is usually amhed stepwise, incubating one component at
a time during the assay. This is simple but regua@ditional incubation and washing steps.

The covalent antibody / DNA conjugate is prepaned purified in advanc&

3.5.2.3 Reaction containers and instruments

Immunoassays are performed in plates optimizegrotein binding. For real-time immuno-
PCR, containers that fit real-time PCR instrumemesneeded. Regular ELISA plates cannot
be used as they do not fit the PCR instrumentsafiat bottoms'>

3.5.2.4 Blocking agents

In immuno-PCR the sensitivity is affected due taKmpound signal resulting from non
specific binding reagents, blocking agents are tgeoid this. These are often inert protein
blends, such as bovine serum albumin (BSA) and polkder or detergents such as Tween
20. The blocking agents cover any empty surfacegmténg direct binding of the reaction

components to the vessél.

3.5.2.5 Controls

Running controls parallel to the test samples daters the performance of the real-time
immuno-PCR assay. Any background signal from nacti$ip binding of assay components
is assessed by a background control (BC), contithe same amount of antibodies and
DNA as positive samples but no antigen, it showdeha high € The second control is the
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no template control (NTC); containing only the rgale PCR master mix. It indicates any

master mix contaminations and any primer dimer faiom is indicated by its ®alue??

3.6 Gel electrophoresis

To study properties like size and molecular weighiproteins and DNA, electrophoresis
proves to be a simple, quick and highly sensito@.tThe separation of proteins and DNA
by electrophoresis is based on the fact that ugaplication of an electric field, usually
provided by the immersed electrodes, charged migsdend to migrate through a matrix.
This support matrix, where the sample is run ifhegitagarose or polyacrylamide gel.
Polyacrylamide gel is widely employed to separatggins while agarose is mainly used to
separate larger macromolecules such as nucleis.aBiyd gel electrophoresis, the apparent
sizes of linear fragments of DNA in comparison tanslards are determined. Also the
migration of two bands can be compared with eabbravithout the standards.>*

3.6.1 Sodium dodecyl sulphate polyacrylamide gelesdtrophoresis (SDS-PAGE)
Polyacrylamide gel electrophoresis has become theiple tool in analytical chemistry,
biochemistry and molecular biology since it can uidized to analyse the size, amount,
purity and isoelectric point of polypeptides andtpms.

One-dimensional polyacrylamide gel electrophorésisimple with various modifications,
amongst which the most commonly used system isstitBum dodecyl sulphate (SDS)-

polyacrylamide discontinuous electrophoresis wipeogeins are separated by their size.

In the SDS-PAGE system, the protein mixture is tieeal by heating at 100 °C in the
presence of excess SDS and a thiol reagent, entptoylereak the disulphide bonds. Under
these conditions, all proteins are dissociated timir individual polypeptide subunits. These
polypeptides bind the same amount of SDS in a eohsteight ratio and form SDS:
polypeptide complexes with identical charge deesitindependent of the amino acid
composition and sequence of protein. The SDS-pratemplex forms a rod with its length
more or less proportional to the molecular weighthe protein. Thus, proteins are separated
in polyacrylamide gels strictly according to thsize. This procedure denatures proteins and
hence cannot be used to analyze native proteinprateins whose biological activity needs

to be retained for subsequent functional testing.
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3.6.1.1 Gel porosity

The amount of total acrylamide used per unit voluamel the degree of cross-linkage
primarily determines the gel porosity. The latterdetermined by the relative percentage of
bisacrylamide used. On increasing the proportiocrao$s-linker, the pore size decreases. The
average pore size reaches a minimum when the ambbrgacrylamide represents about 5%

of total acrylamidé?

3.6.1.2 Some considerations

Certain things that need to be taken into accowat discussed in this section. In a
discontinuous SDS-PAGE system, the samples aradéd directly onto the resolving gel

with small pore size but onto a gel, called theclstey gel, with a larger pore size that is

polymerized on top of the resolving gel. The punfythe reagents is another critical aspect
since contaminants in acrylamide, bisacrylamidéiators, buffers and necessary additives
like SDS may inhibit or accelerate polymerizatiétiso, ammonium persulphate is highly

hygroscopic and when dissolved in water it begmbreak down immediately. Therefore

ammonium persulphate solutions must always be lirgslpared. Oxygen traps free radicals
thus inhibiting the polymerization of acrylamidehéfefore oxygen dissolved in a gel

mixture must be removed before polymerization byassing under vacuuth.

3.6.1.3 Casting gels

Gels are cast immediately after mixing the vari@mnponents. However, mixing all
components except ammonium persulphate allows tkieira to be stored for 4-6 weeks at 4
°C since it will not polymerize. To initiate polymzation, ammonium persulphate is added

and gels are cabt.

3.6.2 Agarose gel electrophoresis

Nucleic acids are separated on their ability to enttwough the gel during electrophoresis;
their size and shape affect mobility through thé ggectrophoresis of nucleic acids is
usually performed in gels composed of agarose olyapogylamide. Agarose, a
polysaccharide, is a natural product of kelp, ant iavailable in many grades of purity,
melting temperature, and mechanical strength. Fostmapplications, the agarose used is
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“high melting point”, implying that it is solubiled in a boiling agueous solution and

solidifies below 50 °C.

During electrophoresis, DNA moves towards the pasiterminal or the anode as the
phosphodiester back bone of the DNA is negativélgrged, DNA is a polyanion and the
number of charges it carries is proportional tdatggth. As the DNA moves through the gel
matrix which acts as a sieve, it fits through snaaltl narrow openings, this in turn slows
down the DNA migratiori®

3.6.2.1 DNA migration

For electrophoresis, the DNA samples are loadedeits, at the origin of the gel, that are

cast for the purpose of holding the sample befoeevbltage is applied. The DNA moves in

straight lines across the gel towards anode. THwidual bands on the gel have the same
shape as the well and each band simply represehifs olecules that happen to migrate

together because of their size and shipe.
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Results and Discussion

4 RESULTS AND DISCUSSION

The present research deals with the developmeanhalfytical methods for the detection of
potentially allergenic sesame, poppy and lupineurFoethods were developed; an ELISA
and an immuno sensor for the detection of sesamegldime PCR method for the detection
of poppy seeds and an immuno-PCR assay for luptection. This chapter deals with the
results obtained and inferences made from all fexperimental setups developed. The
details of each method are discussed in the foliguext.

4.1 Development, optimization and validation of a @mpetitive enzyme

linked immuno sorbent assay (ELISA) for sesame

The first section describes the development andmdagdtion of a competitive ELISA
allowing the determination of sesame proteins iod& For developing an ELISA for the
detection of sesame proteins, the experimentapsatolved various steps as mentioned in

the experimental section, 5.1.

4.1.1 Sesame extract

A sesame protein extract was prepared to serveptwposes, one to produce antibodies,
when injected as an immunogen, and secondly faimibg a protein extract to be used for
standard solutions during various steps of ELIS@etlgpment and optimization. The sesame
extract was prepared in a multistep process; wiiteled sesame seeds were initially
homogenized to obtain a paste, which was then tddfaising soxhlet extraction with
n-hexane. After drying overnight at room tempemtut was mixed with PBS buffer and
stirred. This mixture was then subjected to camgation and the supernatant was used as the
protein extract, the details are described in each.1.1. The protein concentration was
determined using the Bradford assay as explainsédtion 5.1.2. Figure 6 is the calibration
curve obtained for BSA standards from which thecemtration of the unknown sesame
sample was determined. According to it, the extyaelided gave a protein concentration of
7.3 mg/mL.
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y = 0.0033x + 0.076
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Figure 6: Calibration curve for BSA standards

4.1.2 SDS-PAGE

A SDS-PAGE was carried out for the obtained sesanteact so as to determine the

molecular weight of the proteins present in theaett The experimental details are given in

section 5.1.3 and figure 7 represents the reshtemeed for this experiment.

1 2 3 4 5 6 7 8 9 10

kDa
78

67

5C

25

17.8

Figure 7: SDS-PAGE of the sesame extract

1: Immunoglobulin G, 2. BSA, 3. Conalbumin, 4: Migdgn 5, 6 & 7 Mix containing
immunoglobulin G, conalbumin, ovalbumin, BSA andgigbin, 8, 9 & 10: Sesame extract
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The bands on the gel indicate that the sesamecexwatained proteins of approximately 22,
39 and 48 kDa.

4.1.3 Production, isolation and titer determinationof anti-sesame antibodies

Two hens were immunized once each month with didraof the defatted sesame extract in
a concentration of 1 mg/mL in PBS, the details banfound in section 5.1.4. The eggs
obtained from these hens were stored at 4 °C. @g&rmination was carried out with the
yolks of eggs laid seven days after each immuranatror titer determination, the microtiter
plates were coated with sesame extract and dikitodrihe egg yolks were incubated for 30
min. IgY bound to sesame protein was detected wWith commercially available rabbit
antibody raised against IgY, labeled with horsestadieroxidaseThe details are given in
section 5.1.6. The titer was determined regulaalyd the results in figure 8 illustrate the
absorbance obtained from egg yolks prior to immaiin or pre-immunization as well as

from all five post immunization yolks.

4 - —e—pre
—&—post 1
3.5 - —A—post 2
3 - —¥—post 3
—e—post 4
o 2.5 - —e—post 5
s 2
3
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< 17
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0 0.0001 0.0002 0.0003 0.0004 0.0005
Dilution factor

Figure 8: Results of the titer determination

Regular titer determination indicated that the gglixs of both hens gave a greater titer after
each immunization in comparison to the previous. ¢t@wvever, one of the hens stopped
laying eggs after the third immunization and heBEEA was developed with the antibodies

produced by the hen that continued laying eggs.
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The highest titer was obtained from the egg yolksdpced after the fifth immunization.

From the eggs obtained a week after the immunigatize yolks were separated from the
egg whites; an equal volume of PBS buffer was adtlesl mixture was shaken and then
centrifuged. The supernatant was filtered and @isetbolating antibodies by the ammonium
sulphate/caprylic acid precipitation method; thdade are given in section 5.1.5. The
isolated antibodies were then used for ELISA. Thecentration of the isolated antibodies
was determined by the Bradford assay using immutadin G for standard solutions and
the concentration obtained for the isolated antié®d/ias 29 mg/mL.

4.1.4 Development and optimization of the ELISA

In the development of the ELISA, the following paters were optimized: concentration of
the coating antigen, coating temperature, blockiimge, concentration of the primary
antibody and incubation time of the antigen and phienary antibody. The details of
optimization experiments are given in section ®1Higure 9 represents the results for the

optimization of the primary antibody concentration.
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Figure 9: Influence of the primary antibody (andssame IgY) concentration on the
calibration curve

Initially, the concentration of the primary antibodas optimized by diluting the primary
antibody solution from 1:10000 to 1:50000, (the aatration of the undiluted antibody
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solution was 29 mg/mL). Dilution factors of 1:10000dal:20000 resulted in slopes of
0.8179 mL/ng and 0.7110 mL/ng, respectively. Figliiedicates that a dilution of 1:10000
resulted in the calibration curve with the highésps; therefore, this dilution was applied in
all further experiments.

Incubation time of the primary antibody was varieaii 15 min to 1 h, the optimum time

was found to be 45 min.

To optimize the coating antigen concentration dmel ¢doating temperature, two microtiter
plates were coated with four different coating antigencentrations, one plate at 36 °C and
the other one at 4 °C. The influence of the coatinigen concentration on the calibration
curve is shown in Figure 10. The four dilutions ugadthe coating antigen were 1:6000, 1:
12000, 1:18000 and 1:24000. The corresponding ctratens for these dilutions were 1.22
pg/mL for 1:6000, 0.61 pg/mL for 1:12000, 0.41 pb/for 1:18000 and 0.31 pg/mL for
1:24000.
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Figure 10: Influence of the coating antigen concatibn on the calibration curve
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The coating antigen concentrations of 1.22 pg/mblQug/mL and 0.41 pg/mL yielded
calibration curves with slopes of 0.9424 mL/ng, @88mL/ng and 0.7561 mL/ng,
respectively, and a coating antigen concentrationl.@2 pg/mL yielded the steepest
calibration curve. In contrast to the coating agnigconcentration, the coating temperature
did not have any influence on the calibration curweall further experiments coating was
carried out at 4 °C.

To optimize the blocking time, a microtiter platesadivided into four parts and the blocking
time varied from 15 min to 1 h. The results arasiiated in figure 11. Since the obtained
slopes of the calibration curves were rather similarall further experiments a blocking

period of 15 min was applied.
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Figure 11: Influence of the blocking time on théilwation curve

The optimized conditions that were used for futukdSA experiments included coating at 4
°C with 1.22 ug/mL of the coating antigen solutiblgcking with 2% (w/v) casein solution

for 15 min and incubation for 45 min with a 1:10@fition of the primary antibody.
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4.1.5 Cross reactivity of the ELISA

The specificity of the ELISA is an important aspacterms of its applicability to real life
samples. Therefore several tests were conducteceterndine if the developed method
showed any cross reactivity with other food stuffsotder to determine the cross reactivity
of the ELISA, the protein fraction of food ingredistommonly found in sesame containing
food stuffs was extracted. The food ingredients thiedprotein concentrations of the extracts
are listed in Table 1. The extracts were diluted VABS to obtain protein concentrations
between 10 ng/mL and 1 mg/mL and subjected to aisabys the ELISA. Figure 12 is a

representative figure of the results obtained whenetwas no cross reactivity.
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Figure 12: Cross reactivity test for Brazil nut anglinut

Table 1 summarizes the results for cross reacttesys and indicates that the ELISA did not
show any cross reactivity with 12 from the 13 foodredients tested. Only for chocolate a

low cross reactivity of 0.7% was observed.
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Table 1: Cross reactivity of selected foods andlfimgredients in the sesame ELISA

Protein concentration of the extract

Food/ingredient Cross reactivity (%)
(mg/mL)

Peanut 12.3 n.d.
Hazelnut 134 n.d.
Walnut 2.5 n.d.
Brazil nut 48.5 n.d.
Almond 51.9 n.d.

Sunflower seed 16.6 n.d.

Poppy seed 18.0 n.d.
Rice 2.0 n.d.
Wheat 13.1 n.d.
Rye 17.0 n.d.

Oat 14.4 n.d.
Chocolate 9.2 0.7
Honey 0.05 n.d.

n.d. below the limit of detection (LOD)

4.1.6 Matrix influence

In order to test for any matrix influences, the ERlwas carried out with sesame protein
standard solutions which had been prepared by thifeerent methods. In one case, the
standard solutions were prepared by diluting thamesextract with PBS. In the next case,
the sesame extract was diluted with the extract arfilbtrackers (diluted 1:20 with PBS) to
obtain the highest concentrated standard solutiorntlzen serially diluted with PBS to obtain
standard solutions of lower concentrations. And m It case, all standard solutions were
prepared by diluting the sesame extract with theaekbf blank crackers (diluted 1:20 with
PBS). The standard curves obtained with the diftesesame protein standard solutions are

shown in figure 13.
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1.4
1.2 1 A PBS
O Crackers 1
1.0 1 o  Crackers 2
0.8 A
(@)
@)
0.6 -
0.4 -
0.2
OO T T T T
1 10 100 1000 10000 100000

Sesame protein concentration (na/i

Figure 13: Influence of the matrix on the calibticurve |

PBS: sesame protein standards prepared with PB&gckers 1: sesame protein standards
prepared with a 1:20 PBS diluted cracker extracta€kers 2: highest sesame protein

standars prepared with cracker matrix and dilutionade with PBS

The curve labeled as “PBS” represents the caseewbkesame protein standards were
prepared in PBS. The curve labeled as “crackergfdresents the case where sesame protein
standards were prepared with the extract of blaakkers, which had been 1:20 diluted with
PBS. The last case labeled as “crackers 2" is wlhieeehighest concentrated standard
solution was prepared by diluting the sesame extnaih the extract of blank crackers,
which had been 1:20 diluted with PBS, further ddns were prepared by dilution with PBS.
Preparing the standard solutions by diluting thease extract with the extract of blank
crackers (1:20 diluted with PBS) yielded a calitmmatcurve which differed from the other
two calibration curves, indicating a matrix effect.

In order to check the influence of other food ntatsi a series of experiments was carried out

the results of which are represented by figure 14.
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Figure 14: Influence of the matrix on the calibaaticurve Il

In this case, sesame extract was diluted with etgraf various blank food matrices. Figure
14 represents these results.

Sesame protein standard solutions were prepareer @t PBS, labeled as PBS, the extract of
blank crackers, the extract of blank cereals, @r ektract of blank crisp toast. All food
matrices had previously been diluted 1:20 with PBi& figure shows that the food matrices
influenced the calibration curve to a different iy Among the matrices tested, crisp toast
showed the biggest influence.

In order to take these matrix effects into accoantatrix similar to the samples to be
analyzed had to be chosen for future experimerits.blank cracker extract was used in the
analysis of all kinds of crackers and cookies,ahsp toast for all kinds of crisp toasts and

the cereal extract when analyzing cereals, muastismuesli bar snacks.

4.1.7 Recovery studies - accuracy and precision
The accuracy and precision of the ELISA were deitgenhin recovery studies performed by
spiking blank food matrices with sesame proteine Blank food matrices were the ones in

which according to previous ELISA analysis, sesaméd not be detected.
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In one series of experiments, the protein fractbnommercially available cereal and snack
was extracted, followed by adding sesame proteitraeix to achieve sesame protein
concentrations from 25 pg/g to 200 pg/g. Mean reppwf sesame protein in cereal and
snack ranged from 99% to 114% and 82% to 99%, ctispdy, as indicated in table 2.

Table 2: Recovery of sesame protein in commercaaifylable blank food stuffs spiked after

extraction
Spiking concentration Recovery (%) Mean recovery
Sample
25 123 106 114
50 99 100 99
Cereal
100 112 98 105
200 121 91 106
25 83 81 82
50 98 85 91
Snack
100 87 98 92
200 106 92 99

Table 3 summarizes the recoveries obtained bynhé/sis of different blank food matrices
which had been spiked with sesame protein pricgxivaction. The extracts of the spiked
food stuffs were analyzed on either three or falosequent days. In general, the recovery of
sesame protein was in the range from 85% to 120f#tependent of the spiking level,
indicating the high accuracy of the ELISA. Howevier,the case of the multi grain crisp
toast, too high recoveries (117%-160%) and in theecoof the whole grain bread, too low
recoveries (70%-85%) were obtained. Relative stahdaviation ranged from 3% to 33%,

indicating a high interday repeatability of the BIA.
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Table 3: Recovery of sesame protein in commercaaifylable blank food stuffs spiked prior
to extraction

Spiking Recovery (%) Mean Interday relative
Sample concentration Day Day Day Day recovery  standard deviation
(uglg) L 2 3 4 (%) (%)
25 87 105 96 91 95 8
Crisp toast 50 102 99 108 104 103 3
1 100 91 97 106 110 101 8
200 98 94 96 81 92 8
25 78 91 89 - 86 8
50 88 119 97 - 101 16
Crisp toast
5 100 93 102 100 - 98 5
200 101 139 105 - 115 18
25 186 180 146 128 160 17
Multi grain 50 127 141 137 134 134 4
crisp toast 100 98 148 134 145 131 17
200 77 93 151 150 117 32
25 85 115 105 93 99 13
50 85 110 97 112 101 12
Snack 100 108 123 135 138 126 10
200 72 72 76 85 76 8
25 80 115 86 98 94 16
50 96 118 77 115 101 19
Roll 100 95 116 78 117 101 19
200 88 102 75 109 93 16
25 77 57 76 - 70 16
Whole 50 78 70 99 - 82 18
grain bread 100 67 76 114 - 85 29
200 51 68 99 - 73 33

(-): Not determined
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4.1.8 Limit of detection (LOD) and limit of quantification (LOQ)

In order to determine the limit of detection (LOB/N=3) and the limit of quantification
(LOQ, S/N=10) of the ELISA, the extracts of blardofl matrices (diluted 1:20 with PBS)
were filled in six wells of a microtiter plate asdbjected to ELISA analysis. The LOD of the
ELISA was calculated by subtracting three times stendard deviation of the obtained
absorbance from the mean absorbance and calculingorresponding concentration by
using the equation of the calibration curve essidleld with sesame protein standard
solutions. The LOQ was calculated in the same wablp subtracting ten times the standard
deviation of the absorbance.

In the case of diluting the sample extract 1:2Q;riep bread, cracker, cereals and snacks the
LOD and LOQ were found to be 5 and 30 ug sesamtipfg food. In fresh breads and
buns, the LOD and LOQ were found to be 11 and 49segame protein/g food. The
concentration of sesame was determined takingxtraation method and the dilution factor
into consideration. According to Poms ef @#he LOD of an analytical method suitable for
the detection of allergenic foods should be betwkeand 100 ppm. The ELISA developed in

the present study meets these requirements.

4.1.9 Applicability of the ELISA to commercial foodsamples

To demonstrate the applicability of the developedSA, 28 commercially available
samples, with different declarations, such as “mmagtain sesame”, “contains sesame” or
with no sesame declaration were analyzed. Thetseatd summarized in Table 4. In 12 of
the 13 sesame containing food samples, sesame beultttected. Sesame could not be
detected in sesame oil. Only in 3 samples sesaoteiprcould be quantified, for the other
samples the OD values measured were outside th&ifieagtion region of the calibration
curve. In 8 samples the sesame protein concentrates so high, that the resulting OD
values did not differ from the NSB value althougie tsample extracts were diluted up to
1:500. In sunflower crisp toast, the sesame pratententration was below the LOQ.

With the ELISA, sesame was not detected in footfsstshich did not have any information
about containing sesame. Sesame was detected irouinef nine samples which as a

precaution were labeled with “might contain sesame”
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Table 4: Analysis of commercial food samples

Result (sesame protein

Sample Declaration _
concentration (ug/g))
Sesame snack 1 (+) + (5928)
Sesame snack 2 (+) + (2575)
Sesame snack 3 (+) + (3404)
Sesame balls 1 (+) at
Sesame balls 2 (+) 4+
Crisp flakes (+) 3
Sesame flakes (+) at
Sesame cookies (+) a+
Sesame peanut cookies (+) &+
Sunflower crisp toast (+) <LOQ
Peanut cookies (packed with sesame
(+) +
cookies)
Cashew nut cookies (packed with
(+) +
sesame cookies)
Sesame oill (+) -
Whole grain crisp toast 1 (+/-) -
Butter biscuits (+/-) -
Crackers (+/-) -
Muesli bar with lemon (+/-) -
Muesli bar (+/-) <LOQ
Nut muesli (+/-) -
Whole grain crisp toast with poppy
(+-) -
and sunflower seeds
Muesli (+/-) -
Muesli bar with grapes (+/-) -
Cereal 1 ) -
Cereal 2 ) -
Flakes with fruits ) -
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Whole grain crisp toast 2 ) -
Crisp toast ) -
Chocolate biscuits ) -

Declaration: (+) sesame listed, (-) sesame nadisf) may contain sesame. Result: sesame was detected

but could not be quantified (OD value ~ NSB), -dvethe LOD

4.1.10 Analysis of roasted sesame

To investigate the applicability of the ELISA totedet roasted sesame, white peeled sesame
seeds were roasted for 10 min at four differentperatures: 100 °C, 150 °C, 200 °C or 250
°C. The roasted sesame was then subjected to gxtrand the protein concentration in the
extract was determined using the Bradford assag. eéiktracts were then diluted 1:20 with
PBS and analyzed by the ELISA. Table 5 summarizegtotein concentration obtained by

the Bradford assay and the sesame protein contientdetermined by the ELISA.

Table 5: Analysis of roasted sesame

Roasting temperature (°C) Protein concentration ofthe Sesame protein concentration
extract (mg/mL) determined by the ELISA
(na/9)
100 12.3 88.5
150 11.1 93.7
200 1.2 <LOQ
250 0.1 -

- Below the LOD

It can be seen that the protein concentration ef éRtracts drastically decreased with
increasing roasting temperature. The protein canggon of the extracts obtained from
sesame seeds roasted at 200 °C and 250 °C weréd.@rdyd 0.1 mg/mL, respectively. Due
to this low protein concentration, sesame roastezb@ °C could not be detected with the

ELISA.
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4.2 Development and validation of a QCM immuno seis for the detection

of potentially allergenic sesame proteins

The aim of the second part of the thesis was tceldpva quartz crystal microbalance
immuno sensor to detect sesame proteins, the expetal details are provided in section
5.2. For the development, anti-sesame IgY antilsodwere immobilized on the quartz
surface as the sensitive layer which on contadh w&same in the environment of the cell

forms the antibody-antigen complex to give a massisive signal.

4.2.1 Measurement cell

AT-cut quartz crystals with a fundamental resonainequency of 10 MHz were used and
particular electrode geometry was generated viassileen printing of the gold paste with
the help of a designed sieve. This was done on bioliss of the quartz but the sizes of
electrodes generated were different to reduce dagnpihe prepared quartz was mounted in
the measurement cell which ensured a stable emagonfor carrying out measurements and

was equipped with an inlet and outlet for the sotut

4.2.2 Antibody immobilization and formation of theantibody-antigen complex

For injecting a solution in the measurement chk, $olution inlet was used and the solution
outlet was used to remove the solution from thesmesmment cell using a pipette. During the
measurement only one face of the QCM came in comtitic the sample solution and so the
damping of the quartz was half to what the dampwoegld be if quartz would be in contact

with the liquid on both sides. After injecting tlselution it took a few minutes to get the

frequency signal stable.

The immobilization of the antibody was carried bytinjecting the antibody solution in a

concentration of 2 mg/mL into the flow cell througfiee solution inlet. Later an antigen

solution comprising of a sesame protein extractaéionized water in a concentration of 1.5
mg/mL was injected, after removing the antibodyuioh, resulting in the formation of the

antibody-antigen complex. Figure 15 illustratesstheesults.
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Figure 15: Sensor response to anti-sesame IgY adhilsolution and the sesame extract

(Antibody concentration: 2 mg/mL; sesame protetnaex concentration: 1.5 mg/mL)

The change in signal after adding the antibodytswluindicates that the antibodies were
immobilized on the electrode surface. A changeraguency, a signal response after the
addition of the sesame extract results from a mhasge and indicates the formation of the
anti-sesame IgY- sesame protein complex. The saperiement was also tried with injecting
PBS as a first step and making dilutions with PBSead of deionized water but since the
result was more or less the same, water was usadirtionize any interference with the

measurements.

4.2.3 Dissociation of the antibody-antigen complex

After the formation of the antibody-antigen compléxe next significant step was to figure
out a way to dissociate the bond in such a way ttiatantibody layer immobilized on the
guartz is not disturbed. This was important as tes the only way in which the sensor
could be proven to be reusable. The dissociatiep gtas termed as elution and a 2 M
guanidine hydrochloride solution was used for thigpose, the details of which are in
section 5.2.6.2. In an experiment a 1 mg/mL seganoiein solution was injected, the signal
response was measured and then elution was cardedsing guanidine hydrochloride.

Later sesame protein in the same concentration adated again to determine if the
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immobilized antibody layer was intact after elutmnnot. The results for this experiment are

illustrated by figure 16.
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Figure 16. Sensor response to sesame protein extract (1 diefore and after elution wi

2 M guanidine hydrochloride

It was clearly evident from the experiment thate¢hgion with guanidine hydrochloride does
not damage the immobilized antibody layer sincediigeal response is almost the same in
the two instances. Therefore guanidine hydrochéomaas then used in all experiments to
dissociate the antibody-antigen complex. After thesociation of the antibody-antigen
complex by guanidine hydrochloride, the antibodiese renatured by injecting PBS in the
measurement cell and allowing it to incubate fat &Hn.

Next, it was determined if it was possible for femsor to work for a lower concentration if a
higher one was injected before. For this the semesponse was measured using three
different concentrations starting with 1 mg/mL, nthénjecting sesame protein in a
concentration of 250 pug/mL and lastly in 500 pg/mhe results shown in figure 17 indicate

that the sensor gave a greater signal response avhigier concentration of sesame protein
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was injected. Upon elution the bond is broken aherwa lower concentration is added the
signal response corresponds to the concentratieasaime protein added.

This indicates that upon elution with guanidine togihloride only the antibody-antigen
complex is dissociated, the sensor is able to tiftecanalyte upon further sample injections

and the signal response is dependent on the ammbsasame protein injected.
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Figure 17: Influence of the sesame protein con@imn on the sensor response

Sesame protein extracts: 1: 1 mg/mL, 2: 250 pgand,3: 500 pug/mL

Similar experiments were conducted again to dematestthe suitability of the elution
medium. A suitable elution medium is the one thattipularly elutes the antigen without
irreversibly denaturing the antibodies. Other elntmedia were also used; these included
acidic media of pH of 5 and 6. The results obtaimetthose cases indicated that the antibody
layer was denatured. To ensure that guanidine leidivade was an appropriate elution
medium and that the sensor is reusable and wordis #va higher concentration is added
before adding a lower one a experiment was condustehich a sesame protein extract was
added in a concentration of 500 pg/mL, followedrygcting 2 mg/mL and then 500 pg/mL.

The results are illustrated in figure 18.
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Figure 18: Sensor response illustrating the suiigbbdf 2 M guanidine hydrochloride as the
elution medium

Sesame protein extracts: 1: 500 pg/mL, 2: 2 mgBnbP0 pg/mL

It can be inferred from the figure that the sigremponse for the concentration of 500 pg/mL
is the same even when it was injected after theammnation of 2 mg/mL and also that the

signal response for 2 mg/mL is about four timesarghan for 500 pg/mL.

4.2.4 Washing step

While dealing with complex food matrices, a washstgp was incorporated after the sample
injection but prior to the measurement to removg aon specifically bound matrix
compounds. In the washing step, the injected saexitact was removed after an incubation
of 5 min and deionized water was injected and tle@asurement was carried out. For an
experiment incorporating the washing step, sesaxtraat in a concentration of 1 mg/mL
was added, followed by injecting a concentration560 pg/mL and in the end, again a
concentration of 500 pg/mL but in a complex foodnwacomprising of whole grain bread.
After the injection of sesame protein in water antibody-antigen complex formation,
elution step was carried out, the antibodies weratured and sesame protein extract in a

concentration of 500 ug/mL was added. Again théaiuwvas followed by renaturing of the
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antibodies and finally sesame protein in wholergtaiead was added, prior to carrying out

the measurement, the washing step was incorporbitedresults are depicted by figure 19.
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Figure 19: Measurements in a complex food matrix

Sesame protein extracts: 1: 1 mg/mL, 2: 500 ug/&L500 pg/mL in whole grain bread

matrix

The results depicted by figure 19 clearly indicHtat there was a signal response upon
injecting sesame extract in water indicating therfation of the antibody-antigen complex.
The response is much higher for 1 mg/mL than teparse for 500 pg/mL which is similar
to the response of 500 pg/mL sesame protein iwtide grain bread matrix.

4.2.5 Cross reactivity tests

To determine the specificity of the developed senswards sesame, cross reactivity tests
were carried out with 14 different food sampleduding various nuts, legumes and honey
and chocolate. The food extracts used for this gaepvere the same as those prepared for
the ELISA setup. The details of extraction are giue section 5.1.7 and their concentration
determination by Bradford assay is given in tabl@He results of cross reactivity tests are

depicted in figures 20 to 24.
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Figure 20: Cross reactivity test 1; sensor respottssesame and Brazil nut extract

Sesame protein extract: 3.5 mg/mL, Brazil nut progxtract: 3.5 mg/mL

Figure 20 represents the cross reactivity test doneBrazil nut. Sesame extract in a
concentration of 3.5 mg/mL was injected and thesseresponse was measured. The signal
response indicates a change in mass which is i oéshie formation of the antibody-antigen
complex. The signal goes up after the elution stegp goes down again slightly when 3.5
mg/mL of Brazil nut extract was added. A very higbncentration of Brazil nut extract
shows a relatively small signal response.

Next, chocolate and walnut extracts were injected the cross reactivity was determined,;

figure 21 shows results for cross reactivity tekise for chocolate and walnut.
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Figure 21: Cross reactivity test 2; sensor respottssesame, chocolate and walnut extracts

Sesame protein extract: (1), chocolate proteinaettr(2), chocolate protein extract spiked
with 0.88 mg/mL sesame protein: (3), walnut proeitract: (4), walnut extract spiked with
0.44 mg/mL sesame protein: (5)

Sesame extract when injected in a concentratiof.& mg/mL gave a sensor response,
whereas there was no sensor response when meastsenee carried out after injecting
the chocolate and walnut extracts.

The sensor, however, gave a response when chocatenvalnut extracts spiked with
sesame protein were injected in the measurementitcsl also evident from the figure that
the magnitude of the signal response also depemtfsecamount of sesame used to spike the
extract. The signal response was almost half incs® of walnut spiked with 0.44 mg/mL
sesame protein to that of chocolate extract spikgd0.88 mg sesame protein per mL.

The next experiment was to test the cross reagtvfitpeanut, the results of which are
represented by figure 22. Although there is a mgise in this particular case, even then it is
evident that there is no response of the sensoartisrthe peanut extract alone. However,
peanut spiked with sesame protein in a concentratid mg/mL showed a signal response.
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Figure 22: Cross reactivity test 3; sensor respottspeanut and peanut extract spiked with
1 mg/mL sesame protein

Later, almond, wheat, sunflower seeds and honeg tested for cross reactivity. The results
are shown in figure 23. From the curve it is obgidloat there is no response at all for wheat,
sunflower and honey. For almond extract, however ,sensor showed a small change in the
frequency. That is why almond extract was analyagain to be sure of its cross reactivity.
In addition, all samples were spiked with sesanteaekand analyzed to ensure that there are
no false negative signals and that the sensorasworking condition. For all spiked extracts

the sensor gave a response.
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Figure 23: Cross reactivity test 4; sensor respotsesesame, wheat, almond, sunflower
seeds and honey extracts

Water: (1), (3), (6), (9), (12), (15); sesame egtra00 pug/mL (2); wheat extract (4); spiked
wheat extract (5); almond extract (7); spiked almagxtract (8); sunflower seed extract
(10); spiked sunflower seed extract (11); honeyaekt 50 pg/mL (13); spiked honey extract
(14). All samples except honey were added in aesgnation of 1 mg/mL and all samples

were spiked with 300 pg/mL of sesame protein.

Later, six more samples were tested. These inclededcts of poppy seeds, hazelnut, rice,
oat, rye, soya bean and almond was also tested.abla¢ results illustrated by figure 24

indicate that the sensor gave a sensor response$ame and sample extracts spiked with
sesame proteins. For all others including almomrdetiwas no response, indicating that none

of these tested samples showed any cross reactivity
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Figure 24: Cross reactivity test 5; sensor respotseaesame, poppy seeds, hazelnut, rice,
oat, rye, soya bean and almond extracts

Water: (1), (3), (6), (9), (12), (15), (18) & (213esame extract 400 pg/mL (2); poppy seed
extract (4); spiked poppy seed extract (5); almentract (7); spiked almond extract (8);
hazelnut extract (10); spiked hazelnut extract (1ite extract (13); spiked rice extract (14);
oat extract (16); spiked oat extract (17); rye extr(19); spiked rye extract (20); soya been
extract (22); spiked soya been extract (23). Athpkes were added in a concentration of 1

mg/mL and all samples were spiked with 400 pg/nmdeséme protein.
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4.2.6 Analysis of roasted sesame

Next, it was investigated if the developed senslowad the detection of roasted sesame
seeds. The roasting of sesame seeds is describgetai in section 5.1.7 and the protein
extraction in 5.1.7. Figure 25 represents the teslitained when extracts of roasted sesame
samples were injected in the measurement cell.ofther of the injected samples was sesame
extract, extract of sesame roasted at 100 °C, Hftdrextract of sesame roasted at 150 °C,
and then the extract of sesame roasted at 200 d@tahe end the extract of sesame roasted
at 250 °C was injected.
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-100 =

-200 =
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-600 T . T T ™ T
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Figure 25: Sensor response to sesame protein exdiaained from sesame seeds roasted at
different temperatures

Unroasted sesame: (1), sesame roasted at 100 jCs€8ame roasted at 150 °C: (3), sesame
roasted at 200 °C: (4), sesame roasted at 250 8¢: (

From the curve it can be deduced that with theeim®e in the roasting temperature the

magnitude of the signal decreases accordingly. iShisaccordance with the results obtained

by Bradford assay for protein concentration deteation of these roasted sesame samples
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represented by table 5. A significant decreaséhensignal magnitude is observed for the

sesame roasted at 200 and 250 °C.

4.2.7 Validation of the sensor
The developed immuno sensor was validated by detergn the reproducibility and

repeatability of the sensor and its limit of deitct

4.2.7.1 Inter day repeatability

To check if the sensor would give same responsedifterent days, sesame extracts in a
concentration of 1 mg/mL were injected twice on olagy and twice on the other day. The
results illustrated by figure 26 show that the algresponse was the same in all four

instances. This depicts the inter day repeatalufityhe sensor.
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Figure 26: Inter day repeatability of the sensor

Sesame protein extract concentration: 1 mg/mL

4.2.7.2 Batch to batch reproducibility (inter assayreproducibility)
In the next experiment it was determined whethergame kind of sensor can be produced

again or not. For that purpose sesame extracteirceimcentration of 500 pg/mL was added
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and the sensor response was measured. The antintiggn complex was dissociated and in
this case the antibody layer was also removed loybiating the antibody layer with

guanidine hydrochloride for 40 min. PBS was injdcte the measurement cell and it was
stored at 4 °C over night. The next day a new gewss prepared by immobilizing a new
antibody layer and again a sesame protein extrast imjected in a concentration of 500
pag/mL. This was done for 3 days and the resultsvehio figure 27 indicate that the response

is reproducible.
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Sesame protei Sesame protei extract day 3
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Figure 27: Batch to batch reproducibility of thenser

Sesame protein extract concentration: 500 pg/mL

4.2.8 Limit of detection (LOD)

To determine the limit of detection (LOD) of thenser, two experiments were carried out.
In the first one, first of all the antibody layerasv immobilized, washed away and

immobilized again and then different sesame comagohs in water were injected in the

measurement cell and the sensor response was méakuor this experiment, starting from a

higher sesame concentration several lower condentsawere added one after the other and
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the results are depicted in figure 28 and 29. Feeresor response to be detected the signal to
noise ratio should be 3. Sesame could be detectadconcentration as low as 0.007 mg/mL
which corresponds to 35 pug of sesame protein @en dood, taking into account the sample
extraction protocol.

Since the antibody layer was immobilized twice thigeriment also shows the batch to
batch reproducibility of the method.
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Figure 28: Sensor response to various sesame prot@icentrations |

(1) & (3): Antibody immobilization, (2) & (4)-(13kesame protein extract, (2): 3.5 mg/mL,
(4): 3.5 mg/mL, (5): 1.75 mg/mL, (6): 0.875 mg/riL); 0.438 mg/mL, (8): 0.219 mg/mL,
(9): 0.11 mg/mL, (10): 0.055 mg/mL, (11): 0.027 mmg/ (12): 0.014 mg/mL, (13): 0.007
mg/mL
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Sesame 1800 y=- 30.352%+ 547.16x + 78.485
protein Effect R?=0.9964
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Figure 29: Sensor response to various sesame proteicentrations Il

In order to determine the LOD in a food matrix Iretnext experiments different sesame
concentrations in whole grain bread were analysedthe results are depicted by figure 30
and 31.
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Figure 30: Sensor response to various sesame prat@ncentrations in a complex matrix
(whole grain bread) |
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Water: (1), whole grain bread extract: (2), wholeaip bread spiked with 0.438 mg/mL sesame
protein: (3), water: (4), whole grain bread spikadth 0.219 mg/mL sesame protein: (5), water: (6),
whole grain bread spiked with 0.055 mg/mL sesanwdepr. (7), water: (8), whole grain bread

spiked with 0.014 mg/mL sesame protein: (9), wafe®@), whole grain bread spiked with 0.007

mg/mL sesame protein: (11)

Sesame protein
concentration E(f‘|_f|eZ():t 350 -
(mg/mL) — 300
0.438 300 L 250 -
g 200 -
0.219 150 S g
o
0.055 70 i 1007
50 A
0.014 38 0 - ' ' '
0 0.2 0.4 0.6
0.007 15 Sesame protein concentration (mg/mL)

Figure 31: Sensor response to various sesame prat@ncentrations in a complex matrix
(whole grain bread) Il

In this case as well it was possible to detectraegarotein down to a concentration of 0.007

mg/mL which corresponds to 35 pug of sesame prgieirgram food.

4.2.9 Analysis of commercial food samples

The applicability of the developed sensor was deitezd by analysing various commercially

available food samples. For this purpose the sangiesen had three kinds of declaration
on them; samples containing sesame and samplesnwitihention of sesame were tested
along with samples labeled with “may contain sesarfiee results are illustrated in figures

32and 33 and also summarized in table 6.
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Figure 32: Sensor response to sesame containingnesoial food samples

Extract of: sesame balls (1), sesame and peanltie®d2), sesame and cashew nut cookies

@)

The figure represents the results for sesame eongafood samples which included sesame
balls, sesame and peanut cookies and sesame drelvcast cookies. The sensor shows a
response for all three.

For whole grain cookies, chocolate cookies and asingample the results depicted in figure

33 indicate that the sensor response was below@iefor all these samples.
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Figure 33: Sensor response to commercial food sesnpbe of sesame

Extracts of: whole grain cookies (1), chocolate kies (2), muesli (3)

The results for the analysis of commercial samatessummarized in table 6.

Table 6: Commercial samples: declaration and result

Sample Declaration Result
Sesame balls (+) (+)
Sesame and peanut cookies (+) (+)
Sesame and cashew nut cookies (+) (+)
Whole grain cookies (+1-) )
Chocolate cookies ) ()
Muesli ) )

Result: (-) : < LOD
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4.3 Development and validation of a real-time polymrase chain reaction

(PCR) method for poppy Papaver somniferum)

A real-time polymerase chain reaction method wasgeldped for the detection of poppy
DNA, the experimental details of which are given saction 5.3. Initially, DNA was
extracted from poppy powder and poppy seeds. Ségotitee pairs of primers were
designed and the cross reactivity tests were caaduhen, for the primer pairs that did not
show any cross reactivity with other food stuffsphe was designed and the method was
validated. Two kinds of assays were conducted, BRES§reen assay and a TagMan assay.
The following sections discuss the results obta@iedarious stages of method development
and its validation.

4.3.1 DNA extraction of poppy

The DNA extraction was carried out from poppy seatsl also from poppy powder

available commercially. Table 7 represents thelt®@sDNA was extracted with the CTAB

method as explained in section 5.3.2 and the cdraten and purity of the extracted sample
was determined as explained in section 5.3.2.1, ahlg difference being that shorter
incubation times were used. After adding the CTA@raction buffer the incubation time

was 30 min and the addition of proteinase K wamded by an incubation of 1 hour in the

oven at 65 °C. Each poppy sample was extracteckthri

Table 7: Concentration and purity of the DNA extsafor poppy |

Sample Concentration (ng/pL) Purity (Azsd/Azso)
Poppy powder 149.7 1.97
45.0 1.68
42.5 1.77
Poppy seeds 39.5 2.02
135.5 1.95
153.7 1.94
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To increase the yield and improve the purity theaetion method was modified. Out of all
options tried the CTAB method with prolonged inclilba times as explained in section 5.3.2
proved to be the best option. Table 8 represestsebults obtained.

Table 8: Concentration and purity of the DNA extsaior poppy |l

Sample Concentration (ng/pL) Purity (Azsd/Azso)
Poppy powder 187.00 2.12
191.50 2.05
Poppy seeds 144.00 2.12
204.00 2.10

A PCR experiment with these poppy DNA samples |daa positive controls was carried
out. The DNA obtained from poppy seeds was useansof poppy powder since it gave

lower G value.

4.3.2 Primer and probe design
Specific primers and probe were designed as exgalain section 5.3.4. Table 9 illustrates

the sequences for primer pairs and probes desigied, amplicon size and melting

temperatures.
Table 9: Primer pair and TagMan used
Primer / o Tm | Amplicon | p,
Sequence 55 3 . .
Probe °O) size (bp) (°C)
Primer pair 1. Accession number:AY217335
Forward
. TAGATTGGTTACTTCTGCATTGGC | 58.3
primer
118 71.9
Reverse
. AGCTTTAGATATGGCTTTCACTGC | 58.4
primer
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TagMan
TGGTTGATGTCGGCGGTACGG
probe
Primer pair 2: Accession number:AF108434
Forward
. TCTGTTGCCCAGGTTAGTATGAG 58.5
primer
Reverse
. CCTTCATCCTCCCTTCATTGAAC 58.5 85 71.7
primer
TagMan
AGCAAGGCGCGAGTCTAGTGGTGA
probe
Primer pair 3: Accession number:AF191772
Forward
. CCCGAAAGAGTGTCAGATTATGG | 57.6
primer
Reverse
. GTGAAAACTTCAATGGATCAGTCC | 57.3 83 71.5
primer
TagMan
b AACGCTTGGGGCATTGGTCGGGAT
probe

4.3.3 Real-time PCR - SYBR Green assay
SYBR Green assay was carried out as explainedctinges.3.6, the experiments conducted

with this assay included the primer pair concermdratand annealing temperature

optimization and the cross reactivity tests.

4.3.3.1 Primer pair concentration and annealing temerature optimization
Three pairs of reverse and forward primers thatewdesigned were then optimized as

explained in section 5.3.6.1. The results for pripear 1 are depicted in figure 34.
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Figure 34: Primer pair concentration and Tm optiatibn results for primer pair 1

As the results indicate the minimum; @alue, 26.17 is obtained for a primer pair
concentration of 200/300 nM and a temperatupepfl60.3 °C. Therefore for primer pair 1 a
concentration of 200/300 nM and an annealing teatpeg of 60.3 °C was used for all future
experiments including those of cross reactivitygeBigure 35 represents the results obtained

for primer pair 2 and figure 36 for primer pair 3.

40 ~
35 1 ——62.0°C
301 —8-60.3°C
8 25 o oc
= —A—58.4°
S 20 -
g 15 - ——55.9°C
10 - —*—54.1°C
S —e—52.8°C
0 T T T T T T T T 1
0 & & & & & &
Q\\Q Q\'\»Q Q\"')Q Q\'\Q Q\'\zQ Q\"’)Q Q\\Q Q\’\»Q Q\"’)Q
SR R S e O S
Primer concentration (nM)

Figure 35: Primer pair concentration and Tm optiatibn results for primer pair 2
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As the results indicate the minimum; @alue 24.29 is obtained for a primer pair
concentration of 300/200 nM and a temperaturg o 52.8 °C. Therefore for all the next
experiments dealing with primer pair 2 the condiiaused were 300/200 nM of the primer

concentration and an annealing temperature of 2.8
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Figure 36: Primer pair concentration and Tm optaaiion results for primer pair 3

In the case of primer pair 3 the lowest\@lue obtained is 24.28 which is at a primer pair
concentration 200/300 nM and at 52.8 °C. Therefoese conditions were considered to be

optimum for this primer pair.

4.3.3.2 Cross reactivity tests

The second important experiments conducted by S@EBEen assay are the cross reactivity
tests. These tests were conducted as explainegtciios 5.3.6.2 and table 10 illustrates the
results obtained for all 28 food stuffs checkechvtimer pair 1 and 3. Primer pair 2 was not
used to carry out these experiments as the prig@rscontaminated during the previous

experiments.
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Table 10: Results for cross reactivity tests witimer pair 1 & 3

Sample number Sample Primer pair 1 Primer pair 3
PCR Gel PCR Gel

analysis electrophoresis analysis electrophoresis

1 Sesame - -

2 Black sesame - -

3 Oat - -

4 Wheat - -

5 Lentils + - -

6 Corn - + -

7 Macadamia - - + -

8 Pecan - + -

9 Hazelnut - -

10 Peanut + - -

11 Pistachio + - + -

12 Chocolate - -

13 Soya - -

14 Cashew + - + -

15 Sunflower - -

16 Chick pea + - + -

17 Rice + - + -

18 Almond - -

19 Walnut + - -

20 Rye - -

21 Brazil nut - -

22 Peas -

23 Barley -

24 Pine nut + -

25 Pumpkin seed - + -

26 Coffee + -

27 Lupine -

28 White beans -

PCR analysis: (+): Cvalue < 40, (-): no increase in the fluorescenigmad in the first 40 cycles. Gel

electrophoresis: (-): band but of a product offedént size than that of the amplicon
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Negative results were obtained for certain nuts lagdmes whereas positive results were
obtained for a few food stuffs. Melt curve analysigs carried out in this case and the melt
curve ruled out the chances of cross reactiviilesesthe melting temperatures obtained were
different compared to the amplicon of poppy. Assugntihat the positive result in the PCR
run was a result of primer dimer formation and aotross reactivity and to rule out the
possibility of any cross reactivity gel electropbsis was carried out as explained in section
5.3.6.2.1 for samples that in the melt curve amalghowed similar melting temperature

values to that of the positive control.

4.3.3.3 Analysis by PCR and agarose gel electroplesis
The analysis by agarose gel electrophoresis endblegtermine whether a positive result

was an actual cross reactivity or was due to prigireer formation.

12 3 45 6 7 8 910 11 12 1415 16 17 18 19

Figure 37: Cross reactivity tests of primer paiby agarose gel electrophoresis

1 & 2: poppy seed, 3, 8 & 13: molecular marker, 45&chick pea, 6 & 7: pecan, 9 & 10:
macadamia nut, 11 & 12: pistachio, 14 & 15: corr§ & 17: negative control, 18 & 19:

walnut.
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For further analysis by PCR, primer pair 1 was enosince PCR analysis for primer pair 1
showed that seven food stuffs gave;adue of less than 40 whereas for primer pair 8, te
such results were obtained. Primer pair 2 was setl un further experiments due to primer

contamination.

4.3.4 TagMan assay
The TagMan assay was carried out for all furthgregixnents like efficiency measurement,
analysis of commercial food samples and of spikeddf samples. First, the probe

concentration had to be optimized.

4.3.4.1 Probe concentration optimization
The concentration of the probe was optimized u#iimgexperimental setup explained in the
section 5.3.7.1. The results are illustrated inreg38.
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Figure 38: Probe concentration optimization

The optimum concentration of the probe was founioetd50 nM.

4.3.4.2 Optimization of primer concentration and amealing temperature
Next, the optimum probe concentration of 150 nM wa&sed and the primer pair

concentration and annealing temperature were aptitnusing the TagMan assay. Primer
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pair 1 was used in this experiment and since amggation has already been carried out for

these two variables, only four temperatures weedyard again. Figure 39 depicts the results

obtained.
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Figure 39: Results of primer pair concentration aheh optimization using TagMan assay

As the results indicate the lowest @alue of 25.35 was obtained for a primer pair

concentration of 200/200 nM at an annealing tentpezaof 61.5 °C. Therefore these

conditions were used for all future experiments.

4.3.5 Validation of the developed real-time PCR mabd

4.3.5.1 Efficiency and LOD

Serially diluting a positive control comprising pbppy DNA extract with a concentration of

20 ng/uL, five standards were prepared as explamedction 5.3.8. The dilutions used were
1:10, 1:100, 1:1000, 1:10000 and 1:100000 whiclesmond to 2 ng/uL, 0.2 ng/uL, 0.02
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ng/pL, 0.002 ng/uL and 0.0002 ng/uL of poppy DNAspectively. The results are
illustrated by figure 40.
The efficiency was calculated from the slope of thendard curve using the following
equation:

E = 10~1/slope (4)

E(%) = (E—1) x100 (5)

An efficiency of 100% indicates a 2-fold increasghe amount of DNA with each cycle. In
practice, the amplification efficiency should betfire range from 90 to 105%%.

Amplification
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600 R $1: 20 nglL
© S2:2ng/uL
1 ¢ S3:0.2 ng/pL
E 200 + :
o T :
4 \ :
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200 | :
| | | |
0 10 20 30 40

Cycles
Figure 40: Efficiency determination |

The figure indicates that there is an increas&énG value as the dilution increases or as the
concentration decreases. Thev@lues for S1 are 25.35 and 25.22, for S2 theesahre
28.18 and 28.17, for S3 the values are 31.64 arD3nd for S4 as only one sample shows
amplification, the value is 35.16.
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Standard Curve
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Figure 41: Standard curve for efficiency determioatl

As figure 41 clearly indicates that although thdicefncy is 105.7% the minimum
concentration that could be detected was of 1:10@twcorresponded to a concentration of
0.2 ng/pL of the poppy DNA. No increase in the fesxence signal was observed for lower
concentrations.

A series of experiments were carried out in theilammwvay except that a higher initial
concentration was loaded on the plate and theiaistwere made from a poppy DNA
extract of 45 ng/uL. In this case however, S1, 8@ &3 were loaded only once whereas
duplicates were loaded for S4 and S5. The loadingpsitive and negative controls helped

rule out the possibility of any false results. Tasults are shown in figures 42 and 43.
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Amplification
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Figure 42: Efficiency determination I

As indicated by the figure the; @alue for S1 is 22.24, for S2 it is 26.18, for i8& 28.90,
for S4 the values are 33.88 and 33.72 and for 8vdlues are 36.17 and 37.10.
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Figure 43: Standard curve for efficiency determioatll

In this case the fluorescent signal was obtained tine 1:10000 dilution, i.e. 0.0045 ng/mL
and the 1:100000 (0.00045 ng/mL) dilution did nbbw any amplification. There is also
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high correlation between the €alues and the log of the initial DNA concentrago The
slope indicates that the efficiency is 88.2%.

Thus, changing to a higher initial DNA concentratieenabled detection of lower
concentration.

4.3.5.2. Spiking experiments

As described in detail in the experimental secBdh9 spiking of two blank matrices, crisp
toast and grissini, was carried out. These two icegtwere chosen for spiking since the PCR
analysis showed that these samples were free gfypdihe spiked samples were then used
to extract DNA and the concentration and purity wdetermined by spectroscopic
determination. For each spike level the DNA wasaetéd thrice and the best one in terms
of concentration and purity was chosen for carryingfurther PCR experiments.

Table 11 represents the results of DNA extractibthe samples obtained from spiking of

commercially available crisp toast free of poppy.

Table 11: DNA extraction of spiked commercial fsachples (crisp toast)

Spike level (%) DNA concentration (ng/pL)  Purity (AzsdAzso)
1 211.2 1.94

0.5 206.5 1.90

0.1 230.5 1.97

0.05 180.8 1.99

0.01 265.8 1.91

0.005 251.3 1.88

0.001 314.8 1.99

The accuracy of the developed PCR method was dietednby analyzing the DNA extracted
from these spiked samples. Figure 44 representéigexbtained from spiking crisp toast. In
this case too, a positive (PC) and a negative ab(NMiC) were loaded on the PCR plate along
with the rest of the spiked samples.
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Amplification
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Figure 44: PCR analysis of spiked crisp toast saspl

The figure indicates that the negative controlswshwo amplification and hence the
possibility of a false positive signal can be ruted. Also there is a periodical shift in the C

value with a decrease in the poppy concentratiothefspiked sample. The; €alues of
different spiked levels are depicted in table 12.

Table 12: Gvalues obtained for spiked crisp toast samples

Spike level (%) G value Mean G value

1 27.06 27.12 27.09

0.5 29.55 29.46 29.50

0.1 33.15 31.04 32.09

0.05 33.29 32.41 32.85

0.01 34.81 34.97 34.89

0.005 38.83 35.40 37.11
0.001 35.73 - -

(-): No increase in the signal until the™6ycle.
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A standard curve was obtained by plotting the ole@imean Cvalues against the logarithm
of the different spiking levels. Figure 45 reprdsetmese results. The slope of the standard
was -3.922 which corresponds to an efficiency o978
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Figure 45: Standard curve for spiked crisp toast

Another matrix, grissini was used for spiking. TOEA extraction of spiked grissini samples
was done thrice since in the first two attemptsdppropriate DNA concentration was not
obtained for certain spike levels. Even in the tzste, the results of which are reported in
table 13, sufficient DNA amounts could not be ectied for two spike levels, i.e. 0.5% and
0.001%.

Table 13: DNA extraction of spiked grissini samples

Spike level (%) DNA concentration (ng/pL) Purity (AzedAzso)
1 85.0 1.95

0.5 - -

0.1 123.5 1.73

0.05 67.5 1.79

0.01 44.0 1.66

0.005 50.8 1.76

0.001 - -

(-): The amount of DNA extracted was below the tiofidetection.
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The table represents the results from those samagieh, out of the three samples for each
spike level, proved to be the best in terms of eatration and purity. The DNA obtained
from such samples was then used to carry out a l€&surement. The results are depicted
in figure 46.
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Figure 46: PCR analysis of spiked grissini samples

The figure indicates that the negative control does show any amplification and the
positive control resulted in a @lue of 23. The spiked samples show a gradudlishiie G
value corresponding to the spike level of poppythe blank matrix. The Cvalues of

different spiked levels are depicted in table 14.
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Table 14: Gvalues obtained for spiked grissini samples

Spike level (%) Gvalue Mean G value
1 26.93 27.00 26.96
0.1 30.52 30.65 30.58
0.05 32.33 32.08 32.20
0.01 32.39 31.72 32.05
0.005 - - -

(-): No increase in the signal until the™6ycle.

A standard curve was obtained by plotting the olet@iG values against the logarithm of
different spiking levels. Figure 47 represents ¢éhessults. The slope of the standard was

-3.4145 which corresponds to the efficiency of 96.2
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Figure 47: Standard curve for spiked grissini

4.3.6 Analysis of commercial food samples
The developed PCR method was checked for its aiplity by analyzing commercial food
samples. The analysis of commercial food samplescaearied out on various food samples

available locally; these included packaged foodvael as fresh bakery products. The food
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samples chosen were of two categories, one contpipoppy and the other without any

poppy labeling.

4.3.6.1 DNA extraction of poppy containing commerail food samples

The DNA was extracted from each food sample follmyvthe CTAB extraction method.

DNA was extracted thrice from each food sampletaedone with the appropriate purity and
concentration was used for analysis by PCR. Restilise DNA extraction of food samples
containing poppy are given in table 15.

Table 15: DNA extraction results of poppy contagnaommercial food samples

Sample DNA concentration (ng/pL) Purity (Azed/Azso)
Poppy bread 1 45.5 1.82
Poppy strudel 270.0 1.90
Sesame cracker 73.8 1.98
Crackers 114.3 1.89
Poppy oll 45.5 1.00
Homemade poppy cake 320.3 2.01
Poppy crisp toast 370.3 1.95
Poppy cake 186.5 1.90
Poppy bagel 87.8 1.94
Poppy roll 120.5 1.93
Poppy bread 2 141.8 1.88
Poppy chocolate 43.0 1.05

Out of all the samples used for DNA extraction fisiégnt purity and concentration was not
obtained from the poppy chocolate. It was useduak for the PCR analysis, for all the rest
dilutions were made so as to achieve a concentrafid5 ng/pL for PCR analysis.

4.3.6.2 PCR analysis of poppy containing commerciagbhmples
PCR with the extracted DNA from the samples represkin table 15 was carried out and
each sample was loaded on the plate in a concemntrat 45 ng/mL. A positive control,
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which is poppy DNA and a negative control was #dsmled on the plate to rule out any false

positive or negative results. Figure 48 represtr@sesults obtained from this experiment.
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: Poppy oll
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Figure 48: Analysis of commercially available pogmntaining food samples |

As indicated by the figure the positive controlveall as all samples containing poppy show

amplification except poppy oil and the negativetoaln The rest of the samples were loaded

on another PCR plate in the same manner and thigase depicted in figure 49.
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Figure 49: Analysis of commercially available pogmmntaining food samples Ii

As indicated by figures 48 and 49 all samples doirtg poppy seeds show certain
amplification along with the positive controls whas the negative controls show a negative

response and hence no amplification.

4.3.6.3 DNA extraction of commercial food samplesithout poppy

The next category of commercial samples is of Hraes free of poppy seeds. The DNA
extraction for all these samples was conductedhensime way as explained before and the
sample with an apt concentration and purity wassehdor analysis by PCR. The results
from such samples are depicted in table 16.

Table 16: DNA extraction results of commercial skwapvithout poppy

Sample DNA concentration (ng/pL) Purity (AzsdAzso)
Crisp toast 271.2 1.74

Grissini 83.5 1.80

Fruit muesli 1 142.5 1.63

Biscuits 57.5 1.57

Gouda biscuits 69.2 1.79
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Whole grain biscuits 323.0 2.08
Multigrain crisp toast 330.5 2.02
Sesame crisp toast 3125 1.92
Sesame cracker 163.5 1.95
Fruit muesli 2 177.0 1.96
Fruit muesli 3 277.5 2.06

Since poppy is not included in the list of 14 faainples that must be labeled if present in a

food product, the label of “may contain poppy” dows exist. Keeping this in mind several

negative samples were analyzed and a positiveldiggame cases was not surprising.

The results indicate that all samples gave a higlugh DNA concentration and the purity

was close to the required limit of 1.8-2.0.

4.3.6.4 PCR analysis of commercial samples not cairiing poppy

Figures 50 and 51 represent the results obtained the experiment when the samples

mentioned in table 16 were loaded on the PCR plate.
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Figure 50: Analysis of commercially available fosmmples without poppy |
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The samples were loaded after diluting them witkistilled water to obtain a concentration

of 45 ng/uL and analyzed. A positive control angegative control were also loaded on the

plate to rule out any false positive or negativautes.

As the figure indicates that except biscuits andt fmuesli and the positive control all

samples and the negative control show no amplifioat

Amplification

500 ___ ............. S1: Gouda biscuits

T S4: Sesame crisp toast
400 e S5: Sesame cracker
fruit muesli 2
I Fruit muesli 3
300 e Whole grain biscuits
multigrain crisp toast
200 & NC: Negative control

PC: Positive control

100 1

RFU

-100 1
200 12
300 &
-400 ¥

Figure 51: Analysis of commercially available fosaimples without poppy I

Similarly figure 51 indicates that not only the jiv® control but three more samples show a

positive response. These include sesame craclsamsecrisp toast and Gouda biscuits. It

can be assumed that these food samples may hata@nemhsome traces of poppy as a result

of cross contamination during manufacture or paickadsince it is not a compulsion by law

to label poppy and the label stating “may contamppy” does not exist, these three food

samples may lie in the category of such sampleshande a positive result was obtained for

them.
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4.4 Preliminary experiments for the development ofan immuno-PCR

method for lupine detection

In the last part of the thesis, preliminary teseravconducted for the development of an
immuno-PCR method for the detection of lupine.

The immuno-PCR method was developed starting froen sandwich ELISA for lupine,
developed by a colleague, Christina Ecker. Instdagsing an enzyme labeled antibody for
detection, a biotinylated antibody and streptavidias used followed by the addition of
biotinylated DNA. The biotinylated DNA was amplifieoy the polymerase chain reaction.
For this purpose a sequence of thghage DNA was selected.

4.4.1 Initial PCR experiments

Initially, simple PCR experiments were conductedaider to determine if the amplification

of theA-phage DNA worked or not and what concentratiotheflambda phage DNA would

be sufficient enough to result in an appropriatgalue. The lambda phage sequence selected

was:

8- CCTGCAATGACCCCGCTGATGCTGGACACCTCCAGCCGTAAGCTGGTTGCG
TGGGATGGCACCACCGACGGTGCTGCCGTTGGCATTCTTGCGGTTGCTGCT
GACCAGACCAGCACCACG -3

The forward and backward primers that were use@wer
A-phage forward: 5"-ACACCTCCAGCCGTAAGC-3’

A-phage backward: 5'-AGCAGCAACCGCAAGAATG-3’

Beacon designer software was used to design the@pgte probe for these experiments.
The experimental details of the first experimer explained in section 5.4.4.1, which was
carried out with the positive and negative controfdy. The primer pair was used in a
200/200 nM concentration and the dye used was S@Béen. Lambda phage DNA was
used in two different concentrations, 0.2 and 2y(uh for the positive control, whereas, in
the negative control the DNA was replaced by biltkst water. The results indicated that the

higher concentration of 2 ng/uL was not the besiad) therefore a similar experiment but
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with lower DNA concentrations was carried out, hirstcase all variables were the same as in
the previous experiment but the concentrations @isetivo positive controls were 2 pg/pL
and 2 fg/uL respectively. The PCR experiment was carried as explained in the

experimental section 5.4.4.1 and the results goectal by figure 52.
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Figure 52: Positive and negative control test

It is evident from the figure that as the concetrdraof the DNA decreases there is a distinct
change in the Cvalues, for a concentration of 2 pg/pL thev@lues for the three samples
loaded are 14.54, 14.74 and 15.69. Whereas fordheentration of 2g/uL the Gvalues of
the three samples loaded are 20.13, 20.67 and .2&IllAiegative controls have@alues
higher than 27.0. The;@alues for negative controls are 27.70, 29.90,2ar8d 31.33.

For TagMan assay the probe in the concentratiot56fnM was included instead of using
SYBR Green for the next experiment; the experinlethgails are as explained in section

5.4.4.2. In this case a total of four positive colst were loaded, two for each concentration
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of 2 pg/uL and 2fg/uL. Along with the positive controls, three negatcontrols were
loaded. The results for the positive and negatorgrols were not reproducible and there was
no correlation between the €alue and the log of the concentration. The expent was
repeated thrice with the results depicting simgesblems and the (&value < 12 or <10 for
all negative samples as well. Hence the experimast repeated once more but with some
changes. In this case difference being that theubation buffer”, comprising of PBS buffer
containing 1% (w/v) BSA and 0.05% (v/v) Tween 2tstead of bidistilled water or PBS was
used for all sorts of dilutions needed at all level the experiment. The results are depicted

in figure 53.
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Figure 53: Positive and negative control test wtike probe

It is quite clear from figure 53 that using the ubation buffer, prepared as explained in
section 5.4.1, for all dilutions has a positiveluehce on the results; in this case the same
concentration of the DNA resulted in the same thwks cycle and thus the curves
representing them are close to each other. Iniaddit decrease in the concentration from 2

pa/uL to 2fg/uL affects the Cvalue. For 2 pg/uL the correspondingv@lues are 12.44 and
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12.92 whereas for &/uL the G values are 21.05 and 21.47. The three negativeaien
have a very similar response and leadteallies of 38.90, 38.94 and 40.72.

4.4.2 Optimization experiments
In the next experiment, the optimization of thenm@r concentration and the annealing
temperature was carried out according to the detaiten in section 5.4.5, figure 54 is a
representative of these results.
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Figure 54: Primer pair and annealing temperaturdiopzation

Inferring from the data obtained a primer pair @ntecation of 200/200 nM and an annealing

temperature of 58.4 °C was selected to be the optilone.

4.4.3 Immuno-PCR experiments

Later immuno-PCR experiments were carried out. Wheking principle similar to the one
used by Lind et. &lwas chosen. Coating, blocking and washing stepe warried out in the
same way as was found to be optimum for the sand&IdSA for lupine, except that the
number of washing steps were increased and a Yiatad anti-rabbit antibody was used.

The experimental procedure is explained in sedidr6. Lupine standards in a range of 100-
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0.01 ng/mL of lupine protein were loaded along witegative controls without lupine
protein. Blocking in this case was carried out @nmn temperature by 2% (w/v) casein
solution in PBS. Following the same pipetting scheas mentioned before for PCR
experiments and using 150 nM of the probe and a2P0O0nM concentration of the forward
and reverse primer the detection through PCR wasedaout. Figure 55 depicts these

results.
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Figure 55: Immuno-PCR |

It is clear from the figure that there is no distidifference in the Cvalue obtained for the
standards even in the case where there is a differas big as 100 ng/mL to 0.01 ng/mL. All
standards of different concentrations resulted jrv&ues from 8.86 to 13.29. The blank,
where no lupine proteins were added in the ELIS# showever show a;@alue > 28. The
negative control, containing only the primer mixater and super mix, that is the one loaded
only for the PCR step, shows no amplification sigriaus eliminating a possibility of

contamination.
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Since it can be inferred from the results thatetismo correlation between thev@lues and
the lupine protein concentration, the same experimas repeated with certain changes. In
the next experiment, incubation buffer was usedbiocking as well as for all dilutions
during the ELISA steps instead of bidistilled watar PBS. The results were still not
appropriate enough; therefore the experiment wasated again but with certain changes for
improving results.

In the next experiment two changes were incorpdradme was to carry out coating at room
temperature instead of 4 °C, the other change veaenm the washing buffer. Previously the
washing buffer was the one used for the ELISA,xgdaéned in 5.1.6 but for next immuno-
PCR experiments the washing buffer containing Getinaas used, as explained in section
5.4.1. In this case three standards were loadatyalsth the negative controls. A certain
difference in the amplification signal of the stardk with the decrease in the concentration
was observed but it was not as different as expefctesuch a change in the lupine protein
concentration. Thus indicating, the method needettiér improvement.

Blocking was modified by carrying out the blockistgp using the incubation buffer for 1 h
at 37 °C instead of at room temperature. The resohtained suggested that further
improvements need to be made. For further improvesnthie coating was altered by using a
0.2 M NaHPQ, solution and a higher antibody concentration ofu2@mL instead of 14.4
pa/mL. In addition, blocking was carried out usifgp (w/v) casein and 0.05% (v/v) Tween
20 in PBS at 37 °C instead of blocking with 2% (Wwbasein at room temperature. The
results depicted in figure 56 represent this expeni.
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Amplification
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Figure 56: Immuno-PCR with a coating antibody carication of 20 pg/mL
Concentration of lupine protein standards: S1: T@@mL, S2:1 ng/mL and S3: 0.01 ng/mL.

The figure shows three pairs of positive standagls, S2 and S3 and a pair of negative
controls. As indicated by the figure a substardedrease in the lupine protein concentration
does not result in a significant shift of thev@lue.

In the next experiments blocking was improved bgonporating 0.01% of salmon sperm
DNA. Two blocking schemes were followed; in onetamce 2% casein and in the other 1%
BSA was used. The results showed that all posgaraples as well as the negative controls
resulted in ¢€values very similar to each other. This indicatkdt the blocking needed
further improvement. In order to achieve this, éx@eriment was repeated in the same way
but with carrying out the blocking step overnighigure 57 is depictive of the results of the
instance when BSA was incorporated in the blockimdfer and figure 58 illustrates the

results when casein was used for blocking.
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Figure 57: Immuno-PCR with blocking with 2% BSAg&w 20 and salmon sperm DNA

Concentration of lupine protein standards: S1: T@@mL, S2: 1 ng/mL and S3: 0.01 ng/mL

As indicated by the figure the negative controtlléo a threshold cycle higher than the ones
for the positive samples. The amplification curedgained for S1 are wide apart and not
similar to each other whereas the ones represeBingnd S3 are similar to each other and

there is a slight shift in the;@alues with a decrease in concentration of lupnugein.
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] Amplification Chart
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Figure 58: Immuno-PCR with blocking with 2% casdineen 20 and salmon sperm DNA

Concentration of lupine protein standards: S1: T@@mL, S2: 1 ng/mL and S3: 0.01 ng/mL

In this case the negative controls resulted in;asalue higher than that of the positive
samples. The curves representing S1 are not regitddwhereas the ones representing S2
and S3 are.

The afore mentioned experiments were repeateddotigxthe same way using 96 well PCR
plates instead of Thermoscientific Abgene PCR platagures 59 and 60 represent the
results when blocking was carried out for an hawt igures 61 and 62 are representatives

of the results obtained in the case when blockiag earried out overnight.
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Amplificetion Chart

2000

//
3 s1 ~
%1000 v
é S& NC

X

15521 O P

Figure 59: Immuno-PCR with blocking with 2% BSAgeé&w 20 and salmon sperm DNA for
1h

Concentration of lupine protein standards: S1: T@@mL, S2: 1 ng/mL and S3: 0.01 ng/mL

As the figure indicates, the;@alue is not reproducible for the standard of Hzme
concentration; the threshold cycle for the negatoamtrols is significantly higher in
comparison to that of the three standards. Therewpat was repeated with a change in the

blocking time.
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Figure 60: Immuno-PCR with improved blocking witto Zasein, Tween 20 and salmon
sperm DNA for 1 h

Concentration of lupine protein standards: S1: 1@@mL, S2: 1 ng/mL and S3: 0.01 ng/mL

As the figure indicates, the; ®@alue for the negative controls is > 27. Howeubg two
curves representing one of the same lupine pratamtcentration are very dissimilar to each
other in terms of their threshold cycle.

The experiment was repeated by overnight blockind gielded the results depicted by
figures 61 and 62.
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Amplification Chart
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Figure 61:Immuno-PCR with common PCR plates andkohg overnight with 2% BSA,
Tween 20 and salmon sperm DNA

Concentration of lupine protein standards: S1: 1@@mL, S2: 1 ng/mL and S3: 0.01 ng/mL
As the figure indicates, in this case the two camapresenting each of the positive standards

are somewhat similar to each other and there 3 alslight shift in the Cvalue. The

negative controls did not result in an increastheffluorescent signal.
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Figure 62: Immuno-PCR with common PCR plates awdkihg overnight with 2% casein,
Tween 20 and salmon sperm DNA

Concentration of lupine protein standards: S1: T@@mL, S2: 1 ng/mL and S3: 0.01 ng/mL

As the figure indicates, in this case the two camapresenting each of the positive standards
are somewhat similar to each other and there @ alslight shift in the Cvalue and the
curves representing the negative controls are btlevibaseline.

Due to limited time, the experiments were discamgih at this stage although the method was
not yet optimized.
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5 EXPERIMENTAL

5.1 Development, optimization and validation of a @mpetitive enzyme

linked immuno sorbent assay (ELISA) for sesame

5.1.1 Sesame extract preparation

The reagents used for sesame extraction includedxane and phosphate buffer saline
(PBS) which was prepared by dissolving 21.25 g a€CN 31.15 g of N&HPO, x 2 H,O and
3.9 g of NaHPOy x 2 HO in 2.5 L of water and the pH was adjusted to 7.6.

A sesame extract was prepared by grinding 4 g aewdeeled sesame seeds, purchased from
a local grocery store, in a grinding mill (Model MRDOO, Retsch, Haan, Germany) to get a
smooth paste. The paste was then defatted usirgpidet extraction method with n-hexane
for 18 hours. After drying overnight at room temgere the defatted sesame was mixed with
30 mL of PBS buffer and stirred at room temperatime 2 h. This mixture was then
centrifuged at 4000 rpm (15@f) for 30 min at 4 °C using a centrifuge machine (dio4K

10, Sigma, Vienna, Austrialhe supernatant was saved and the pellet was theovay.

Several aliquots were prepared from this extradtsaared at —18 °C.
5.1.2 Determination of protein concentration usin@gradford

The required reagents included Brilliant Blue G ,dgevine serum albumin (BSA), 95%
ethanol and 85% phosphoric acid. Two major solsticequired were the Bradford stock
solution and the Bradford working buffer. The Bradf stock solution was prepared by
mixing 100 mL of 95% ethanol, 200 mL 85% phosphadtd and 350 mg Brilliant Blue G

dye. The Bradford working buffer was prepared ugiag§ mL of bidistilled water, 15 mL of

95% ethanol, 30 mL of 85% phosphoric acid and 30Brddford stock solution.

TheBradford stock solution is stable indefinitely abm temperature. The Bradford working
buffer was stored at room temperature after fibrathrough a black ribbon filter paper and
could be reused for several weeks but it had teefikered from time to time.
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A stock solution of 1 mg/mL BSA was prepared in RB3ch was then diluted using PBS to
make several standard solutions in the concentratinge of 10 pg/mL to 200 pg/mL. The
obtained sesame extract was also diluted using PB& sesame extract was used undiluted
and in dilutions of 1:10 and 1:100. To 100 pL o gtandard solution or the sesame extract,
1000 pL of the Bradford working buffer was added #me solution was vortexed. The blank
was prepared by adding 1000 pL of the Bradford wagylouffer to 100 uL of PBS. After
waiting for two min each sample was measured at 386 using a UV/VIS
spectrophotometer (Genesys 10 UV, Thermo Scieptihicalibration curve was established
by plotting the absorbance against the known cdragon of each. From the curve, the

concentration of the unknown sesame extract wasileaed using the straight line equation.
5.1.3 SDS - PAGE
5.1.3.1 Reagents and solutions needed

Several reagents were used, these included acddamdj N"- methylene-bisacrylamide, Tris
hydroxy methyl amino methane (Trizma base/Tris)dism dodecyl sulphate (SDS),
ammonium persulphate, glycine, 2-mercaptoethan®h kromophenol blue, glycine,
Coomassie blue R-250, methanol, acetic acid, NNNN"- Tetramethylethylenediamine
(TEMED) and bidistilled water. The solutions neededre prepared as described in the
following text. TheSDS solutionwas prepared in two concentrations of 1% and 10% by
dissolving 1 g or 10 g sodium dodecylsulphate i @l bidistilled water, respectively. For
the monomer solution 29.2 g acrylamide and 0.8 g N, N'- methylenedridamide were
weighed and dissolved in bidistilled water in sactvay that the total volume of the solution
was 100 mL. A fresammonium persulphate solutionwas prepared for each experiment
using 20 mg of ammonium persulphate dissolved i |20 water to get a 10% solution. A
separation gel bufferwas made using 36.3 g Tris and 2.0 mL 10% SDSydtiheme was
made up to 200 mL using bidistilled water and thlewas regulated at 8.8 using diluted HCI.
The stacking gel buffer was prepared using 6.0 g Tris and 1.0 mL 10% SB& yvblume
was made up to 100 mL using bidistilled water arelgH was adjusted at 6.8 using diluted
HCI. Thedenaturation mix comprised of 2.5 mL of the stacking gel buffef) L of 10%
SDS solution, 2.0 mL of glycine, 1 mL of 2-mercagittanol and 0.4 mL of 1%

bromophenol blue. The volume of the mix was maddouffO mL using bidistilled water.
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The running buffer comprised of 0.025 M Tris, 0.192 M glycine and 0.8®S solution.
For 2.5 L of the buffer, 7.5 g Tris, 35.4 g glyciaed 2.5 g SDS was dissolved in bidistilled
water in such a way that the total volume was 2d&nt the pH was adjusted at 8.3. For the
staining solution the reagents needed included 1% Coomassie bluéDR5P86 methanol
and 10% acetic acid. For 2.5 L of the solution28.§ of Coomassie blue R-250 was added
to 250 mL acetic acid and 1.25 L methanol and thlenae was made up to 2.5 L by adding
water. Thede-staining solution lwas prepared using 50% methanol and 10% acetic &oi
make a 2.5 L solution, 250 mL acetic acid and 1880 methanol were mixed and the
volume was made up to 2.5 L by adding bidistillegtev. Thede-staining solution Il was
prepared by using 5% methanol and 7% acetic acifhrsa 2.5 L solution 175 mL of acetic
acid was added to 125 mL methanol and the volumemeade up to 2.5 L using bidistilled

water.
5.1.3.2 The gels — separation and stacking gels

Two gels were prepared, the separation gel andtdeking gel. For the separation gel, to 5
mL of the monomer solution, 3.75 mL of the separatiel buffer was added along with 150
pL of the 10% SDS solution. To this mixture 6.0 oflbidistilled water was added and then
it was degassed for 5 min using an ultra sonic.sier that, 84 uL of freshly prepared 10%
ammonium persulphate solution were added. As dysatk0 uL of TEMED were added and
the total volume was 15 mL. The resulting soluticas again degassed for one min using the
ultra sonic bath.

The stacking gel was prepared by adding 700 plbheftonomer solution to 1.25 mL of the
stacking gel buffer. To this mixture 50 pL of 1099 S solution was added along with 3.0
mL of bidistilled water. The solution was then deggd using an ultra sonic bath. After
degassing, 35 pL of 10% ammonium persulphate solwnd 4 puL of TEMED were added.
The solution was then degassed again for one mam inltra sonic bath. The total volume of
the solution was 5 mL.

5.1.3.3 Sample preparation for the gel

For preparing samples to load on the gel, 5 pulhefstandard protein solution or the sesame

protein fraction that had to be analyzed were takethis 5 pL of the denaturation mix was
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added and heated for 5 min at 70 °C in the oveB.5AuL aliquot was loaded onto a SDS
polyacrylamide gel. Precision Plus Prof&irStandards (10-250 kDa; BioRad, Hercules,
USA) and a protein mix containing conalbumin, B®&albumin, myoglobin and 1gG, each

in a concentration of 1 mg/mL in bidistilled waterere used as molecular weight markers
5.1.3.4 Procedure for electrophoresis

Electrophoresis was performed by using a Mighty I8 250 apparatus (Hoefer Scientific
Instruments, Holliston, MA, USA) and a Power Patfad). First of all a sandwich was
prepared, which comprised of an alumina ceramitepdad a glass plate, separated by two

spacers. Two such sandwiches were prepared andt@dooim the gel caster.

The separation gel solution was filled into the samdwiches using a syringe. To these two
sandwiches, approximately 100 pL of bidistilled evatvas added to prevent the gel from
drying while polymerizing. After 30 minutes, thel gmlymerized and the water added was

removed.

Then the stacking gel solution was pipetted in s#hdwiches and combs were placed in
order to make loading wells for the samples. A#eBO min polymerization time the gel
caster was opened and the sandwiches were carefutigved and separated in such a way
that each sandwich consisted of a glass plateluanirea ceramic plate and two spacers and
the gel was in between the glass and the alumirzerce plate.

Each sandwich was then fixed, using two clampshenelectrophoresis unit in such a way
that the glass plate was on the outer side. Thiengptubes were connected so that the water
from the tap can circulate and cool the unit. Tdwedr chamber was filled with the running

buffer until 1 cm of each sandwich was submergat in

The loading wells were marked before the combs waken out and then to each well 5 pL

of the sample or the standard proteins were loaded.

After loading the samples, the electrophoresis wais covered with the safety lid and the
power cables were connected to the power supplg. eléctrophoresis was carried out at a

current of 40 mA for 50 to 60 min. The run was steg before the front marker reached the
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buffer level in the chamber. The power was switclofdand the two sandwiches were

separated from the electrophoresis unit.

The glass plate was separated from the aluminantezlate, the spacers were also removed
and the stacking gel was removed using a knife. géie were carefully detached from the

glass plates and placed into a china dish fillethwhe staining solution. The staining was

carried out at 40 °C for 30 min. The staining solutwas removed and the gels were flushed
with bidistilled water. The gels were then placedie-staining solution | for 1 hour and later

in de-staining solution 1l until the background wiasv enough to see bands. Finally, a

photograph was taken.

5.1.4 Immunization of hens to produce anti-sesamentibodies

IgY antibodies against sesame were produced aDépartment of Biochemistry and Cell
Biology, University of Vienna, Austria. Two hens meimmunized with a fraction of the
sesame extract in a concentration of 1 mg/mL in RBShis purpose, repeating the initial

injection every 30th day. The eggs were stored°&.4

5.1.5 Isolation of antibodies (IgY)
From the yolks of the eggs, obtained a week afteritnmunization, the antibody fraction
was then isolated and stored in small aliquotd&t’€ and later used for ELISA. The details

of isolation are as follows.

After separating egg yolk and egg white and remgvire vitelline membrane the volume of

the egg yolk was measured. To the yolk an equalmelof PBS buffer was added and it was
shaken for 30 min. The mixture was then centrifufpedl5 min at 4000 rpm (150§) using

a centrifuge machine (Model 4K 10, Sigma, Viennas#hia) at room temperature. After

centrifugation the supernatant was filtered usigguaze bandage.

The antibodies were isolated from the filtrate gsthe ammonium sulphate/caprylic acid
precipitation method.The reagents required included 10 times concemtr®BS, 0.1 M
NaOH, 1.0 M NaOH and 60 mM acetate buffer with muated to 4.0.

The separated yolk was centrifuged for 3 minutagmaove already precipitated proteins. To
the supernatant, 60 mM acetate buffer was added;dlume of the acetate buffer added was
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4 times the volume of the supernatant. The pH efaiffered supernatant was then adjusted
to 4.5 using 0.1 M NaOH.

To this supernatant, caprylic acid (octanoic aci@ds added drop wise. The volume of
caprylic acid added was 25 puL per mL of the supeamta The solution was then further
stirred for 30 min. It was then centrifuged at 40pfh for 30 min to remove any insoluble

material.

The supernatant obtained was then filtered usibigek ribbon filter paper. To this purified
supernatant, 10 times concentrated PBS buffer wdsdain such a way that 10 parts of the
supernatant were mixed with one part of the 10gicencentrated PBS. Later, 1.0 M NaOH
was added in order to adjust the pH to 7.4.

The supernatant was then cooled on ice for 15 toirthe cooled supernatant ammonium
sulphate was added slowly in such a way that a 45%e saturation concentration was
achieved. For this, 0.277 g of ammonium sulphate added per mL of the supernatant. The

solution was stirred for 30 min and then storedroigit at 4 °C.

The precipitates obtained were then centrifugednigse day at 4000 rpm (150f) for 15
min. The pellet obtained after centrifugation wiasnt dissolved in a very small volume, i.e.
200-500 pL of PBS.

The resuspended IgYs were then dialysed with PB8der to remove ammonium sulphate.
For this purpose dialysis tubes (cut off, 12000a0tMa) were used, they were filled with
the resuspended IgY using magnetic clamps to dlusends of the tube. These were then
immersed in at least 500 mL of PBS and stirred\arg low speed. The PBS used to dialysis
was changed every hour. After repeating this faues$ the dialysis tube was immersed in
PBS and left as such overnight. The next day thenve was estimated and the concentration
of the antibodies was determined using the Bradésghy in the same way as explained in
section 5.1.2 with the exception that the Bradfaadsay was carried out using
immunoglobulin G (Sigma) as standaiithe antibodies were stored in small aliquots at -18
°C.
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5.1.6 Titer determination

Titer determination was carried out with the yolé® eggs laid seven days after each
immunization. Several buffers were also used; thatiog buffer consisted of 1.59 g of
NaCO;, 2.93 g of NaHC®@and 0.2 g of Napin 1 L of bidistilled water. The washing stock
solution was prepared by adding 51 g of NaCl, &9 KH,PO, and 30 mL of Tween 20 to
1 L of bidistilled water and the pH was maintaired’.6. The washing buffer was prepared
by taking 30 mL of this washing stock solution amaking up the volume to 2 L using
bidistilled water. The blocking buffer compriseda@2% (w/v) casein solution in PBS. The
citrate buffer was prepared by adding 46.04 g gagsmium dihydrogen citrate and 0.1 g of
sorbic acid in 1 L of water. TetramethylbenzidiféiB) solution was prepared by adding
0.375 g of TMB to 5 mL of DMSO and 20 mL of methanihe substrate solution was made
by adding 500 pL of TMB and 100 pL of 1%®} to 25 mL of the citrate buffer. The
stopping solution comprised of 0.5 M,$D,. Flat-bottom polystyrene microtiter plates
(Maxisorp F96, Nunc, Wiesbaden, Germansgre used. For washing the microtitre plate, an
immuno wash (Bio-Rad model 1575) was used for wagslgach well four times. The
microtitre plate reader was also from Bio-Rad (m@@® XR).

For the titer determination, each well of a plataswcoated with 200 pL of the coating
solution, for 16-18 hours at 4 °C. The coating 8olhucomprised of sesame protein as the

coating antigen in the coating buffer in a concaitn of 0.5 pg/mL.

The plate was then washed using the washing binffédre immuno wash, the binding sites
were then blocked for 1 hour using a 2% (w/v) aaseilution in PBS as the blocking buffer.
After this, 100 pL of the isolated IgY from the egglk was loaded in each well and
incubated for 30 minutes. The dilutions used ranfyech 1:500 to 1:50000. IgY isolated
from the egg yolk obtained before immunization waso loaded on the plate for
comparison. Detection was carried out by using cerncrally available rabbit antibody
raised against IgY, labeled with horseradish pelase. So, 200 pL of this secondary
antibody were added, after the washing step, imudiah of 1:30000 and incubated for 1
hour. After a washing step, 200 pL of the substsatation was added to each well, after the
development of the blue colour, 100 pL of the siogsolution was added and the OD was

measured at 450 nm.
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5.1.7 Sample preparation for protein extraction ofood samples

The sample extraction buffer was prepared by digspl6.06 g of Tris and 11.69 g of NacCl
in 1 L of water, adjusting pH to 8.2 using 1 M HCI.

All samples were purchased from local supermarkétswide range of commercially
available food products were chosen to determireapiplicability of the developed ELISA,
these included samples which either contained sesanwvere free of sesame. Some of the
chosen samples were also labeled with “may corgagame”. Various nuts, legumes and
other food stuffs including peanut, hazelnut, wglrrazil nut, almond, sunflower seed,
poppy seed, rice, wheat, rye, oat, chocolate amgkyhavere analyzed for cross reactivity.
Also, for spiking experiments, recovery studies emdhvestigate the matrix effect, the same
sample extraction method was followed. To determimether the matrix influences the
ELISA results or not, different matrixes like frebheads, crisp toasts, cookies and cracker

were taken and the samples were extracted.

Each sample was grinded in a grinding mill for hgewization. To 10 g of the grinded
sample, 50 mL of the sample extraction buffer wadea. The resulting mixture was then
homogenized using an ultra turrax (Model T25, IK®aufen, Germany) for 2 min. The
acquired paste was then centrifuged at 4000 rpr@O(1p for 30 min. The supernatant
obtained was filtered using a black ribbon filtappr and again centrifuged at 10000 rpm for
5 min (Model 5424, Eppendorf, Hamburg, GermanyjeAfiltering the resulting supernatant

several aliquots were made and stored at -18 °C.
5.1.7.1 Preparation of roasted sesame

Thirty g of white, peeled sesame seeds was roadtdte Department of Food Sciences and
Technology of the University of Natural Resourcesl &pplied Life Sciences, Vienna,
Austria. Roasting was carried out for 10 min atrfdifferent temperatures: 100 °C, 150 °C,
200 °C and 250 °C, using a baking oven (type 60/3 Ménz Backtechnik, Minster,
Germany). 10 g of the roasted sesame were theedabjto extraction as described above
and the protein concentration in the extract waserdened using the Bradford assay. The
extracts were diluted 1:20 with PBS and analyzethbyELISA.
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5.1.8 ELISA - optimized procedure

For the competitive ELISA, various reagents, buffand apparatus used are mentioned in
5.1.6.

For carrying out an ELISA, each well of the platasairst coated with 200 pL of the coating
solution that comprised of 0.22 pg/mL sesame pmogeitract in the coating buffer. The
coated plate was covered with para film and statet°C for 16-18 hours.

The plate was then washed with the washing buféamguthe immuno wash. The binding
sites of the wells were then blocked for 15 minlv200 pL of the blocking buffer, which
comprised of a 2% (w/v) casein solution in PBS.sTtvas done to prevent non specific
binding. After blocking the plate, the competitistep was carried out by loading, in each
well, 50 pL of the sesame protein standards, inmdhge of 0.001 ng/mL to 10000 ng/mL, or
sample extracts, both in triplicates. All samplé&rasts were used in a dilution of 1:20 in PBS
buffer. Next, 100 pL of the primary antibody wasled in a dilution of 1:2000 in PBS buffer
to all wells except the ones on the top and botborter sides. Along the outer sides of the
plate, the wells were filled with 150 pL of PBS fauffor the determination of any non
specific binding (NSB) or with 100 pL of the dildt@rimary antibody and 50 pL of the PBS
buffer for the determination of the maximum sigiiBb) in the absence of any sesame

protein. The incubation was carried out for 45 atimoom temperature.

Subsequently the plate was washed in the immund wad 200 pL per well of the horse
radish peroxidase labeled rabbit anti — IgY, inlaten of 1:30000 in PBS, was added. After
an incubation of 1 hour the plate was washed. atlg washing, 200 uL of the substrate
solution was added and the enzymatic reaction \@esed out for 12-15 min until the blue
colour was developed. After colour development, iQOper well of the stopping solution
was added to stop further colour development. Totea density (OD) was measured at 450

nm using microtitre plate reader at a medium spa#dda mix time of 5 s.
5.1.9 Data Analysis

The data obtained was evaluated using softwaren&iBlot 10.0. A sigmoid curve was

obtainedby plotting the OD values against the logarithnih&f sesame protein concentration
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and a sigmoidal four parameter logistic functionswaed for non-linear regressiothe

equation employed was:

a
Y=Y ©
wherey is the responsejo is the response at high dosds the response at zero dobas
the slope factorx is the calibrator concentratiox, corresponds to the value at 50% specific

binding.
5.1.10 ELISA optimization

In the development of the ELISA, several paramethesl to be optimized, e.g.
concentrations of primary and secondary antibodiescentration of the coating antigen,
and coating temperature. Initially the concentratod the primary antibody was optimized.
For this purpose an ELISA was carried out using foifferent primary antibody (PAB)

dilutions, these included 1:5000, 1:7500, 1:10@0@ 1:15000.

As a second step the coating antigen dilution &edcbating temperature were optimized. In
this case four different coating antigen dilutionere prepared, these included 1:6000,
1:12000, 1:18000, and 1:24000. These were thenetbawhto two plates; one was kept

overnight at 36 °C in an oven and the other at h°&refrigerator.

After that the various incubation periods were aptimized. First of all the blocking time
was optimized for this purpose, a blocking timel6fmin, 30 min or 45 min was used on a
single plate. Then the primary antibody incubattone was optimized, for this purpose
incubation was carried out for 30 min, 45 min afdn.

5.1.11 Cross reactivity studies

For cross reactivity tests the extracts were aequirom several nuts and legumes such as
peanuts, hazelnut, walnut, Brazil nut, almond, kuvdr seeds, poppy seed, rice, wheat, rye
and oat and other ingredients such as chocolatdamely. The food extracts were prepared
by the extraction method described in section 5.TIe protein concentration of these
extracts was determined by the Bradford assayexteacts were then diluted to achieve
concentrations between 0.001 ng/mL - 10000 ng/mih.EAISA was then carried out by
loading diluted extracts and the sesame standartieirange between 0.001 ng/mL - 10000
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ng/mL. In order to calculate the cross reactivitlye absorbance (A) at 450 nm was

normalized using the following equation:

_ A-NSB
A, —NSB )

A is the absorbance obtained, NSB (non specifidibi) was determined by carrying out the

immunoassay in the absence of the primary antitasdwell as the analyte with only PBS
buffer to make up for the volume ®vas determined by carrying out the immunoassay with
the primary antibody and no sesame protein alCatiss reactivity (%) was then calculated
by dividing the 50% binding concentration of sesdmehe 50% concentration of the cross

reactant and multiplying by 100.

5.1.12 Recovery studies

In order to investigate the recovery of sesameepran different food matrices, recovery
studies were carried out on commercially availddidek food samples which did not contain
any sesame and were spiked with known amountssaihse protein before analysis. Spiking
of samples was carried out in two ways, one methad to spike the sample extract just
prior to the ELISA. The second method was to s@émples with sesame protein before

sample extraction.
5.1.12.1 Spiking with sesame proteins after sampéxtraction

Ten g of the blank sample were homogenized anéxtraction was carried out with 50 mL
of the extraction buffer as described in sectidns.The extract was diluted 1:20 with PBS
and thensesame protein extract was added to obtain a segsateen concentration of 200
Hg/g. From this spike level, the other spike leva#sl00 pg/g, 50 ug/g and 25 ug/g were
obtained by diluting with the 1:20 diluted extraxdftthe certain food matrix. The recovery
was calculated from the ratio of the amount of sesarotein determined to the amount of

sesame protein actually added to the sample.
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5.1.12.2 Spiking with sesame proteins before samp&traction

After grinding, 10 g of the homogenized blank fowdre spiked with sesame protein at
levels of 25 ug/g, 50 pug/g, 100 ug/g and 200 pgddlowing an incubation step of 15 min,
the protein fraction was extracted from the spilsathples as described in section 5.1.7.
After diluting 1:20 with PBS, the extracts were gated to ELISA analysis. The recovery
was calculated from the ratio of the amount of sesarotein determined to the amount of
sesame protein actually added to the sample.

5.1.13 Method validation

5.1.13.1 Repeatability
For the validation of the developed ELISA, same gaswere loaded on the plate on 3 or 4
different days to check for repeatability. Also,tmmes the same loading scheme was used

twice on the same plate.

5.1.13.2 Limit of detection and limit of quantificaion

In order to determine the limit of detection (LOBY)d the limit of quantification (LOQ) of
the ELISA, the extracts of blank food matrices vihieere diluted 1:20 with PBS were filled
in six wells of a microtiter plate and subjectedBbISA analysis. The LOD of the ELISA
was calculated by subtracting three times the stahdeviation of the obtained OD values
from the mean OD value and calculating the corredpm concentration by using the
equation of the calibration curve established va#isame protein standard solutions. The
LOQ was calculated in the same way but by subtrgdién times the standard deviation of
the OD value.

5.1.14 Analysis of commercial food samples

To demonstrate the applicability of the developédSA, 28 commercially available food
samples, with different declarations, such as “roagtain sesame”, “contains sesame” and
some with no mention of sesame in the ingredishiere analyzed. Commercial food stuffs
were extracted as described above. The extracts avierted with extracts from the certain
blank food matrices, 1:20 diluted with PBS. Theutidn factors ranged from 1:5 to 1:500.
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5.2 Development and validation of a QCM immuno seis for the detection

of potentially allergenic sesame proteins

5.2.1 Anti-sesame antibodies

For the development of the immuno sensor, antirseslyY antibodies were used. The
antibodies were prepared by immunizing hens witbas® protein extract, the details of
which can be found in section 5.1.4. The antibodvese isolated from the egg yolks and
purified using the ammonium sulphate precipitatmethod; details are given in section
5.1.5.

5.2.2 The quartz, sieve designing and silk—screeniqting

AT-cut quartz crystals with a fundamental resonaineguency of 10 MHz were purchased
from Zheijiang Quartz Crystal Electronic Companka8ghai, China.

A silk screen was produced using the optical litapdical procedure. A 21 um mesh size
silk filter was glued to a hard metalloid frame.efhAzocol Poly plus S by KIWO, which is

a UV sensitive polymer, was spread over the scaeehdried for 20-30 minutes in the dark.
The desired area was then exposed to UV lamp fomBuites; warm water was used to

remove the unhardened lacquered area. This scragthen used for printing purposes.

Particular electrode geometry was generated onubé&z via silk-screen printing of the gold
paste with the help of a designed sieve. Figurst@8vs one such setup.

To vacuum

Screw pins
pump

Figure 63: Setup for quartz coating
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Quartz was placed onto a Teflon block; the prepamden was placed over it and adjusted
by using screw pins and holes on the block. A vatywmp was connected to the Teflon

block which when switched on, prevented the quiacim moving.
5.2.3 Quartz coating with gold paste

After fixing the quartz, a layer of gold paste vimely spread over the screen surface in such
a way that a very thin gold layer was coated onghartz. After coating the quartz from one
side it was heated in the oven for 3 hours at 4D0After cooling, the other side of the
guartz was coated in the same way to get the daléterode structure. The prepared quartz
was then cleaned with 1-methyl-2-pyrolidone, inesrtb get rid of any organic components
since the gold paste consisted of gold in orgailicQne side of the coated quartz was

cleaned with the diamond paste; this side was leged for antibody immobilization.
5.2.4 Checking quartz for damping

The size of electrodes on either side of the quaaiz different; on one side it was larger than
the other. This was done in order to reduce thepitagn The same size of electrodes on both
sides of the quartz results in higher damping ahis case, crossing of field lines into the
quartz is higher. The frequency of the preparedrtguaas measured with the help of a
network analyzer of the ENA series of Agilent Teglugies (model no. E5062A). The

network analyzer helped to determine the dampinth@fquartz. Figure 64 shows the setup

of a network analyzer measurement and the dampiectia of a quartz microbalance.

Figure 64: Network analyzer setup and damping spect
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5.2.5 The measurement cell

The prepared quartz was mounted in the measurere#nThe measurement cell protected
the quartz crystal microbalance (QCM) from extermafluences such as thermal or
mechanical, ensuring a stable environment for aagrgut measurements. Figure 65 shows a
guartz mounted in such a measurement cell witmkat and outlet for the solution and the

connections to the oscillator circuit.

Mounted quartz

L Solutior outlet
Solution inle

Figure 65: Measurement cell

5.2.6 Mass-sensitive measurements

The designed QCM sensor consisted of a dried amadl tneated quartz microbalance, a
sensitive layer on one electrode and a referen@r lan the other. Using the measurement
cell shown in figure 65, mass sensitive measuresnesere carried out. The solution inlet
was used to inject the solution; approximately f&0of the solution was injected using a
pipette. The solution outlet was used to remove sbl@tion from the measurement cell.
During the measurement only one face of the QCMecamtontact with the sample solution
i.e. the aqueous solution. Therefore, the dampfribeoquartz was half to what the damping
would be if quartz would be in contact with theulid on both sides. After injecting the
solution, as the solution or water flushed througlgok a few minutes to get the frequency

signal stable.
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5.2.6.1 Antibody immobilization and formation of the antibody-antigen bond

Initially deionized water was injected in the meaasoent cell, after the frequency signal
stabilized the water was removed and an anti-sedgiantibody solution was added in a
concentration of 2 mg/mL. After removing the antligasolution, sesame protein extract in
the concentration of 1.5 mg/mL was injected. Bdth solutions of the antibody and the

antigen were made using deionized water.
5.2.6.2 Elution step and regeneration of the antilmbes

After the formation of the antibody-antigen compldke sesame protein solution was
removed using a pipette and a 2 M guanidine hydooicle solution was injected in the cell.
After waiting for five min, it was removed; deioeid water was then injected three times to
wash away any remaining guanidine hydrochlorideeAfemoving the water, PBS was
added to regenerate the antibodies. This was dor rhin and then PBS was removed and
the cell was washed with deionized water againreefloee next experiment was carried out.

For leaving the sensor overnight, PBS was injeatettithe sensor was stored at 4 °C.
5.2.6.3 Washing step

For measurements concerning cross reactivity test$ testing commercial samples a
washing step was included. For this, the sampleaeixiwas added, after 5 min it was
removed and deionized water was added and the negasnt was carried out. In this way

all measurements were carried out in the same mrediu
5.2.6.4 Cross reactivity tests

For cross reactivity studies, fourteen differerids and food ingredients were tested. These
included almond, Brazil nut, peanut, hazelnut, wglrsunflower seeds, poppy, rice, oat,
chocolate, rye, wheat, honey and soybean. All efalhove mentioned extracts were injected
in the measurement cell in a concentration of 1nmhg/In a cross reactivity experiment
sesame extract was injected in the beginning, dheantration of sesame protein was varied,
it was 1 mg/mL in certain cases and 3.5 mg/mL a®8 @ug/mL in other instances. Then a
sample of the food extract from the fourteen samplas injected followed by the injection
of a spiked food extract of the same sample and the measurement was carried out.
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Spiking of the blank food extract was done by agdsesame protein extract in a certain
concentration corresponding to the concentrationtref sesame extract added in the
beginning. In between each measurement, the washepyand the elution step was also
incorporated.

5.2.6.5 Analysis of roasted sesame

Sesame seeds were roasted and extracted as edplaisection 5.1.7.1. For mass sensitive
measurements, the extract was then injected imt#asurement cell in the concentration of 1
mg/mL for sesame roasted at all temperatures exbepbvne roasted at 250 °C, which was
injected undiluted. After sample injection the measnent was carried out. In between each
injection of the sesame extract, the elution stgys wicorporated to break the antibody-

antigen bond.
5.2.5.6 Validation of the sensor - Reproducibilityand repeatability

The inter day repeatability was determined by imjgcthe sesame protein extract in a
concentration of 1 mg/mL twice on one day and twacethe other day and the signal

response was measured.

The batch to batch reproducibility or the inter aasseproducibility was determined by
immobilizing a new antibody layer and injecting a®® protein extract in a concentration of

500 pg/mL in the measurement cell on three dayscantparing the sensor response.

To determine the limit of detection two experimeweye carried out. In one, sesame extract
in PBS buffer in concentrations ranging from 3.5/mmig to 0.007 mg/mL was added in the
measurement cell and the mass sensitive measuremasntarried out. In between each
addition elution was carried out using 2 M guanedhydrochloride solution and PBS was
added and incubation was carried out for 5 minegenerate the antibodies. For the other
experiment, sesame extract was added in a contientrange from 3.5 mg/mL to 0.007
mg/mL but it was diluted with a blank matrix of waarain bread which was prepared using
the extraction method explained in section 5.1n7this experiment an elution step was
incorporated in between each addition of the sesartect. Also a washing step was

included to remove the matrix and to carry outrtfteasurement in deionized water.
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5.2.5.7 Analysis of commercial food stuffs

The selected samples were of three types, depemdirtbeir labeling. Some samples were
positive i.e. they contained sesame, these inclsgsdme balls, sesame peanut cookies and
sesame cashew nut cookies. Other samples chosen laikling ‘may contain sesame’,
these included muesli and biscuits. The last cajeg@as of negative samples i.e. samples

without any sesame, these included cereals andersac

Samples were extracted as explained in sectiory,5Sthhe extracted sample was injected
through the solution inlet. After 5 min it was fmiVed by the washing step that is removing

the extract and injecting water, the measuremesttiv@n carried out.

5.3 Development and validation of real-time polymease chain reaction
(PCR) method for poppy(papaver somniferum)

5.3.1 Reagents and buffers

The reagents required include sodium chloride (INa@thylenediaminetetraaceticacid
(EDTA), trishydroxylmethylaminomethane (Tris), 7@thanol, chloroform, isopropanol and
bidistilled water that was purchased from Flukale/ail other reagents were purchased from
Sigma. TheCTAB extraction buffer was prepared by making a solution of 20 g of
cetyltrimethylammoniumbromide (CTAB) in 1 L bidikéd water (HOq4q) along with 1.4 M
NaCl prepared by dissolving 81.03 g of NaCl in bfLwater and 0.1 M Tris and 0.2 M
EDTA. HCl was used to maintain the pH at 8. T?RAB precipitation buffer was made by
making a solution of 5 g/L of CTAB and 0.04 M Na@lwas prepared by dissolving 2.34 g
of NaCl and 5 g of CTAB in 1 L bidistilled wat@rhe proteinase K solution was made by
dissolving 100 mg of proteinase K in 4 mL of 50%agrine in 10 mM Tris-HCI with pH
adjusted to 8. It was then stored at -20 °C. Ridase was obtained from Sigma in a
concentration of 29 mg/mL, it was then diluted &t @ concentration of 20 pg/mL using
50% glycerine in 10 mM Tris-HCI with pH adjusted8o
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5.3.2 DNA extraction

For all PCR experiments the DNA was isolated framodf stuffs following the CTAB
extraction method with some modifications concegniihe incubation times, the details of
these modifications are given in the following teixor each sample three extractions were
carried out and the best ones were chosen withrdega highest purity and yield. The

extraction procedure is explained in detail infililowing text.

First of all, the sample was homogenized, for fhuspose, depending on the nature of the
sample, mortar and pestle or a kitchen blenderugas. Then 100 mg of the homogenized
sample was weighed, to it 500 pL of the CTAB extoacbuffer was added. It was incubated
at 65 °C for one hour instead of the 30 min incidoatime for the normal CTAB method. To
this 15 pL of the proteinase K solution was added iacubated at 50 °C overnight, instead
of the 1 hour incubation time followed in the noir@a AB method. After vortexing 20 pL
of RNase was added to each sample and vortexed. &fter waiting for 4 min, each sample
was centrifuged for 5 min at 10000 rpm. After céagation, the pellet was thrown away
and the supernatant was transferred into anothperigjorf tube. To each sample then 200
puL of chloroform was added and each sample waexedt for at least 45 s. Each sample
was again centrifuged for 5 min at 10000 rpm anel skpernatant was collected and
transferred in another eppendorf tube. To thisGMAB precipitation buffer was added such
that the volume of the precipitation buffer wasdsvito that of the sample obtained after
centrifugation. Samples were then vortexed followgdan incubation time of 2 h. After the
incubation period was over, each sample was agatrifuged at 20000 rpm for 5 min. After
centrifugation the supernatant was discarded anpéfiet was saved. To the pellet 350 pL of
1.2 M NaCl and 350 pL of chloroform was added fala by vortexing and eventually
centrifugation at 10000 rpm for 5 min. After cefitgation the upper aqueous phase was
saved and the chloroform phase was discarded. iBbpnopanol was added to each sample
in a volume 0.6 times of the sample collected,ofwéd by vortexing and centrifugation at
10000 rpm for 5 min. The pellet was saved and mogmol was discarded. 500 pL of ice
cold 70% ethanol was then added followed by vongxnd centrifugation at 10000 rpm for

5 min. The ethanol was then removed and samples dvexd overnight at room temperature.
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5.3.2.1 Determination of concentration and purity bthe extracted DNA

The next step was the determination of concentratind purity of the obtained DNA
extracts. For this purpose a spectrophotometrierdehation was carried out. 16 pL of the
DNA extract and 64 pL of $#Dyq were directly added to a UV microcuvette so th@alto
volume for each was 80 uL after a 1.5 dilutionOl was used for all dilutions and as well
as a blank. The absorbance was measured at 260 ndmata280 nm using a UV
spectrophotometer. The concentration of each samvpke determined using the formula

given below

C [ug/ml] = Azgo* V * F

C = concentration

Azeo= absorbance at 260 nm

V = dilution factor, which in this case was 5

F =is a constant i.e. the multiplication factor &double stranded DNA, is equal to 50.
The purity was measured using the following equmatio

Purity = Axso/Azgo

WhereAgsis the absorbance at 260 nm a®ghis the absorbance at 280 nm.

5.3.3 Real-time PCR

All PCR experiments were performed in an iCyclarthocycler, with IQ5 multicolor real-

time PCR detection system, both the thermocycletr #he detection system were from
BioRad. As a general approach, a total volume ofiR5was pipetted into the 96 well PCR
plates; this was then closed with an adhesivebifibre being placed in the thermocycler. All
analyses were carried out loading doublets an@dich analysis two positive controls and at
least two negative controls were loaded onto ttegeplFor the DNA to be analysed, the
desired concentration was obtained by carrying dilittions using autoclaved double-

distilled water.
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5.3.4. Primer and probe design

Three primer pairs were designed using computeéwaoé programs. The allergen sequence
for poppy is not known so initially NCBI, Nation&lentre for Biotechnology Information
was used viavww.ncbi.nlm.nih.gvand the accession number was obtained. By clic&imng
BLAST the Basic Local Alignment Search Tool andrtloe nucleotide BLAST and entering

the accession number nucleotide search was alsecaut.

The software used was Beacon Designer 7.0 by Prelb@signed Biosoft International.
Using BLAST, homology to other plant and animal s&tces was checked and excluded.
Three different primer pairs including forward amyerse primers were designed using the
software. The primers were synthesized by Sigmao&®en(Steinheim, Germany).

The criteria for primer selection includes that pgieners should comprise of 18-30 basepairs
and the GC content should be 40-60%. Not more 4higientical bases are to be used as this
could lead to an unspecific binding. The meltingpperature should be between 55-80 ° C

such that an amplicon size of 75-150 bp is obtained

The probe, complimentary to the sequence of the D&Aplate was designed using Beacon
designer. The TagMan-probe should have a leng20e80 bases and a GC content6¢f

60%. There should not be more than 3 consecutive idanbases, especially not Gs. A
string with more Cs than Gs in the probe sequermddioe preferable. At the 5' end of the
probe there should be no G and at the 3' end #ereld be no more than 3 Cs or Gs within
the last 5 bases. The probe was labeled with tteedphor FAM at the 5' end and with the
guencher BHQL1 at the 3' end. Care was taken tkat thould be no complementarity to the
primers and no secondary structure to primers erptiobe in the target area. The melting

temperature should be 5 to 10 °C higher than tleeodthe primers.
5.3.5 General pipetting scheme

On each well of the PCR plate 12uh of the supermix was added, then 750f the
mastermix was added and finally eithepl5 of poppy DNA for positive control or that of
sample DNA or 5uL of H,Oq4g9 were added for negative control. For every measen¢m

positive and negative controls were always loadethe plate.
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5.3.6 SYBR Green assay

SYBR Green assay was conducted for the optimizaifotme poppy primer concentrations
and the annealing temperature; it was also usedefing the primer pairs for any cross
reactivity with other food stuffs.

5.3.6.1 Primer concentration and annealing tempetare optimization

For primer pair concentration and annealing tentpezaoptimization, 12.5ul of SYBR
Green supermix, 7.pl mastermix and nL sample or HO4q was used. The mastermix is the
mixture that contains the primers in appropriatecemtrations and #qq. The 5ul of HyOyq
was used for the negative control. The PCR runa@ased out in a two-step real-time PCR
program. The initial denaturation was carried du®&°C for 3 min. Then 45 cycles were
run, each cycle consisting of denaturation at 93¢t20 s, followed by primer annealing at
61.5 °C for 40 s and elongation at 72 °C for 1Tlse temperature program in this case
comprised of 81 cycles at the temperature randgebof 95 °C for 10 s. The increase in the
signal is detected at the elongation stage wheheamelt point analysis detects the decrease
in signal. Both the Cvalues and the JJ values were used for evaluation of the results

obtained.

For the optimization experiment nine different pempair concentrations and six different
annealing temperatures,,Twere analysed for figuring out the optimumg, @&nd primer
concentrations. For the primer pairs, the primeesendissolved in bDyq according to the
directions by the supplier to obtain a concentrattb100 uM and diluted 1:10 prior to use in
the PCR. Table 17 indicates the different primencemtrations that were used. The six
temperatures used were 62.0, 60.3, 58.4, 55.9, &152.8 °C. The volumes indicated in
the table were added per well of the PCR plate (pPlakes 96 well by BioRad).
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Table 17: Pipetting scheme for primer pair concatitm and T, optimization

Primer pair concentration (forward/ reverse) (nM)

Reagents
100/100 100/200 100/300 200/100 200/200 200/300 300/100 300/200 300/300

Forward

_ 0.25 0.25 0.25 0.5 0.5 0.5 0.75 0.75 0.75
primer (uL)

Reverse

_ 0.25 0.5 0.75 0.25 0.5 0.75 0.25 0.5 0.75
primer (uL)

H,O dd(lJ-L)

7.00 6.75 6.5 6.75 6.5 6.25 6.5 6.25 6.00
Total
25

volume (uL)

5.3.6.2 Cross reactivity tests

For cross reactivity tests various kinds of foodffstwere chosen, these included various
nuts and legumes including sesame, black sesamewbeat, lentils, corn, macadamia,
peacan, hazelnut, peanut, pistachio, chocolateq, scgshew, sunflower, chick pea, rice,
almond, walnut, rye, Brazil nut, peas, barley, pmg, pumpkin seed, coffee, lupine and
white beans. For each of them the DNA was extraatetia PCR analysis based on SYBR
Green including a melt curve analysis was conduttedile out the possibility of a cross
reaction. In each well of the PCR plate, 12L.50f SYBR Green supermix, 7,4 mastermix
and 5uL sample DNA in a concentration of 20 ng/pL wasextid-or a positive control 5 puL
of poppy DNA was added and for a negative contrplL50f H,O4g was added. The results
obtained for all samples were compared with thdtipesand negative controls. The melt
point analysis was included in the program in ttase. The PCR run was carried out in a

three-step real-time PCR program. The initial dersion was carried out at 9& for 3
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min. Then 50 cycles were run, each cycle consistihglenaturation at 95 °C for 20 s,

followed by primer annealing at 60.3 °C for 4Gasd elongation at 72 °C for 10 s. The
melting temperature program in this case comprige®il cycles at the temperature range of
55-95°Cfor 10 s.

5.3.6.2.1 Agarose gel electrophoresis

Agarose, 10 mg/mL ethidium bromide (EtBr), 50x Taisetate-EDTA (TAE) buffer prepared
by dissolving 242 g Tris, 57.1 mL acetic acid, 180 of 0.5 M EDTA in 1 L HOqqg. This
was diluted 1:50 prior to use. The loading buffersvprepared by mixing 50 mM Tris-HCI,
25% glycerol, 5 mM EDTA, 0.2% bromophenol blue &2l % xylene cyanol.

A 3% gel was prepared by dissolving 4.5 g of agarnos150 mL of 1x TAE buffer by

heating in the microwave oven for 5 min. Afterwa@&5 pL of EtBr solution was added.
This mixture was poured in the gel casket and abbwo gel for 1-1.5 hours. The samples
comprising of a mixture of 10 pL of the PCR prodantl 10 pL of the loading buffer were
loaded on the gel. The marker, molecular ruler @b¥ BioRad was loaded at least twice on
the gel. The electrophoresis was conducted at d86 for 45-55 min and then the gel was

photographed.
5.3.7 TagMan assays
5.3.7.1 Probe optimization

Generally 12.5uL 1Q5 supermix, 7.5uL mastermix comprising of forward and reverse
primers and probe in the corresponding concentratémd HOyq and 5uL of the sample (or
H,Oqq for negative control), was added to the PCR plateemperature program consisting
of denaturation, annealing and elongation stepsusad. The PCR run was carried out in a
three-step real-time PCR program. The initial deraion was carried out at 9& for 3
min. Then 45 cycles were run, each cycle consistihglenaturation at 95 °C for 20 s,
followed by primer annealing at 60.3 °C for 40 sl aiongation at 72 °C for 11 s. The
detection was carried out during the elongatiop sted ¢ values obtained were used for
evaluation. For optimization of the probe conceamdrasix different probe concentrations
were tested, these included 25 nM, 50 nM, 75 nM), d4®1, 150 nM and 200 nM. The 100
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MM probe was diluted 1:10 before hand. Table 18essmnts the pipetting scheme for this

experiment. For this experiment the primer paircamration of 200/300 nM was used.

Table 18: Pipetting scheme for probe optimizatigpeziments

Probe concentration (nM)

Reagents
25 50 75 100 150 200
Forward primer (uL)  0.50 0.50 0.50 0.50 0.50 0.50
Reverse primer (pL) 0.75 0.75 0.75 0.75 0.75 0.75
Probe (uL) 0.625 1.25 1.875 2.50 3.75 5.00
H20 ga (ML) 5.625 5.00 4.375 3.75 2.50 1.25
Total volume (uL) 25

5.3.7.2 Primer pair concentration, T,, and probe optimization

A probe concentration of 150 nM was used and timagarpair concentration was optimized
along with the probe with the TagMan assay. Fa #hperiment nine different primer pair
concentrations were analysed and four annealingdestures, 61.5 °C, 60.3 °C, 58.4 °C and
55.9 °C were also checked for the optimum cond#tiosf probe, | and primer
concentration. Table 19 represents the pipettihgrse that was followed.
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Table 19 Pipetting scheme for primer pair, probe and Tm matation experiments

Primer pair concentration (forward/ reverse) (nM)
Reagents

100/100 100/200 100/300 200/100 200/200 200/300 300/100 300/200 300/300

Forward
primer 0.25 0.25 0.25 0.50 0.50 0.50 0.75 0.75 0.75

(HL)

Reverse

primer 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75
(HL)

Probe
(ML)

3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75

H20 pp
(ML)

3.25 3.00 2.75 3.00 2.75 2.5 2.75 2.50 2.25

Total
volume 25

(HL)

5.3.8 Efficiency measurement and LOD

To determine the efficiency and the LOD of the deped PCR method, for the first
experiment, a positive control of 20 ng/pL was kdan the PCR plate along with different
dilutions of the positive control including 1:10,100; 1:1000, 1:10000 and 1:100000 which
were made by using bidistilled water to obtain skendards of varying concentrations, these
included 2 ng/pL, 0.2 ng/uL, 0.02 ng/uL and 0.0@2uh. These standards along with the
positive and negative controls were loaded on ¢oRER plate for a PCR run to measure the
efficiency. Later, experiments were carried ouhgsa positive control of 45 ng/uL and also

for making standards of various concentrationsxataened before.
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5.3.9 Spiking of samples

Spiking of samples was carried out using blank fowatrices i.e. samples free of poppy
seeds. Two blank matrices, crisp toast and grissiere used for this purpose. Spiking was
carried out by adding poppy seeds to the matribofed by homogenization in the kitchen
blender. Subsequent spiking levels were made usiagprevious ones. Each was then
homogenized for 20 min in the kitchen blender. Afipiking, three aliquots from each spike
level were taken and DNA was extracted from eacthein. The one that proved to be the
most suitable one in terms of appropriate concéatrand purity was chosen to carry out a
PCR measurement. Table 20 illustrates the detbgseparing spiked samples.

Table 20: Spiking scheme for poppy seeds into Hlamdk matrices

Sample number Spiking level Spiking method
(%)

1 1 99 g matrix + 1 g poppy seeds
2 0.5 50 g matrix + 50 g of sample 1
3 0.1 90 g matrix + 10 g of sample 1
4 0.05 50 g matrix + 50 g of sample 3
5 0.01 90 g matrix + 10 g of sample 3
6 0.005 50 g matrix + 50 g of sample 5
7 0.001 90 g matrix + 10 g of sample 5

5.3.10 Analysis of food samples

All commercial food samples were purchased fronall@ipermarkets for analysis by the
developed PCR method. These included samples thivath containing poppy seeds and

those with no mention of poppy seeds and a widgeast nuts and legumes for cross
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reactivity tests. The food samples containing popgsds included packaged food as well as
fresh bakery products, the samples analysed indlyagpy bread, poppy strudel, poppy
chocolate, poppy cake, poppy bagel, poppy roll,pyopil, poppy cake prepared by a lab
colleague, crisp toast, a sesame shack and cradkérsamples were homogenized either
using a pestle and mortar or a kitchen blendere@ipg on the nature of the sample, prior
to the DNA extraction which was carried out as exgd in section 5.3.2. The samples were
stored at -18 °C whereas the isolated DNA from éhesmples was stored at 4 °C. The
concentration and purity of all samples was measaral the best out of the three of each

food was chosen for analysis by PCR.

The food samples that did not contain any poppludex various kinds of crisp toasts, fruit
muesli and biscuits and crackers. DNA was extrasteithe same way as explained before
and the extracted DNA with the appropriate conediain and purity was chosen for PCR

analysis.

5.4 Preliminary experiments for an immuno-PCR methd for the detection

of lupine

Preliminary experiments for the development oframuno-PCR method for the detection of
lupine in food stuffs were carried out, the detailghese experiments are discussed in the

following sections.
5.4.1 Reagents, buffers and apparatus required

Various reagents were required at various stepiseoéxperimental procedure, these included
casein, NaCl, NapPOy, Tween 20, NgCO;, NaHCQ, NaNs;, KH,PO,, Germal II, BSA,
Tris, streptavidin, biotinylated anti-rabbit antdyg biotinylated DNA and bidistilled water.

Several buffers were used during the experimentatgss the details of which are as
follows: the incubation buffer comprised of PBS buffer containing 1% (w/v) BSAdan
0.05% (v/v) Tween 20. Thwashing buffer consisted of 0.154 M NaCl, 5 mM Tris, 0.005%
Tween 20 and 0.1% diazolidinyl urea (Germal Il).eTpH was regulated at 7.75. The

coating andblocking buffers were prepareds explained in section 5.1.6.
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For the immuno-PCR experiments the apparatus atdiments used were the same as used
for ELISA and PCR the only difference was that Tiermoscientific Abgene PCR plates

were used in this case.
5.4.2 Lambda phage DNA, primer and probe design

A biotinylated DNA was required, therefore using tlollowing lambda phage sequence a
biotinylated DNA was ordered at Sigma with biotirtlee 5° end.

8- CCTGCAATGACCCCGCTGATGCTGGACACCTCCAGCCGTAAGCTGGTTGCG
TGGGATGGCACCACCGACGGTGCTGCCGTTGGCATTCTTGCGGTTGCTGCT
GACCAGACCAGCACCACG -3

The forward and backward primers that were used are
A - phage forward: 5"-ACACCTCCAGCCGTAAGC-3’
A - phage backward: 5"-AGCAGCAACCGCAAGAATG-3’

Using the software Beacon designer, the correspgnpiiobe was designed and ordered at

Metabion. The sequence of the probe was:

5-FAM-ACCGTCGGTGGTGCCATCCCA-BHQ-1-3".
5.4.3 Producing IgG antibodies

The lupine anti-serum was produced at BioGenesli(Bggermany) by immunizing two
rabbits; this was achieved by injecting lupine pnotextract in a concentration of 1 mg/mL
four times with an interval of seven days. Twente @ays after the fourth immunization a
last immunization procedure was carried out ancsalays later the animals were bled to
obtain the sera. The antibodies produced weretemblasing the caprylic acid/ammonium
sulphate precipitation method as explained in 5ah8 characterized by Bradford assay as

explained in section 5.1.2.
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5.4.4 Initial PCR experiments

Initially a few experiments were carried out ontydee if the amplification of the template
DNA works and what concentration of the biotinythttambda phage DNA would be
sufficient enough for appropriate amplification.€eféfore, a positive and negative control
test was conducted using SYBR Green and later dtietthe probe and thus using 1Q 5

supermix.
5.4.4.1 Positive and negative control experiment

For the first experiment, the reverse and forwandhers in concentration of 200/200 nM
were used. So 0.5 pL of both reverse and forwardgys and 6.5 pL of water were needed
per well, the primer mix was prepared accordinglyus each well contained 7.5 pL of the
primer mix, 12.5 puL of the supermix SYBR Green,l5qi either water for negative control
or DNA for the positive control. Two wells were ted with a DNA concentration of 20
ng/pL and two with a concentration of 0.2 ng/uLrgavith two negative controls containing

water instead of the DNA.

In another similar experiment, the same loadingeswh was followed with the only
difference being the concentration of the DNA Iahder positive controls, which were 2
pg/uL and 2 fg/uL, respectively. Each positive colnivas loaded on the plate thrice whereas
the negative control was loaded four times on tlaéepthis was done to rule out any false
results. The PCR plates used for immuno-PCR expgaisnwere ABgene PCR plates,
thermofast SSK 98&.

5.4.4.2 Positive and negative control experiment ti the probe

In the next experiment the probe in a concentradiob50 nM was also included; the reverse
and forward primers in 200:200 nM were used. Theg@r mix was prepared by adding 0.5
pL of both reverse and forward primers, 3.75 plthef 1:10 diluted 100 uM probe and 2.75
puL of water per well. Each well was loaded with @b primer mix, 12.5 pL of the super

mix IQ 5 and 5 puL of DNA or water for positive andgative controls, respectively. For this
experiment, four positive controls were used; thecentration of DNA loaded was 2 pg/uL

and 2 fg/uL for each two. The experiment also idellithree negative controls.

192



Experimental

The experiment was repeated again using the inicubbtffer for all dilutions at all stages

of the experiment. A similar experiment withoutngsthe probe was also carried out.
5.4.5 Primer concentration and temperature optimizéon

For the primer concentration and temperature op#tron experiment, primer pairs in
different ratios; 100:100 nM, 100:200 nM, 100:304,r200:100 nM, 200:200 nM, 200:300
nM, 300:100 nM, 300:200 nM and 300:300 nM were usent each well, 7.5 puL of primer
mix with one of these ratios, 12.5 uL of the supex i.e. SYBR Green and 5 puL of DNA
were loaded in each well. Using the software fatieent temperatures, 61.5, 60.3, 58.4 and

55.9 °C were checked for the optimum annealing satpre.
5.4.6 Development of the immuno-PCR

Using a sandwich ELISA developed in the laboratoyya colleague, Christina Ecker, for her
doctoral research, an immuno-PCR experiment waduwstad.

The procedure followed had several steps, the dinst beingcoating, each well was coated
with 25 pL of the coating solution containing 1:806f the IgY in the coating buffer and
stored overnight at 4 °C. This was followed by malyuwashing six times with 200 pL of
the wash buffer. The next step walecking each well with 25 pL of the blocking buffer
overnight. After washin@ timeswith 200 pL of the wash buffer 25 pL of the lupi®tein
as theantigen in different concentrations such as 100 ng/mLn@6nL, 1 ng/mL, 0.1 ng/mL
and 0.001 ng/mL was added and incubated for 1 fallowing washing as before, 25 ul of
IgG in a dilution of 1:15000 was added and incubated3@ min; this was followed by
washing again. Later 25 pL bfotinylated anti-rabbit antibody in a concentration of 2.3
nM was added followed by an incubation period df &t room temperature. After washing
25 pL of streptavidin in a concentration of 5 nM were added followingimacubation of 30
minutes. Washing was then followed by the addiwdr25 pL of biotinylated DNA in a
concentratiorof 0.7 pMand incubating fol hour. Finally the wells were washed six times
with 200 pL of the wash buffer followed by washib@ times with 200 pL of water. Finally

a PCR was run under the conditioned explained befor
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5.4.7 Stepwise improvements

In the first immuno-PCR experiment, afore mentiopeacedure was carried out, the lupine
standards in a range of 100-0.01 ng/mL and twoHslavithout lupine protein were loaded.
Blocking was carried out at room temperature by B&6v) casein solution in PBS.

Following the same pipetting scheme as before,gu$s0 nM of the probe and a 200:200
nM concentration of the forward and reverse prirdetection through PCR, along with

negative controls was carried out.

In the next experiment two changes were incorpdrdifocking was carried out by using the
incubation buffer and secondly all dilutions duritige ELISA steps were made using the
incubation buffer instead of bidistilled water %

A similar experiment was carried out with all steggssdeveloped for ELISA but with some
changes in the washing buffer and in the coatingati@g in this case was carried out
overnight at room temperature instead of overngght °C. The washing buffer used in the
previous experiment was prepared as explainedatiose5.1.6 but for next immuno-PCR
experiments the washing buffer used consisted1d4M NaCl, 5 mM Tris, 0.005% Tween

20 and 0.1% diazolidinyl urea (Germal 1l), the dstare explained in section 5.4.1.

In the next experiment standards were analyzed) si@me changes in the coating step.
Coating was carried out overnight at 4 °C but thating buffer was changed, in this case the
buffer used for coating was a 0.2 M N##, solution as reported by Lind et.dl.and

blocking was carried out with the incubation buf#i87 °C as before.

Later coating was improved by using a coating buffemprising of a 0.2 M NajPO,
solution and the coating antibody concentration20f ug/mL was used to coat at 4 °C
overnight. Blocking was also altered by replacimg t1% BSA by 2% casein in the
incubation buffer, hence it was carried out usiff @asein and 0.05% Tween 20 in PBS at

37 °C. The incubation time for both antigen additemd IgG was 30 minutes.

In the next experiment, coating was carried outmgét at 4 °C with 20 pg/mL of the IgY.
Salmon sperm DNA was incorporated in the blockioffdy to improve blocking efficiency.
For blocking, two different schemes were followed3@ °C. In one case 1% BSA, 0.05%
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Tween 20 and 0.01% of the salmon sperm DNA in tloeibation buffer was used. In the
other case 2% casein, 0.05% Tween 20 and 0.01%osadperm DNA in the incubation

buffer was used. The same experiment was repeattéte isame way but with carrying out
the blocking step overnight. The afore mentionepeexnents were repeated in exactly the

same way using common PCR plates (PCR plates 9®w8ioRad).
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Conclusion

The thesis investigates and discusses the devetdpnd applicability of various analytical
methods designed for the detection of three diffeaiergenic foods namely, sesame, poppy

and lupine in view of the ever growing problem odd allergy.

A significant percentage of the population suffénem food allergies according to the
epidemiological studies published over the lasii®Grears. Due to the continually increasing
prevalence, with the exact cause still unknowhag become an important health problem all
over the world. Since allergen avoidance is the tkegvoid an allergic reaction legislations
have been formulated for consumer protection. Anlaxof the Amendment Directive EC
2003/89 of EC Directive 2000/13 issued by the EaempCommission includes a list of food
ingredients and products thereof classified as iplessallergenic foods. Sesame and its
products are on the list as well as lupine angritglucts, which have been added to the list in
2006. Poppy has yet to make its way to this listeiallergy to poppy, although severe, is
very rare. Due to the evolving legislations allergketection in food and food stuffs at all
levels is gaining importance and reliable analytioceethodology is required to detect

allergenic proteins.

In the present thesis, three analytical methodse wkaveloped: an indirect competitive
enzyme linked-immunosorbent assay (ELISA) and atguarystal microbalance immuno

sensor for the detection of traces of sesame dsawea real-time polymerase chain reaction
(PCR) method for the detection of poppy in food.

Firstly a competitive ELISA, using anti-sesame Ig¥as developed and optimized for the
detection of trace amounts of sesame in differewid fstuffs. Various parameters were
optimized and the optimized conditions that weredufor future ELISA experiments were
coating at 4 °C with 1.22 pg/mL of the coating geti solution, blocking with 2% (w/v)
casein solution for 15 min and incubation for 45mith a 1:10000 dilution of the primary
antibody from an antibody solution with a concetidra of 29 mg/mL. After optimization

cross reactivity studies were carried out, the Lt not show any cross reactivity with 12
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from the 13 food ingredients tested. For chocokatéow cross reactivity of 0.7% was
observed. Matrix influences were eliminated by prep the sesame protein standard
solutions in a matrix diluted 1:20 with PBS, simita the one that had to be analyzed. For
instance a blank cracker extract, diluted 1:20 VRBS was used for preparing standard
solutions for analyzing all kinds of crackers amwkies. The accuracy and precision of the
ELISA were determined in recovery studies perforrbgdspiking blank food matrices in a
range of 25 pg/g to 200 pg/g with sesame protehle Tecovery of sesame protein in
commercially available blank food stuffs, spiketkeafextraction, was in the range of 82 to
114%. The recovery of sesame protein in commeycethilable blank food stuffs spiked
prior to extraction was in the range of 85% to 126&%th the exception of multi grain crisp
toast, which gave high recoveries ranging from 11@%60% and whole grain bread, that
yielded low recoveries ranging from 70% to 85%ciisp bread, cracker, cereals and snacks
the LOD was found to be 5 pg sesame protein/g foollesh breads and rolls, the LOD was
11 pg sesame protein/g food. To demonstrate thikcappity of the developed ELISA, 28
commercially available samples, with different @eations, such as “may contain sesame”,
“contains sesame” or with no sesame declaratioe &ealyzed. The results were found to be
in accordance with the labeling declaration. Th&ults obtained for this study have been

published, consult appendix B.

In the next part of the research a quartz crystatohalance immuno sensor to detect sesame
proteins was developed and optimized. In this ctds®,same anti-sesame IgY antibodies
were used as for ELISA. The antibodies were imndul on the quartz surface and
measurements were carried out. A change in frequencthe signal response after the
addition of the sesame extract results from a mhasge and indicates the formation of the
anti-sesame IgY- sesame protein complex. To réwesednsor this complex was successfully
dissociated without disturbing the antibody laysmg 2 M guanidine hydrochloride. The
sensor showed high interday repeatability, whenesamasurements were carried out on
different days, and a high batch to batch reprdulityy when same measurements were
carried out with a different antibody layer immabad. In order to eliminate matrix effects a
washing step was incorporated in all measuremerstisreng the measurement medium to be

the same in all cases. The LOD was found to beg3sfigesame protein per gram.
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Conclusion

In the next section of the research a real-timgmefase chain reaction (PCR) method for
the detection of poppy seed in food matrixes waseldped. The DNA extraction was
carried out using a CTAB protocol. SYBR Green assayg carried out for cross reactivity
measurements and for the optimization of the pripsr concentration and the annealing
temperature. For further experiments the TagMarayasgas used. For cross reactivity
measurements twenty eight different food ingrediewere tested by PCR, no further
investigation was carried out for those food stédiswhich a distinct negative was obtained
in the PCR analysis. For others agarose gel efgotresis was carried out to ensure the
absence of any cross reactivity. Initially, thremer pairs were used, depending on the
highest suitability one of them, primer pair 1, wdmsen. The developed method was then
validated by determining the efficiency and the LOBtandards solutions with the
concentrations of 45 ng/uL, 0.45 ng/uL, 0.045 ngu@045 ng/pL and 0.00045 ng/uL of
poppy DNA were tested and the efficiency was foundbe 88.2%. Next, spiking
experiments were conducted by spiking blank madrivgéth poppy seeds in a range of
0.001% - 1% and then extracting DNA for PCR analyb case of spiking crisp toast the
efficiency was found to be 79.9% and in case cfgyni it was 96.2%.

In the last part of this dissertation, preliminayperiments for the development of an
immuno-PCR method for the detection of lupine weagied out. For this, the experimental
setup was initiated using the sandwich ELISA dewetb for lupine detection in our
laboratory. During these experiments the coatingshing and blocking conditions were
improved but the development and optimization wasahtinued due to limited time.
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Abstract

Food allergy is considered the fourth most impdriaublic health problem by the WHO.
Since strict avoidance of the allergenic food is tnly therapy for allergic patients it is

important to develop sensitive analytical methamtstie detection of allergens in food.

In the present thesis, three analytical methodse wksveloped: an indirect competitive
enzyme linked-immunosorbent assay (ELISA) and atguarystal microbalance immuno
sensor for the detection of traces of sesame dsawel real-time polymerase chain reaction

(PCR) method for the detection of poppy in food.

The ELISA did not show any cross reactivity withetwe of thirteen food ingredients tested
(including several nuts and seeds), for chocoldtsvecross reactivity of 0.7% was observed.
Recovery of sesame protein in food samples ranged 85%-126%, with the exception of
multi grain crisp toast, yielding higher recoveri@dsl7%-160%), and whole grain bread,
yielding lower recoveries (70%-85%lror crisp bread, cracker and snacks the limit of
detection (LOD) was 5 ug sesame protein/g foodrash breads and rolls the LOD was 11

g sesame protein/g food.

The immuno sensor did not show any cross reactwitly fourteen food ingredients tested.
The LOD was found to be 35 pg of sesame proteirgpen food in whole grain bread. The
sensor showed a high interday repeatability antd bhajch to batch reproducibility and could

be reused at least ten to twelve times after regéing the antibodies.

The real-time PCR method was specific for poppy @idchot show any cross reactivity with
the twenty eight food ingredients tested. The aficplion efficiency of the method was
found to be 79.9% in crisp toast and 96.2% in griss

All three methods developed are applicable to deteces of allergens in complex and

highly processed foods.
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Abstract (German)

Lebensmittelallergien sind laut der Weltgesundbeit$irde (WHO) das viertwichtigste
Gesundheitsproblem in der Bevdlkerung. Da fur Lebdtielallergiker eine strikte

Vermeidung der Aufnahme der Allergene die einzidgmu@e ist, allergische Reaktionen zu
verhindern, benétigt man empfindliche und zuvertisssAnalysenmethoden, welche die

Detektion von Allergenen in Lebensmitteln ermdgéinh

In der vorliegenden Doktorarbeit wurden drei Analys:iethoden zum Nachweis von
allergenen Lebensmitteln entwickelt: ein indirektkompetitiver Enzymimmunoassay
(ELISA) und ein Quartz Crystal Microbalance (QCMarhunsensor zur Bestimmung von

Sesam und eine real-time PCR Methode zum Nachwaidiohn in Lebensmitteln.

Der ELISA zeigte keine Kreuzreaktivitat mit 12 vdi83 getesteten Lebensmitteln bzw.
Lebensmittelinhaltsstoffen, nur fur Schokolade wveurdine Kreuzreaktivitat von 0,7%
ermittelt. Die Wiederfindung fir Sesamprotein irbkeasmitteln lag zwischen 85 und 126%,
nur in Mehrkornknéckebrot wurde eine hohere (110%p und in Vollkornbrot eine

niedrigere Wiederfindung (70-85%) erhalten. In Kkglrot, Crackers und Knabbergeback
betrug die Nachweisgrenze (LOD) 5 pug Sesamprotgihgbensmittel, in frischem Brot und

Semmeln 11 pg Sesamprotein /g Lebensmittel.

Von vierzehn Lebensmitteln bzw. Lebensmittelzutateigte keine(s) eine Kreuzreaktivitat
im Immunsensor. Die Nachweisgrenze des Sensorsuge®6 pg Sesamprotein / g
Lebensmittel Vollkornbrot. Der Sensor zeigte einghdn Interday- und Batch-zu-Batch
Reproduzierbarkeit. Durch Regeneration der Antikdmpach der Dissoziation des Antigen-

Antikdrper-Komplexes konnte der Sensor mindestehs bis zwolf mal verwendet werden.

Die real-time PCR Methode war spezifisch fir Moma zeigt keine Kreuzreaktivitat mit 28
Lebensmitteln bzw. Lebensmittelzutaten. Die Ampéfionseffizienz der Methode betrug
79.9% in Knackebrot und 96.2% in Grissini.

Die drei im Rahmen der Dissertation entwickeltenakysenmethoden sind geeignet, um
Spuren von Allergenen in komplexen und stark vesiéeben Lebensmitteln nachzuweisen.
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Development Of A Quartz Crystal Microbalance (QCM)
Immunosensor To Detect Potentially Allergenic Sesame In Food

Fatima Tazeen Husain, Margit Cichna-Markl. Romana Schirhagl &Franz Ludwig
Dickert
Departmentof Analytical Chemistry and Food Chemistry, University of Vienna
Wihringer StraBe 38, A-1090, Vienna, Austria
Introduction

Food allergy is a hypersensitive immune response to the exposure of food allergens, roughly estimated the prevalence is 5 to 6% in children and about 2% in adults. Sesame
(Sesamuin indicum) , one of the 14 allergenic foods which have to be given in the list of food ingredients according to European Union legislation is reported to be a severe
allergen capable of causing life threatening anaphylaxis. Analytical methods to verify if sesame related labeling in food products is of vital importance and these should be
specific for the food allergen and sensitive enough to enable the detection of allergen amounts which are sufficient to elicit allergic reactions in highly sensitized patients. QCM
sensors offer several advantages in such studies as they do not require labeled reagents and the analyte can be detected in real-time. In QCM immunosensors the analyte is
recognized by antibodies immeobilized on a thin laver on a crystal surface. The resulting mass change is then transformed into an electronically measurable quantity.
Objectives

To develop and investigate the applicability of a QCM immunosensor to detect sesame in different food samples

Experimental
~ All samples were purchased from local Austrian stores and had different sesame related labeling

# Poly clonal antibodies were prepared by immunizing hens

. Production of polyclonal antibodies
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—— Results
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room temperature Figure 1: Sensor response to the antibody solution and to the sesame protein extract
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Conclusion __ -loo 4
=
~ The sensor gave a significant response for sesame. = 200
-
~ The developed sensor could be reused several times after elution. E‘ — Walnut extract
~ The developed sensor was specific for sesame and did not show any cross reactivity for & Chocolate ejract ;‘in"" ‘I‘ E‘h T
the fourteen food samples that it was tested with. £ 400 4 spiked with i/ ml sexime
(188 mg / ml{ sesam
=500 1
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Development and Validation of an Indirect Competitive Enzyme
Linked-Immunosorbent Assay for the Determination of
Potentially Allergenic Sesame (Sesamum indicum) in Food

FatiMa Tazeen Husain, INES ELISABETH BRETBACHER, ALBERT NEMES, AND
MARGIT CIcCHNA-MARKL*

Department of Analytical and Food Chemistry, University of Vienna, Wahringer Stralle 38,
A-1090 Vienna, Austria

This study was designed to develop an indirect competitive enzyme linked-immunosorbent assay
(ELISA) to detect traces of sesame in food. Antibodies against sesame were prepared by
immunizing a hen with a protein extract of white, peeled sesame. The ELISA did not show any
cross-reactivity with 12 of 13 food ingredients tested, only for chocolate was a low cross-reactivity of
0.7% observed. To eliminate matrix effects, sesame protein standard solutions were prepared by
diluting the sesame extract with blank food matrix (1:20 diluted with PBS). Recovery of sesame
protein in food samples (crisp toasts, snacks, and rolls) spiked with different sesame protein
concentrations ranged from 85% to 120%, with the exception of multigrain crisp toast, resulting in
too high recoveries (117%—160%) and whole grain bread, yielding too low recoveries (70%—85%).
In crisp bread, cracker, cereals, and snacks the limit of detection (LOD) was found to be 5 ug of
sesame protein/g of food, in fresh breads and rolls, the LOD was 11 ug of sesame protein/g of food.

KEYWORDS: Sesame; Sesamum indicum; allergen; enzyme linked immunosorbent assay (ELISA);

food

INTRODUCTION

According to rough estimations, the prevalence of allergic
reactions to food is between 6% and 8% in children younger
than 3 years of age and about 3% in adults (/). The exact
prevalence of food allergies is, however, unknown since there is
a lack of appropriate epidemiological studies. In addition, not
every diagnosis is based on double-blind placebo controlled food
challenge (DBPCFC) tests. Instead of using this “golden stan-
dard”, diagnosis is often only made by the perception of allergic
symptoms (2).

In the past, sesame (Sesamum indicum) allergy was only
common in Eastern countries, for example, in Israel, where
sesame containing foods are frequently consumed early in life (3).
Papers, however, indicate that an increasing number of Euro-
peans is confronted with health problems due to allergic reactions
to sesame (3—3). The higher prevalence of sesame allergy is
associated with the increasing consumption of sesame which
has become a common ingredient in bakery products, fast food,
and vegetarian and ethnic dishes (6). Sesame allergens are
known to be very potent, causing particularly severe reactions
in sensitized persons with a high risk of life threatening anaphyl-
axis (4,5, 7, 8). Some of them have already been identified: a
sulfur poor 28 albumin (molecular weight 10 kDa, Ses i 1), a
sulfur rich 28 albumin (7 kDa, Ses i 2), a 7S vicillin-like globulin

*To whom correspondence should be addressed. Tel.: +43-1-4277-
52374, Fax: +43-1-4277-9523. E-mail: margit.cichna@univie.ac.at.

pubs.acs.org/JAFC Published on Web 12/22/2009

(45 kDa, Ses i 3) (9. {0). two oleosins (17 kDa. Ses i 4: 15 kDa,
Ses 1 5) (/]). and two 115 globulins (Ses i 6 and Ses i 7) (12).

Recent studies raise the hope that in the future new strategies,
such as sublingual and oral immunotherapy, will be effective in
reducing sensitivity to allergens (/3). However, currently the only
option for allergic individuals 1s to avoid the certain allergenic
food completely. In many countries the presence of allergenic
substances has therefore to be declared on the food label.
According to European Union legislation, 14 allergenic foods
and food ingredients, including sesame seeds and products there-
of, have to be given in the list of food ingredients (/4). Analytical
measurements are needed to verify if sesame containing food
products are labeled in accordance with the regulations and if
nonlabeled food products are actually free of sesame. The
detection is, however, not an easy task since the allergens are
present in minute amounts in complex and often highly processed
food. Several review articles cover the latest developments in food
allergen analysis (/5—17). Analytical methods developed so far
can be divided into protein-based and DNA-based methods.
Among the protein-based methods, immunoassays, in particular
enzyme linked immunosorbent assays (ELISAs), play the most
important role. ELISAs have already been developed to detect
potentially allergenic hazelnut (/8, [9), peanut (20), walnut (27),
soy (22), and lupine (23). Up to now, only a few papers report the
development of dipsticks (24, 25) or immunosensors (26 ) allowing
the detection of allergenic food. An overview on commercial
immunoanalytical methods for the detection of allergenic food is
given in a recent review article (27).

2009 American Chemical Society
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PCR methods are based on the amplification of specific DNA
sequences which can be detected either by agarose gel electro-
phoresis or in real-time by using fluorescently labeled probes.
Real-time PCR methods have already been published for the
detection of hazelnut (28), peanut (29). lupine (30), sesame
(31.32), or the simultaneous determination of sesame and hazel-
nut in food (33). In addition, several PCR-based test kits are
commercially available.

To our knowledge, an ELISA for the detection of sesame in
food has not been published in a peer reviewed journal so far.

It was therefore the aim of the present study to produce
polyclonal antibodies against sesame proteins by immunizing a
hen and to use the resulting antibodies in the development and
validation of an indirect competitive ELISA allowing the detec-
tion of traces of sesame in food. Hens were selected for immuni-
zation because in general large amounts of antibodies can be
obtained from the egg volks, thus avoiding the necessity of
bleeding the animals.

MATERIALS AND METHODS

Reagents and Buffers. Polyclonal antisesame antibodies (IgY) were
produced by immunizing two hens with a protein extract of sesame as
described below. The secondary antibody was a rabbit antibody raised
against IgY, labeled with horseradish peroxidase (Pierce, Thermo Fisher
Scientific, Rockford, IL, USA).

The sample extraction buffer was prepared by dissolving 6.06 g of Tris
and 11.69 g of NaClin 1 L of water, adjusting the pH to 8.2 with I M HCL.
Phosphate-buftered saline (PBS), pH 7.6, was prepared by dssolving
21.25g of NaCl, 31.15 g of Na;HPO,4- 2H,0and 3.9 gof NaH, PO, - 2H,0
in 2.5 L of water.

For the ELISA, the following buffers and solutions were used. The
coating buffer, pH 9.6, consisted of 1.59 g of Na,CO5, 2.93 g of NaHCO;,
and 0.2 g of NaN; in 1 L of water. The washing buffer, pH 7.6, was
prepared by dissolving 51 g of NaCl, 5.89 g of KH,PO,, and 30 mL of
Tween 20 in I L of water. A 2% (w/v) casein solution in PBS was used as
blocking buffer. The citrate buffer was prepared by dissolving 46.04 g of
potassium dihydrogen citrate and 0.1 g of sorbic acid in | L of water. The
tetramethylbenzidine solution was prepared by dissolving 0.375 g of
tetramethylbenzidine (Sigma, Vienna, Austria) in 5 mL of dimethylsulf-
oxide and 20 mL of methanol. The substrate solution was made by adding
500 xL of tetramethylbenzidine solution and 100 gL of 1% H,0, to 25 mL
of thecitrate buffer. A 0.5M H3SOy solution was used as stop solution. All
solutions and buffers were prepared with bidistilled water.

Extraction of Sesame Seed. Sesame sceds and food samples were
purchased from local supermarkets. The sesame extract was prepared by
grinding 4 g of white, peeled sesame in a model MM 2000 grinding mill
(Retsch, Haan, Germany) to get a smooth paste. The paste was then
defatted by Soxhlet extraction with n-hexane for 18 h. After drying
overnight at room temperature, the defatted sesame was mixed with
30 mL of PBS buffer and stirred at room temperature for 2 h. This
mixture was then centrifuged at 1500g for 30 min in a model 4K 10
centrifuge (Sigma, Vienna, Austria). The protein concentration of the
supernatant was determined with the Bradford assay using bovine serum
albumin (BSA) as standard. Small aliquots of the extract were stored
at =18 °C.

For immunizing the hens, the sesame extract was diluted with PBS to a
concentration of 1 mg protein/mL. Sesame protein standard solutions
used in the ELISA were prepared by diluting the sesame extract with PBS
to concentrations from 0.001 to 10000 ng protein/mL.

Extraction of Food Samples. Food samples were homogenized in a
grinding mill. To 10 g of the ground sample, 50 mL of the sample
extraction buffer were added. The resulting mixture was then mixed with
a T25 Ultra Turrax (1IKA, Staufen, Germany) for 2 min and centrifuged at
1500g for 30 min. The supernatant was filtered through a black ribbon
filter paper (Schleicher & Schuell, Dassel, Germany) and centrifuged at
10000 rpm for 5 min in a model 5424 centrifuge (Eppendorf, Hamburg,
Germany). After the supernatant was filtered through a black ribbon filter
paper, aliquots were stored at — 18 *C.
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Production of Antibodies. Antibodies against sesame were produced
at the Department of Biochemistry and Cell Biology, University of
Vienna, Austria. Two hens (one laying brown eggs (“hen 17), the other
one laying white eggs (“hen 27)) were immunized by subcutancously
injecting the sesame extract (1 mg protein/mL PBS) containing Complete
Freund’s adjuvant, repeating the initial injection every 30thday. Hen | was
immunized five times. Hen 2, however, stopped laying eggs after the third
immunization. The eggs were stored at 4 °C. Titer determination was
carried out with the yolks of eggs laid seven days after each immunization.
For titer determination, the microtiter plates were coated with sesame
extract and dilutions of the egg yolks were incubated for 30 min. 1gY
bound to sesame protein were detected with the commercially available
rabbit antibody raised against IgY, labeled with horseradish peroxidase.

Isolation of Antibodies. Since hen 2 stopped laying eggs after the third
immunization, the ELISA was developed with the antibodies produced by
hen 1. Antibodies were isolated from the egg laid seven days after the fifth
immunization. After egg volk and egg white were separated and the
vitelline membrane was removed, the volume of the yolk was measured.
Anequal volume of PBS bufferwas added to the yolk, and the mixture was
shaken for 30 min. After centrifugation at 1500g at room temperature for
15 min, the supernatant was filtered using a gauze bandage. Antibodies
were then isolated from the filtrate by the ammonium sulfate precipitation
method at a saturation concentration of 50% (w/v) (34). The concentra-
tion of the isolated antibodies was determined with the Bradford assay
using immunoglobulin G (Sigma) as standard. The antibodies were stored
in small aliquots at — 18 *C.

SDS PAGE and Immunoblotting. A 5 4L portion of the sesame
extract (1 mg/mL) was mixed with 5 4L of a 125 mM Tris-HCI buffer pH
6.8 containing 10% mercaptoethanol, 4% sodium dodecyl sulfate (SDS),
0.04% bromophenol blue, and 20% glycerol and heated to 60 *C for
30 min. A 3.5 uL aliquot was loaded onto a SDS polyacrylamide gel
(T = 10.0%, C = 2.7%). Precision Plus Protein Standards (10250 kDa;
BioRad, Hercules, USA) and a protein solution containing conalbumin,
BSA, ovalbumin, and IgG (concentration of each: | mg/mL in bidistilled
water) were used as molecular weight markers. The electrophoresis buffer
contained 0.025 M Tris—HCI pH 8.3, 0.1% SDS, and 0.192 M glycine.
Electrophoresis was performed by using a Mighty Small SE 250 apparatus
(Hoefer Scientific Instruments, Holliston, MA, USA) and a Power Pac
(BioRad) set at 40mA for 1.5 h. After the gel was equilibrated for [ hinthe
blotting buffer (0.025 M Tris—HCI pH 8.3 and 0.192 M glycine) the
proteins were transferred from the gel to a nitrocellulose membrane (7 x
8.5 cm, pore size 0.45 nm, BioRad) under cooling and stirring by using a
Mini Trans-Blot electrophoretic transfer cell (BioRad) at 400 mA for 2 h.
Then, the membrane was cut into strips.

After they were blotted, the proteins were stained with 0.1% amido
black, 25% (v/v)isopropyl alcohol, and 10% (v/v)aceticacid in water. The
proteins were made visible with the destaining solution, (25% (v/v)
isopropyl aleohol and 10% (v/v) acetic acid in water.

For immunoblotting, the strips were blocked with a solution of Tris-
buftered saline, pH 7.5 (TBS: 10 mM Tris-HCl and 150 mM NaCl)and 3%
{(w/v) BSA at room temperature for 1h. The strips were then incubated with
the antisesame antibody in 0.5% BSA/TBS solution at 4 “C overnight.
Bound IgY were detected by using commercial antichicken IgY labeled with
peroxidase (Pierce), diluted 1:1000 with 0.5% BSA/TBS solution. After
incubation for 2 h, staining was carried out with a 4chloro-1-naphthol
substrate solution. Between each step, the strips were washed thoroughly
three times with TBS buffer for 10 min. The washing steps and the second
incubation step were performed under gentle shaking at room temperature.

ELISA Procedure. Flat-bottom polystyrene Maxisorp F96 microtiter
plates (Nunc, Wiesbaden, Germany) were coated with 200 L /well of the
coating solution comprising 1.22 ug/mL sesame extract in coating bufter.
The plate was covered with parafilm and stored at 4 °C for 16— 18 h. The
plate was then washed three times with 300 gL of the washing buffer per
well using a model 1575 immuno wash (BioRad). Remaining binding sites
of the wells were then blocked with 200 uL fwell of the blocking buffer at
room temperature for 15 min. After washing the plate, the wells were filled
with 50 4L of the sesame protein standards, in a range between 0.001 and
10000 ng/mL, or sample extracts, both in triplicates. Sesame protein
standard solutions were prepared by diluting the sesame extract with the
extract of the certain blank food matrix which had previously been diluted
1:20 with PBS.
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Next, 100 gL /well of the primary antibody were added in a dilution of
1:10000 in PBS. To determine any nonspecific binding (NSB), 150 uL of
PBS were added tosix wells on the outer sides of the plate (instead of filling
them with 50 gL of sample extract/sesame protein standard and 100 4L of
the primary antibody). To determine the maximum signal (8,) six wells on
the outer sides of the plate were filled with 100 4L of the primary antibody
solution and 50 4L of PBS. The incubation was carried out for 45 min at
room temperature.

After washing the plate, 200 uL of the secondary antibody (horseradish
peroxidase labeled anti-lg¥ antibody. diluted 1:30000 in PBS) were
added toeach well. After an incubation period of 1 h the plate was washed
again.

A 200 uL portion of the substrate solution was added toeach well. The
enzymatic reaction was stopped after 12—15 min by adding 100 L of the
stop solution. The absorbance at 450 nm was measured using a model 680
XR microtiter plate reader (BioRad). Calibration curves were obtained by
plotting the absorbance against the logarithmus of the sesame protein
concentration. Nonlinear regression was carried out with SigmaPlot using
a sigmoidal four parameter logistic function.

Cross-Reactivity Studies. Extracts of food used for cross-reactivity
studies were prepared as described above. The following foods and food
ingredients were extracted: peanut, hazelnut, walnut, Brazil nut, almonds,
sunflower seed, poppy seed, rice, wheat, rye, oat, chocolate. and honey.
The protein concentration of these extracts was determined by the
Bradford assay using BSA as standard. Before the extracts were loaded
onto the microtiter plate, they were diluted with PBS to achieve protein
coneentrations between 10 ng/mL and I mg/mL.

To calculate the cross-reactivity, the absorbance (4) at 450 nm was
normalized using the following equation:

A —NSB

Ao = m

Cross-reactivity (%) was then calculated by dividing the 50% binding

concentration of sesame by the 50% binding concentration of the cross
reactant and multiplying by 100.

Spiking of Samples and Recovery Studies. Recovery studies were
performed with food samples the sesame protein concentration of which
was below the limit of detection of the ELISA. The food matrices included
snacks, crisp toast, freshly baked breads, crackers, whole wheat cookies,
and muesli.

Spiking was carried out by two different methods.

Spiking with Sesame Proteins. Aller being ground, 10 g of the
homogenized blank food sample (crisp toast, snack, roll, or whole grain
bread) was spiked with sesame protein at the following levels: 25, 50, 100,
and 200 gg/g. Following an incubation step of 15min, the protein fraction
was extracted from the spiked samples as described above. After diluting
1:20with PBS, the extracts were subjected to ELISA analysis. The recovery
was calculated from the ratio of the amount of sesame protein determined
to the amount of sesame protein actually added to the sample.

Spiking with Sesame Seeds. Blank whole wheat cookies and
muesli were spiked with white, peeled sesame seeds. The following spike
levels were used: 1%, 0.5%, 0.1%, 0.05%, 0.01%, 0.005%, and 0.001%
(w/w) sesame in food matrix. First, sesame seeds were chopped in a small
kitchen blender and ground with a mortar and pestle. The blank food
matrix was chopped in a big kitchen blender. For the 1% spike level, 99 g
of the chopped food sampleand | g of homogenized sesame were mixed for
10 min in the big kitchen blender. After the mixture was blended with a
spoon, the spiked food matrix was mixed for further 10 min. Before the
kitchen blender was used again, 1t was washed properly with ethanol. For
the 0.5% spike level, 50 g of the food matrix spiked with 1% sesame were
mixed with 50 g of unspiked food matrix. For the 0.1% spike level, 10 g of
the food matrix spiked with 1% sesame were mixed with 90 g of unspiked
food matrix. The other spike levels were prepared in the same manner by
“diluting” the spiked food matrix with the unspiked one.

After extracting the protein fraction as described above, the extract was
diluted with PBS, the dilution factor depending on the spike level (from
1:2 to 1:500). For quantification, the absorbance closest to the inflection
point of the calibration curve was used.

Limit of Detection and Limit of Quantification. To determine
the limit of detection (LOD, S/N = 3) and the limit of quantification

Husain et al.
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Figure 1. Characterization of the antisesame IgY. Lane 1 and lane 4: Blot
of molecular weight markers, stained with amido black. Protein sizes (kDa)
are indicated on the side of the strips (lane 1: precision Plus Protein
Standard (10—250 kDa; BioRad), lane 4: protein solution containing
conalbumin, BSA, ovalbumin and 1gG). Lane 2: Blot of the sesame extract,
stained with amido black. Lane 3: Immunoblot of the sesame extract with
antisesame IgY.

(LOQ, §/N = 10) of the ELISA, the extracts of blank food matrices
(diluted 1:20 with PBS) were filled in six wells of a microtiter plate and
subjected to ELISA analysis. The LOD of the ELISA was calculated by
subtracting three times the standard deviation of the obtained absor-
bance from the mean absorbance and caleulating the corresponding
concentration by using the equation of the calibration curve established
with sesame protein standard solutions. The LOQ was calculated in the
same way but by subtracting 10 times the standard deviation of the
absorbance.

Analysis of Roasted Sesame Seeds. A 30 g portion of white, pecled
sesame seeds was roasted at the Department of Food Sciences and
Technology of the University of Natural Resources and Applied Life
Sciences, Vienna, Austria. Roasting was carried out for 10 min at four
different temperatures: 100, 150, 200, and 2350 °C, using a type 60/3 W
backing oven (Manz Backtechnik, Miinster, Germany). A 10 g aliquot of
the roasted sesame was then subjected to extraction as described above,
and the protein concentration in the extract was determined using the
Bradford assay. The extracts were diluted 1:20 with PBS and analyzed by
the ELISA.

Analysis of Commercial Foodstuffs. Commercial foodstuffs were
extracted as described above. The extracts were diluted with PBS in the
range from 1:5 to 1:500. For quantification, the OD value closest to the
inflection point of the calibration curve was used.

RESULTS AND DISCUSSION

Production and Characterization of Antisesame Antibodies.
Extraction of white, peeled sesame seeds yielded an extract with
a protein concentration of 7.3 mg/mL. For antibody production,
two hens were immunized with the extract previously diluted with
PBS to a concentration of 1.0 mg/mL. The initial injection was
repeated every 30th day. However, after the third immunization
hen 2 stopped laying eggs. The ELISA was therefore developed
with the antibodies produced by hen 1. Antibodies were isolated
from eggs laid 5—7 days after the fifth immunization. In an
average, 95 mg of antibodies were i1solated per egg yolk. The
ELISA was developed with antibodies isolated from the egg laid
7 days after the fifth immunization.

SDS PAGE and immunoblotting were performed to investi-
gate which proteins of the sesame seed extract were recognized by
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Figure 2. Influence of the concentration of the primary antbody (a) and
the coating solution (b) on the calibration curve. (a) The primary antibody
solution was diluted 1:10000 (), 1:20000 (A), 1:30000 (O) or 1:50000
(V). (b) The concentration of the coating solution was 1.22(0), 0.61 (A),
0.41 (O, or 0.31 ug/mL (V). Coating temperature: 4 °C.

the IgY. Staining the blotted proteins with amido black (Figure 1.
lane 2) resulted in protein bands at approximately 25, 29, 31, 45,
and 48 kDa. These molecular weights are in agreement with those
published by Beyer et al. (/0)). Lane 3, showing the immunoblot of
the sesame extract with IgY, indicates that the IgY reacted with
sesame proteins of 23, 45, and 48 kDa.

Development and Optimization of the ELISA. In the develop-
ment of the ELISA, the following parameters were optimized:
concentration of the coating antigen, coating temperature, block-
ing time, concentration of the primary antibody and incubation
time of the antigen and the primary antibody.

Initially the concentration of the primary antibody was opti-
mized by diluting the primary antibody solution from 1:10000 to
1:50000. The influence of the primary antibody concentration on
the calibration curve is shown in Figure 2A. Dilution factors of
1:10000 and 1:20000 resulted in slopes of 0.8179 and 0.7110 mL/
ng, respectively. Inall further experiments, the primary antibody
solution was therefore diluted 1:10000. Incubation time was
varied from 15 min to 1 h; the optimum time was found to be
45 min.

To optimize the coating antigen concentration and the coating
temperature, two microtiter plates were coated with four different
coaling antigen concentrations, one plate at 36 °C and the other
one at4 °C. The influence of the coating antigen concentration on
the calibration curve is shown in Figure 2B. Coating antigen

J. Agric. Food Chem., Vol. 58, No. 3, 2010 1437

Table 1. Cross-Reactivity of Selected Foods and Food Ingredients in the
Sesame ELISA

food/ingredient protein concentration (mg/mL) cross-reactivity (%)*
peanut 123 n.d.
hazelnut 134 n.d.
walnut 25 n.d.
brazil nut 485 n.d.
almonds 519 n.d.
sunflower seed 166 n.d.
poppy seed 180 n.d.
rice 20 n.d.
wheat 131 n.d.
rye 170 n.d.
oat 144 n.d.
chocolate 92 0.7
honey 0.05 n.d.

“n.d. = below the LOD.
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Figure 3. Influence of the matrix on the calibration curve. (a) (A) sesame
protein standards were prepared in PBS; (O0) sesame protein standards
were prepared with the extract of blank crackers, which had been 1:20
diluted with PBS; (O) the highest concentrated standard solution was
prepared by diluting the sesame extract with the extract of blank crackers,
which had been 1:20 diuted with PBS; further dilutions were prepared by
dilution with PBS. (b) Sesame protein standard solutions were prepared
gither in PBS (A), the extract of blank crackers (O), the extract of blank
cereals (O0), or the extract of blank crisp toast (V). All food extracts had
previously been diluted 1:20 with PBS.

concentrations of 1.22, 0.61, and 0.41 ug/mL yielded calibra-
tion curves with slopes of 0.9424, 0.8848, and 0.7561 mL/ng,
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Table 2. Recovery of Sesame Protein in Commercially Available Blank Samples Spiked Prior to Extraction

recovery (%)
sample spiking concentration (1«/g) day 1 day 2 day 3 day 4 mean recovery (%) interassay relative standard deviation (%)
crisp toast 1 25 87 105 96 91 95 8
50 102 99 108 104 103 3
100 91 97 106 10 101 8
200 98 94 96 81 92 8
crisp toast 2 25 78 91 89 - 86 8
50 88 119 97 - 101 16
100 93 102 100 - 98 5
200 101 139 105 - 115 18
muttigrain crisp toast 25 186 180 146 128 160 17
50 127 141 137 134 134 4
100 98 148 134 145 131 17
200 77 93 151 150 117 32
snack 25 85 115 105 93 99 13
50 85 110 97 12 101 12
100 108 123 135 138 126 10
200 72 72 76 85 76 8
roll 25 80 115 86 98 94 16
50 96 118 77 115 101 19
100 95 116 78 17 101 19
200 88 102 75 109 93 16
whole grain bread 25 77 57 76 - 70 16
50 78 70 9 - 82 18
100 67 76 114 - 85 29
200 51 68 9 - 73 33

—: not determined.

respectively. In contrast to the coating antigen concentration, the
coating temperature did not have any influence on the calibra-
tion curve. In all further experiments coating was carried out
at4°C.

After the coating step, the remaining binding sites of the wells
were blocked with a 2% (w/v) casein solution in PBS. To optimize
the blocking time, a microtiter plate was divided into four parts
and the blocking time varied from |5 min to 1 h. Since the slopes
of the calibration curves were rather similar, in all further
experiments a blocking period of 15 min was applied.

As already mentioned above, optimization experiments were
carried out with antibodies isolated from only one egg. We have,
however, carried out additional experiments using antibodies
isolated from different eggs laid in the same time period. The
calibration curves obtained did not differ significantly.

Cross-Reactivity of the ELISA. To determine the cross-reacti-
vity of the ELISA, the protein fraction of food ingredients
commonly found in sesame containing foodstuffs was extracted.
The food ingredients and the protein concentrations of the
extracts are listed in Table I. The extracts were diluted with
PBS to obtain protein concentrations between 10 ng/mL and
1 mg/mL and subjected to analysis by the ELISA. Table 1 indi-
cates that the ELISA did not show any cross-reactivity with
12 from the 13 food ingredients tested. Only for chocolate was a
low cross-reactivity of 0.7% determined. It is, however. probable
that the decrease in the OD value was caused by nonspecific
interference of the chocolate matrix and not due to specific
interactions with the antisesame antibodies.

Matrix Influence. To test for any matrix influences, the ELISA
was carried out with sesame protein standard solutions which had
been prepared by three different methods. In one case, the
standard solutions were prepared by diluting the sesame extract
with PBS. Inthe next case, the sesame extract was diluted with the
extract of blank crackers (diluted 1:20 with PBS) to obtain the
highest concentrated standard solution and then serially diluted
with PBS to obtain standard solutions of lower concentrations.
And in the last case, all standard solutions were prepared by
diluting the sesame extract with the extract of blank crackers
(diluted 1:20 with PBS).

The standard curves obtained with the different sesame protein
standard solutions are shown in Figure 3A. Preparing the stan-
dard solutions by diluting the sesame extract with the extract of
blank crackers (1:20 diluted with PBS) yielded a calibration curve
which differed from the other two calibration curves, indicating a
matrix effect.

To check the influence of other food matrices a series of
experiments was carried out by diluting the sesame extract with
extracts of various blank food matrices, for example, cracker,
crisp toast, and cereals. Each of the extracts was used 1:20 diluted
with PBS. Figure 3B shows that the food matrices influenced the
calibration curve to a different degree. Among the matrices tested,
crisp toast showed the biggest influence.

To take these matrix effects into account, further experiments
were carried out with sesame protein standard solutions obtained
not by diluting the sesame extract 1:20 with PBS but by diluting it
with the extract of blank matrix (1:20 diluted with PBS).
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Table 3. Recovery of Sesame in Blank Muesli Spiked with Sesame Seeds
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Table 5. Analysis of Roasted Sesame

spiking dilution sesame protein sesame protein sesame protein

level of the concentration concentration recovery roasting concentration concentration determined
(%) extract (19/g) (%) (%) temperature (°C) of the extract (mg/mL) by the ELISA (ug/ig)

0.001 12 5 0.003 300 100 123 88.5

0.005 12 9 0.005 100 150 11.1 93.7

0.01 15 17 0.01 100 200 12 <L0Q

0.05 1:20 107 0.06 120 250 0.1 n.d.

01 1:50 200 01 100

05 14100 906 05 100 Limit of Detection (LOD) and Limit of Quantification (LOQ).

1 1500 1505 0.8 80 The limit of detection (LOD) of the ELISA was calculated by

Table 4. Recovery of Sesame in Blank Whole Wheat Cookie Spiked with
Sesame Seeds®

spiking dilution sesame protein sesame
level of the concentration concentration recovery
(%) extract (re9/g) (%) (%)
0.001 1:10 G 0.003 200
0.005 1:10 26 0.014 280
0.01 1:10 23 0.01 100
0.05 150 147 0.08 160
041 150 154 0.08 80
05 150 928 0.5 100
1 15 XK XHX XXX

*xx = 0D value == NSB.

Since a matrix similar to the samples to be analyzed had to be
chosen the blank cracker extract was used in the analysis of all
kinds of crackers and cookies, the crisp toast for all kinds of crisp
toasts, and the cereal extract when analyzing cereals, mueslis, and
muesli bar snacks.

Accuracy and Precision. The accuracy and precision of the
ELISA were determined in recovery studies performed by spiking
blank food matrices with either sesame protein or sesame seeds.
In previous ELISA analysis, sesame could not be detected in these
matrices (sesame protein concentration < the limit of detection
of the ELISA).

Table 2 summarizes the recoveries obtained by the analysis of
different blank food matrices which had been spiked with sesame
protein. The extracts of the spiked foodstufts were analyzed on either
3 or 4 subsequent days. In general, the recovery of sesame protein was
in the range from 85 to 126%, independent of the spiking level,
indicating the high accuracy of the ELISA. However, in the case of the
multigrain crisp toast, too high recoveries (117%—160%) and in the
case of the whole grain bread, too low recoveries (70%—835%) were
obtained. Relative standard deviation ranged from 3% to 33%,
indicating a high interday repeatability of the ELISA.

Table 3 and Table 4 summarize the results obtained by
analyzing the extracts of blank muesli and whole wheat cookies
which had been spiked with sesame seeds in a concentration range
from 0.001% to 1% sesame. To determine the conversion factor
enabling the conversion from the sesame protein concentration
per gram of food (as calculated from the calibration curve) to the
sesame concentration per gram of food, sesame was extracted
with the extraction procedure applied to all other food samples.
The sesame protein concentration was found to be 18% which is
close to the protein concentration of 20% given in literature (3).
The sesame protein concentration in ug/g. as determined with the
ELISA., was therefore multiplied by 5.5 to calculate the sesame
concentration in ug/g food. Table 3 shows that with the exception
of the lowest spike level the recovery of sesame in muesli was in
the range from 80% to 120%. In whole wheat cookie, consider-
ably higher recoveries were obtained for the spiking levels
0.001%. 0.005%. and 0.05% (Table 4).

determining the mean absorbance of different blank food ma-
trices, diluted 1:20 with PBS (n = 6). From this mean value three
times the standard deviation was subtracted. The limit of quanti-
fication (LOQ) was calculated by subtracting 10 times the
standard deviation.

In the case of diluting the sample extract 1:20 in crisp bread,
crackers, cereals, and snacks, the LOD and LOQ were found to be
5 and 30 ug sesame protein/g of food. corresponding to 28 and
165 ppm sesame. In fresh breads and buns, the LOD and LOQ
were found to be 11 and 49 ug sesame protein/g of food,
corresponding to 61 and 270 ppm sesame. In oral food challenge
studies the threshold dose for eliciting allergic reactions ranged
from 30 mg to 10 g of sesame seed (3). An analytical method
allowing the detection of 30 mg sesame seed ina 200 g portion of
food should have a LOD of 150 ppm sesame. According to Poms
et al. (15) the LOD of an analytical method suitable for the
detection of allergenic foods should be between 1 and 100 ppm
(ng allergenic protein/g of food). The ELISA developed in the
present study meets these requirements.

Analysis of Roasted Sesame. To investigate the applicability of
the ELISA to detect roasted sesame, white peeled sesame seeds
were roasted for 10 min at four different temperatures: 100, 150,
200, and 250 °C. The roasted sesame was then subjected to
extraction and the protein concentration in the extract was
determined using the Bradford assay. The extracts were then
diluted 1:20 with PBS and analyzed by the ELISA. Table 5
summarizes the protein concentration obtained by the Bradford
assay and the sesame protein concentration determined by the
ELISA. It can be seen that the protein concentration of the
extracts drastically decreased with increasing roasting tempera-
ture. The protein concentration of the extracts obtained from
sesame seeds roasted at 200 and 250 °C were only 1.2and 0.1 mg/
mL, respectively. Due to this low protein concentration, sesame
roasted at 250 °C could not be detected with the ELISA.

Applicability of the ELISA to Commercial Food Samples. To
demonstrate the applicability of the developed ELISA, 28 com-
mercially available samples, with different declarations, such as
“may contain sesame”, “contains sesame” or “does not contain
sesame”, were analyzed. The results are summarized in Table 6. In
12 of 13 sesame containing food samples sesame could be
detected. Sesame could. however, not be detected in sesame oil.
Only in three samples could sesame protein be quantified, for the
other samples the absorbance measured were outside the quanti-
fication region of the calibration curve. In eight samples the
sesame protein concentration was so high, that the resulting
absorbance did not differ from the NSB value although the
sample extracts were diluted up to 1:500. In sunflower crisp toast,
the sesame protein concentration was below the LOQ.

With the ELISA, sesame was not detected in foodstuffs which
did not have any information about containing sesame. Sesame
was detected in one out of nine samples precautionary labeled
with “might contain sesame™.

Fifteen of the 28 food samples were also analyzed by a real-time
PCR method which had recently been developed in our research
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Table 6. Analysis of Commercially Available Foodstuffs

Husain et al.

samples declaration® ELISA result’(sesame protein concentration (9/g) PCR result®
sesame snack 1 (+) + (5928) i
sesame snack 2 (+) + (2575) §
sesame snack 3 (+) +(3404) -
sesame balls 1 (+) @ i
sesame balls 2 (+) -2 !
crisp flakes (+) -2 !
sesame flakes (+) -2 -
sesame cookies (+) -2 !
sesame peanut cookies (+) i -
sunflower crisp toast (+) <L0Q -
peanut cookies (packed with sesame cockies) (+) -2 -
cashew nut cookies (packed with sesame cookies) (+) -2 -
sesame oil (+) n.d. n.d.
whole grain crisp toast 1 (£) n.d. -
butter biscuits (£) n.d. n.d.
crackers () n.d. n.d.
muesli bar with lemon (£) n.d. -
muesli bar (=) <L0Q -
nut muesli (£) n.d. n.d.
whole grain crisp toast with poppy and sunflower seeds (+) n.d. -
muesli (%) n.d. -
muesli bar with grapes (£) n.d. n.d.
cereal 1 (—) n.d. n.d.
cereal 2 (—) n.d. -
flakes with fruits (—) n.d. n.d.
whole grain crisp toast 2 (—) n.d. -
crisp toast (—) n.d. n.d.
chocolate biscuits (- n.d. n.d.

*Declaration: ( +), sesame listed; (— ), sesame notlisted; (<), may contain sesame. ° ELISA result: -+* = sesame was detected but could not be quantified (OD value ~ NSB);
nd. = below the LOD. ®PCR result: + = C, value < 40; n.d. = no increase of the fluorescence signal was observed, (—) not analyzed.

group (37). Table 6 indicates that the results obtained with the
ELISA are in agreement with those obtained by PCR. Our
recently published real-time PCR method did not allow the
detection of sesame in sesame oil either. This limits the applic-
ability of both methods since sesame oil is frequently unrefined,
thus being able to trigger allergic reactions in sensitized pa-
tients (3). In oral food challenge studies the threshold dose ranged
from 1 to 5 mL. The detection of food allergens in seed oils is,
however, generally known to be a difficult task.

ACKNOWLEDGMENT

The authors would like to thank Emmerich Berghofer, Depart-
ment of Food Science and Technology, University of Natural
Resources and Applied Life Sciences in Vienna, for his assistance
with the preparation of roasted sesame.

LITERATURE CITED

(1) Burks, W.; Ballmer-Weber, B. K. Food allergy. Mol. Nurr. Food.
Res. 2006, 50, 595-603.

(2) Zuidmeer, L.; Goldhahn, K.; Rona, R. I; Gislason, D.; Madsen, C.;
Summers, C.; Sodergren, E.; Dahlstrom, I.; Lindner, T.; Sigurdardottir,
S.; McBnde, D.; Kel, T. The prevalence of plant food allergies:
A systematic review. J. Allergy Clin. Immumol. 2008, 121, 12101218,

(3) EFSA. Opinion of the Scientific Panel on Dietetic Products, Nutri-
tion and Allergies on a request from the Commission relating to the
evaluation of allergenic foods for labelling purposes (Request No.
EFSA-Q-2003-016). EFSAJ. 2004, 32, 1-197.

(4) Kanny, G.; De Hauteclocque, C.; Moneret-Vautrin, D. A. Sesame
seed and sesame oil contain masked allergens of growing importance.
Allergy 1996, 51, 952-957.

(5) Kigi, M. K.; Withrich, B. Falafel burger anaphylaxis due to sesame
seed allergy. Lancer 1991, 338, 582,

(6) Perkins, M. S. Raising awareness of sesame allergy. Pharm. J. 2001,
267, 757-158.

(7) Dalal, I.; Binson, L.; Reifen, R.; Amitai, Z.; Shohat, T.; Rahmani,
S.; Levine, A; Ballin, A.; Somekh, E. Food allergy is a matter of
geography after all: Sesame as a major cause of severe [gE-mediated
food allergic reactions among infants and young children in Israel.
Allergy 2002, 57, 362-365.

(8) Asero, R.; Mistrello, G.; Roncarolo, D.; Antoniotti, P. L.; Falagiani,
P. A case of sesame seed-induced anaphylaxis. Allergy 1999, 54,
526-527.

(9) Pastorello, E. A.; Varin, E.; Farioli, L.; Pravettoni, V.; Ortolani, C.;
Trambaioli, C.; Fortunato, D.; Giuffrida, M. G.; Rivolta, F.;
Robino, A.; Calamari, A. M.; Lacava, L.; Conti, A. The major
allergen of sesame seeds (Sesamum idicum) 1s a 28 albumin.
J. Chromatogr., B 2001, 756, 85-93.

(10) Beyer, K.; Bardina, L.; Grishina, G.; Sampson, H. A. Identification
of sesame seed allergens by 2-dimensional proteomics and Edman
sequencing Seed storage proteins as common food allergens.
J. Allergy Clin. Immunol. 2002, 110, 154-159.

(11) Leduc, V.; Moneret-Vautrin, D. A_; Tzen, J. T. C.; Morisset, M_;
Guerin, L.; Kanny, G. Identification of oleosins as major allergens in
sesame seed allergic patients. Allergy 2006, 61, 349-356.

(12) Beyer, K.; Grishina, G.; Bardina, L.; Sampson, H. A. [dentification
of 2 new sesame seed allergens: Ses 1 6 and Ses 1 7. J. Allergy Clin.
Tmimunol. 2007, 119, 1554-1556.

(13) Burks, A. W.; Laubach, 5.; Jones, 5. M. Oral tolerance, food allergy,
and immunotherapy: Implications for future treatment. J. Allergy
Clin. Impumol. 2008, 127, 1344-1350.

(14) Directive 2006/142/EC amending Annex I1la of Directive 2000/13/
EC of the European Parliament and of the Council. Official J. Eur.
Union; 2006, L 368/110, 23.12.2006, 19.

(15) Poms, R. E.;Klein, C. L.; Anklam, E. Methods for allergen analysis
in food: A review. Food Addit. Contam. 2004, 21, 1-31.

(16) Krska, R.; Welzig, E.; Baumgartner, S. Inmunoanalytical detection
of allergenic proteins in food. Anal. Bioanal. Chem. 2004, 378, 63-65.

(17) Van Hengel, A. J. Food allergen detection methodsand the challenge
to protect food-allergic consumers. Anal. Bioanal. Chem. 2007, 389,
111-118.

241



Article

(18) Holzhauser, T.; Vieths, S. Quantitative sandwich ELISA for
determination of traces of hazelnut (Coryilus avellana) protein in
complex food matrixes. J. Agric. Food Chem. 1999, 47, 4209-
4218,

(19) Drs, E.; Baumgartner, S.; Bremer, M.; Kemmers-Voncken, A.;
Smits, N.; Haasnoot, W.; Banks, I.; Reece, P.; Danks, C.; Tomkies,
V. Immer, U; Schmitt, K.; Krska, R. Detection of hidden hazelnut
protein in food by IgY-based indirect competitive enzyme-immuno-
assay. Anal. Chim. Acta 2004, 520, 223-228,

(20) Pomes, A.; Helm, R. M.; Bannon, G. A.; Burks, A. W.; Tsay,
A.; Chapman, M. D. Monitoring peanut allergen in food products
by measuring Ara h 1. J. Allergy Clin. Immunol. 2003, 111, 640-
645.

(21) Doi, H.; Touhata, Y.; Shibata, H.; Sakal, S.; Urisu, A.; Akiyama, H.;
Teshima, R. Reliable enzyme-linked immunosorbent assay for the
determination of walnut proteins in processed foods. J. Agric. Food
Chem. 2008, 56, 7625-7630.

(22) You, J; Li, D.; Qiao, 8.; Wang, Z.; He, P;; Ou, D.; Dong, B.
Development of a monoclonal antibody-based competitive ELISA
for detection of f-conglycinin, an allergen from soybean. Food
Chem. 2008, 106, 362-360.

(23) Holden, L.; Moen, L. H.; Sletten, G. B. G.; Dooper, M. M. B. W.
Novel polyclonal-monoclonal-based ELISA utilized to examine
lupine (Lupinus species) content in food products. J. Agric. Food
Chem. 2007, 55, 2536-2542.

(24) Baumgartner, S.; Steiner, 1; Kloiber, S.; Hirmann, D.; Krska, R.;
Yeung, J. Towards the development of a dipstick immunoassay for
the detection of trace amounts of egg proteinsin food. Ewr. Food Res.
Technol. 2002, 214, 168-170.

(25) Stephan, O.; Méller, N.; Lehmann, S.; Holzhauser, T.; Vieths, S.
Development and validation of two dipstick type immunoassays for
determination of trace amounts of peanut and hazelnut in processed
foods. Eur. Food Res. Technol 2002, 215, 431-436.

J. Agric. Food Chem., Vol. 58, No. 3, 2010 1441

(26) Maier, 1.; Morgan, M. R. A.; Lindner, W.; Pittner, F. Optical
resonance-enhanced absorption-based near-field immunochip bio-
sensor for allergen detection. Anal. Chem. 2008, 80, 2694-2703.

(27) Schubert-Ullrich, P_; Rudolf, J.; Ansari, P.; Galler, B.; Fiihrer, M.
Commercialized rapid immunocanalytical tests for determination of
allergenic food proteins: An overview. Anal. Bivanal. Chem. 2009,
395, 69-81.

(28) Arlorio, M.; Cereti, E.; Comsson, J. D.; Travagla, F.; Martelli, A.
Detection of hazelnut (Corylus spp.) in processed foods using real-
time PCR. Food Control 2007, 18, 140-148.

(29) Stephan, O.; Vieths, S. Development of a real-time PCR and a
sandwich ELISA for detection of potentially allergenic trace
amounts of peanut (Arachis hypogaea) in processed foods. J. Agric.
Food Chem. 2004, 52, 3754-3760.

(30) Scarafoni, A.; Ronchi, A.; Duranti, M. A real-time PCR method for
the detection and quantification of lupin flour in wheat flour-based
matrices. Food Chem. 2009, 115, 1088-1093.

(31) Schoringhumer, K.; Cichna-Markl, M. Development of a real-time
PCR method to detect potentially allergenic sesame (Sesamum
indicun) in food. J. Agric. Food Chem. 2007, 55, 10540-10547.

(32) Brzezinski, J. L. Detection of sesame seed DNA in foods using real-
time PCR. J. Food Protect. 2007, 70, 1033-1036.

(33) Schoringhumer, K.; Redl, G.; Cichna-Markl, M. Development and
validation of a duplex real-time PCR method to simultancously
detect potentially allergenic sesame and hazelnut in food. J. Agric.
Food Chem. 2009, 57, 2126-2134.

(34) McKinney, M. M.; Parkinson, A. A simple, nonchromatographic
procedure to purify immunoglobulins from serum and ascites fluid.
J. Tmmunol. Methods 1987, 96, 271-278.

Received for review September 23, 2009. Revised manuscript received
November 25, 2009. Accepted November 28, 2009.

242



Anal Bioanal Chem (2010) 398:1735-1745
DOIL 10.1007/500216-010-4069-x

ORIGINAL PAPER

Development and validation of a sandwich ELISA
for the determination of potentially allergenic sesame

(Sesamum indicum) in food

Gerda Redl» Fatima T. Husain « Ines E. Bretbacher »
Albert Nemes » Margit Cichna-Markl

Received: 4 June 2010 /Revised: 25 July 2010 /Accepted: 26 July 2010/

© Springer-Verlag 2010

Abstract This paper presents a sandwich enzyme-linked
immunosorbent assay (ELISA) that allows the determina-
tion of traces of sesame in food. Chicken anti-sesame
antibodies, used as coating antibodies, and rabbit anti-
sesame antibodies, used as secondary antibodies, were
prepared by immunization with a protein extract of white,
peeled sesame. The ELISA did not show any cross-
reactivity with 19 food ingredients commonly found in
sesame-containing foodstuffs such as seeds, nuts, and
cereals. In whole grain bread, crisp toast, and snacks, the
limit of detection (S$/N=3) was 0.5, 0.5, and 0.3 pg sesame
protein/g, and the limit of quantification (S/N=10) was 0.6,
0.8, and 1.4 ug sesame protein/g, respectively. The analysis
of blank food matrices (whole grain bread, white bread,
crisp toast, and snacks) spiked with sesame protein at four
spike levels generally resulted in mean recoveries from
72% to 145%. In the case of spiking blank food matrices
with sesame seeds, the ELISA proved to be more accurate
for whole wheat cookies than for whole wheat bread.

Keywords Sesame - Sesamum indicum - Allergen -
Enzyme-linked immunosorbent assay (ELISA)- Food
Introduction

Sesame (Sesamum indicum) is cultivated for its seeds in

tropical and subtropical areas of the world, with Asia
(India, China, and Myanmar) and Africa (Sudan and
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Ethiopia) being the main producing regions. In the past,
sesame was a popular food ingredient particularly in the
Middle East; but nowadays, people all over the world enjoy
the nutty flavor of roasted sesame seeds and sesame oil.
Whole seeds are frequently sprinkled on buns, breads,
biscuits, and snacks, whereas sesame oil is mainly used for
cooking.

A low percentage of the human population is allergic to
sesame. However, several papers indicate that the preva-
lence of sesame allergy is increasing [1-5]. Sesame allergy
tends to appear early in life but in contrast to, e.g., cow’s
milk or egg allergy, most children with sesame allergy do
not become tolerant to sesame over time [6]. In sensitized
people, consumption of sesame can cause a variety of
allergic reactions, including hives, allergic rhinitis, atopic
dermatitis, oral allergy syndrome, and even life-threatening
anaphylaxis [1-6]. So far, seven allergenic proteins have
been identified in sesame: a sulfur-poor 2S albumin
(molecular weight 10 kDa, Ses i 1), a sulfur-rich 28
albumin (7 kDa, Ses i 2), a 7S vicillin-like globulin
(45 kDa, Ses i 3) [7, 8], two oleosins (17 kDa, Ses i 4;
15 kDa, Ses 15) [9], and two 11S globulins (Ses 1 6 and Ses
i 7) [10]. Ses i 1 has recently been shown to be rather
thermostable and highly resistant to in vitro gastric
digestion [11].

Sesame allergic individuals are well advised to strictly
avoid the consumption of sesame-containing food. Many
countries, e.g., the member states of the European Union,
legally demand that the presence of sesame has to be
indicated in the list of food ingredients [12]. Analytical
measurements are needed to verify if sesame-containing
food products comply with the food labeling regulations
and if non-labeled food products are actually free of
sesame. An analytical method has to fulfill several criteria
in order to be suitable for the detection of food allergens.

@ Springer
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The method should be specific for the allergenic food since
cross-reactivity with other food components would cause
systematic errors (false positive results). The limit of
detection (LOD) of the method should be low enough to
allow the detection of allergen amounts, which are
sufficient to elicit allergic reactions in highly sensitized
patients. It is generally agreed that the LOD should be in
the range of 1 to 100 ppm [13]. In addition, the analytical
method should be applicable to both unprocessed and
processed foods to avoid false-negative results.

DNA- and protein-based methods have already been
developed for the determination of allergens in food.
Enzyme-linked immunosorbent assays (ELIS As) are the most
frequently applied protein-based methods in food allergen
analysis. In competitive ELISAs, immobilized antigen and
antigen (analyte) in solution compete for specific antibodies
present in limited amount. Competitive ELISAs have already
been developed to determine hazelnut [14], peanut [15], or
soybean [16]. Our research group recently presented a
competitive ELISA that allows the determination of traces
of sesame in food [17]. Immunometric assays, e.g., sandwich
ELISAs, make use of two antibodies raised against different
epitopes of the analyte. Sandwich ELISAs offer several
advantages compared with competitive ELISAs. The LOD
of sandwich ELISAs is generally lower since it is more
precise to measure a large signal against a low background
signal (sandwich ELISA) than to measure the difference
between two large signals (competitive ELISA). In addition,
sandwich ELISAs often show less interfering matrix effects
than competitive ELISAs. Sandwich ELISAs have already
been developed for the determination of hazelnut [18-20],
peanut [21], mustard [22], or lupine [23-25].

To our knowledge, a sandwich ELISA for the detection
of sesame in food has not been published in a peer-
reviewed joumnal so far. The present study aimed at
developing and validating a sandwich ELISA for the
determination of sesame in food and comparing its
characteristics and applicability with those of the recently
published competitive ELISA.

Experimental
Reagents, buffers, and food samples

The production and isolation of polyclonal chicken anti-
sesame antibodies (IgY) is described in Ref. [17]. Polyclonal
rabbit anti-sesame antibodies (IgG) were produced by
BioGenes (Berlin, Germany) as described below. Goat
antibodies raised against rabbit [gG and rabbit antibodies
raised against chicken IgY, both labeled with horseradish
peroxidase, were purchased from Pierce (Thermo Fisher
Scientific, Rockford, IL, USA).

@ Springer

Phosphate-buffered saline (PBS), pH 7.6, consisted of
21.25 g of NaCl, 31.15 g of Na,HPO4 %2 H,0, and 3.9 g of
NaH,PO4*2 H,0 in 2.5 L of water. The sample extraction
buffer was prepared by dissolving 6.06 g of Tris and
11.69 g of NaCl in 1 L of water, adjusting the pH to 8.2
with 1 M HCL The coating buffer, pH 9.6, contained 1.59 g
0fNa,CO;, 2.93 g of NaHCO;, and 0.2 g of NaN; in | L of
water. The washing buffer consisted of 51.0 g of NaCl,
9.36 g of NaH,PO,4%2 H,0, 74.76 g of NaHPO, %2 H,0,
and 30 mL of Tween 20 in | L of water. For blocking, a 2%
(w/v) casein solution in PBS was used. The citrate buffer
consisted of 46.04 g of potassium dihydrogen citrate and
0.1 g of sorbic acid in 1 L of water. The tetramethylbenzi-
dine (TMB) solution was made by dissolving 0.375 g of
TMB (Sigma, Vienna, Austria) in 5 mL of DMSO and
20 mL of methanol. The substrate solution consisted of
500 uL of TMB solution, 100 uL of 1% H;0,, and 25 mL
of the citrate buffer; 1.0 M H,S0O; was used as stop
solution. All solutions and buffers were prepared with
bidistilled water.

White peeled, white unpeeled, and black sesame seeds
were bought from different producers. Food samples were
purchased from local supermarkets.

Extraction
Extraction of sesame seeds

Thirty-five gram of white peeled sesame were grinded in a
kitchen mill. The sesame paste was defatted by Soxhlet
extraction with 190 mL of n-hexane for 18 to 20 h. After
drying, the defatted sesame was extracted with 300 mL of
PBS under stiring for 2 h at room temperature. After
centrifuging the mixture at 1,500x%g for 30 min, the protein
concentration of the supematant was determined with the
Bradford assay using bovine serum albumin (BSA) for
calibration. The extract was stored in small aliquots at
—18 °C.

For immunization, the sesame extract was diluted with
PBS to a concentration of 1 mg protein/mL. Sesame protein
standard solutions used for calibrating the ELISA were
prepared by diluting the sesame extract with PBS.

Extraction of food samples

After homogenizing the food samples in a grinding mill, an
aliquot of 10 g was mixed with 50 mL of the sample
extraction buffer with a T25 Ultra Turrax (IKA, Staufen,
Germany) for 2 min. After centrifugation at 1,500xg for
30 min, the supematant was filtered through a black ribbon
filter paper (Schleicher & Schuell, Dassel, Germany). The
filtrate was centrifuged at 10,000 rpm for 5 min in a Model
5424 centrifuge (Eppendorf, Hamburg, Germany). After
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filtering the supernatant through a black ribbon filter paper,
aliquots were stored at —18 °C.

Production and isolation of rabbit anti-sesame antibodies

IgG against sesame proteins were produced by immunizing
a rabbit with a protein extract (1 mg/mL) of sesame. The
adjuvant was prepared by dissolving 20 mg of lipopoly-
saccharide (Sigma) in 1 mL of bidistilled water and mixing
the solution with 15 mL of Span 80 (Sigma), 15 mL of
Tween 80 (Sigma), and 400 mL of mineral oil for 5 min.
Antigen and adjuvant were mixed in a ratio of 1:4. The
rabbit was immunized four times in intervals of 7 days with
100 to 200 pg antigen, finishing the immunizing by a last
booster injection after further 21 days. The blood was
collected 7 days after the last booster. The antibody fraction
was isolated using the ammonium sulfate precipitation
method according to the procedure given in Ref. [26]. After
removing surplus ammonium sulfate by dialysis against
PBS, the protein concentration was determined with the
Bradford assay using IgG (Sigma) as standard. The
antibody fraction was stored in small aliquots at —18 °C.

SDS PAGE and immunoblotting

Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS PAGE) under reducing conditions, blotting of the
proteins, and staining with amido black were carried out as
described in Ref. [17]. Before immunostaining, the blots
were blocked with a solution of Tris-buffered saline (TBS),
(10 mM Tris-HCI, pH 7.5, and 150 mM NaCl) and 3%
(w/v) BSA at room temperature for | h. The blots were then
incubated with anti-sesame antibodies (IgG or IgY) in 0.5%
BSA/TBS solution at 4 °C overnight. After a 2 h incubation
period with either goat anti-rabbit IgG or rabbit anti-
chicken IgG, both labeled with horseradish peroxidase,
staining was carried out with a 4-chloro-1-naphthol sub-
strate solution. Between each step, the blots were washed
thoroughly three times with TBS buffer for 10 min.
Washing and incubation were carried out under gentle
shaking at room temperature.

Procedure of the optimized sandwich ELISA

Microtiter plates (Maxisorp F96, Nunc, Wiesbaden, Ger-
many) were coated with 200 pl/well of an IgY solution
(protein concentration 1.2 mg/L, as determined with the
Bradford assay) in coating buffer. After covering with
parafilm, the plate was stored at 4 °C for 16 h. The plate
was then washed three times with 300 pl/well of the
washing buffer (Model 1575 immuno wash, BioRad). Non-
occupied binding sites were blocked with 300 puL/well of
the blocking buffer at room temperature for 60 min. After

washing the plate, either 50 pul of the sesame protein
standards (0.01 to 10,000 ug/L in PBS) or 50 uL of sample
extracts was added in triplicates. After an incubation time
of 30 min, the plate was washed again. Then, 100 puL/well
of the secondary antibody (IgG) solution with a concentra-
tion of 2.6 mg/L PBS was added and incubated for 30 min.
After removing unbound IgG by washing, 200 ul of the
detection antibody (horseradish peroxidase labeled goat
anti-rabbit 1gG, diluted 1:60,000 in PBS) were added to
each well and incubated for 1 h. After washing, 200 pL/
well of the substrate solution was added. The enzymatic
reaction was commonly stopped after 7 to 8 min by adding
100 puL/well of the stop solution. The optical density (OD)
was measured at 450 nm (microtitre plate reader, Model
680 XR, BioRad). Calibration curves were obtained by
plotting the OD values against the logarithm of the sesame
protein concentration. A sigmoidal four parameter logistic
function was used for non-linear regression.

Cross-reactivity studies

The following 19 foods and food ingredients were tested
for cross-reactivity: peanut, hazelnut, walnut, Brazil nut,
almond, cashew nut, pistachio, sunflower seed, poppy seed,
soybean, green pea, rice, wheat, rye, oat, barley, com,
chocolate (40% w/w cacao), and honey. The protein
concentration of the extracts was determined by the
Bradford assay using BSA for calibration. The extracts
were diluted with PBS to obtain protein concentrations
between 10 pg/L and 1,000 mg/L and loaded onto the
microtiter plate.

For calculating the cross-reactivity, the OD values were
normalized according to the following equation:

B —NSB

ODa o
! Bmax — NSB

NSB (non-specific binding) was determined by carrying
out the immunoassay in the absence of analyte; By
(maximum binding) was the highest signal obtained.
Cross-reactivity (in percent) was calculated by dividing
the 50% binding concentration of sesame by the 50%
concentration of the cross reactant and multiplying the
value by 100.

Spiking of samples and recovery studies

Recovery studies were carried out with whole grain bread,
whole wheat bread, white bread, crisp toast, snacks, and whole
wheat cookies. All food samples had previously been analyzed
by the ELISA and had been found to be free of sesame protein
(sesame protein concentration below the LOD).

Spiking was carried out by adding either sesame proteins
or sesame seeds to the blank samples.
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Spiking with sesame proteins

Five milliliters of a sesame protein standard solution
(containing either 50, 100, 200, or 400 mg/L) was added to
10 g of the homogenized blank food sample (whole grain
bread, white bread, crisp toast, or snack) to obtain spike
levels of 25, 50, 100, or 200 ug/g. After an incubation step of
15 min, the protein fraction was extracted as described
above. The extracts were diluted 1:20 with PBS before being
analyzed by the ELISA. The recovery was calculated from
the ratio of the amount of sesame protein determined to the
amount of sesame protein actually added to the sample.

Spiking with sesame seeds

Blank whole wheat cookies and whole wheat bread were
used for spiking. White peeled sesame seeds were chopped
in a small kitchen blender and ground with a mortar and
pestle. The blank food matrices were chopped in a big
kitchen blender. The following spike levels were used: 1%,
0.5%, 0.1%, 0.05%, 0.01%, 0.005%, and 0.001% (w/w)
sesame in food matrix. Ninety-nine grams of the chopped
food sample and 1 g of homogenized sesame seeds were
mixed in the big kitchen blender for 10 min to obtain the
1% spike level. After blending the mixture with a spoon,
the spiked food matrix was mixed for further 10 min. The
0.5% spike level was obtained by mixing 50 g of the food
matrix spiked with 1% sesame with 50 g of unspiked food
matrix. Mixing 10 g of the food matrix spiked with 1%
sesame with 90 g of unspiked food matrix yielded the 0.1%
spike level. The other spike levels were prepared according
to the same principle by “diluting” spiked food matrices
with unspiked ones. In between the preparation of different
batches of spiked food, the kitchen blender was washed
properly with ethanol. After extracting the protein fraction
as described above, the extract was diluted with PBS from
1:2 to 1:500, the dilution factor depending on the spike
level. For quantification, the absorbance closest to the
mnflection point of the calibration curve was used.

Conversion of sesame protein concentration to sesame
concentration

In order to be able to calculate the sesame concentration of
food samples from the sesame protein concentration
obtained by the ELISA, a conversion factor had to be
determined. The protein fraction of white peeled sesame
seeds was extracted three times with the procedure applied
to all food samples. The mean value of the protein
concentration of the extracts was found to be 36 g/L,
indicating that 1.8 g protein was extracted from 10 g
sesame, corresponding to a protein concentration of 18%.
The sesame concentrations of the food samples were

@ Springer

therefore calculated by multiplying the
concentration by 5.5,

sesame  protein

Analysis of roasted sesame seeds

Thirty g of white peeled sesame seeds was roasted for
10 min at either 100, 150, 200, or 250 °C in a baking oven
(Type 60/3W, Manz Backtechnik, Miinster, Germany). Ten-
gram aliquots were extracted as described above and
subjected to ELISA analysis.

Analysis of commercial foodstuffs

Commercial foodstuffs were extracted as described above.
The extracts were diluted 1:20 with PBS.

Results and discussion

Characterization of anti-sesame antibodies

For the development of the sandwich ELISA, two kinds of
polyclonal anti-sesame antibodies were used: IgY which
had already been applied in the development of a

competitive sesame ELISA [17] and IgG. SDS PAGE

under reducing conditions and immunoblotting were carried

out to assess the molecular weight of the sesame proteins
@ - -
kD kD
150 —»
100 —
75— — -+ T8
. 6T
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- 45
IT—
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Fig. 1 Characterization of the anti-sesame antibodies by SDS PAGE
under reducing conditions and immunoblotting. Lanes ! and 3, blot of
molecular weight markers, stained with amido black. Protein sizes
(kDa) are indicated on the side of the strips (lane I, precision Plus
Protein Standard (10-250 kDa; BioRad); lane 5, protein solution
containing conalbumin, BSA, ovalbumin, and 1gG). Lane 2, blot of
the sesame extract, stained with amido black. Lane 3, immunoblot of
the sesame extract with anti-sesame [gY. Lane 4. immunoblot of the
sesame extract with anti-sesame [gG
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Fig. 2 Influence of the coating antibody (lgY) concentration and the
coating temperature on the calibration curve. a Coating temperature,
4 °C. Triangles 1.16 mg/L, squares 0.48 mg/L, circles 0.24 mg/L,
inverted triangles 0.12 mg/L. b Coating temperature, 37 °C. Triangles
1.16 mg/L, squares 0.48 mg/L, circles 0.24 mg/L, inverted triangles
0.08 mg/L. Concentration of the secondary antibody (IgG), 0.65 mg/L

being recognized by IgG and IgY. Staining the blotted
sesame proteins with amido black yielded major bands at
approximately 25, 29, 31, 45, and 48 kDa (Fig. 1, lane 2).
The immunoblot of the sesame extract with [gY (lane 3)
indicates that the antibodies produced in chicken reacted
with sesame proteins of 25, 45, and 48 kDa. In addition to
these bands, immunostaining with IgG (lane 4) resulted in
bands at 75, 85, 95, and 121 kDa.

Development and optimization of the sandwich ELISA

In the development of the sandwich ELISA, both options of
combining the two kinds of anti-sesame antibodies were
applied: using lg¥ as coating and IgG as secondary
antibody and vice versa. For each altemative, the influence
of mmportant parameters on the steepness of the sesame
protein calibration curve was investigated, e.g., concentra-

tion of the coating antibody, coating temperature, type of
blocking solution, blocking time, and concentration of the
secondary antibody.

Coating with IgY

The coating conditions were optimized by varying the gV
concentration of the coating solution in the range from 1.16
to 0.08 mg/L, applying a coating temperature of either 4 or
37 °C. The influence of the coating parameters is shown in
Fig. 2. An IgY concentration of 1.16 mg/L yielded the
calibration curve with the biggest difference between the
NSB value and OD,,,. Comparison of Fig. 2a and b
indicates that steeper calibration curves were obtained when
the plate was coated at 4 °C. In all further experiments,
coating was therefore carried out at 4 °C using an Ig¥
solution with a concentration of 1.16 mg/L.

The concentration of the secondary antibody (IgG) was
found to have a strong influence on the steepness of the
calibration curve. The calibration curves obtained at [gG
concentrations of 2.6, 1.3, 0.65, and 0.43 mg/L are shown
in Fig. 3. Since an IgG concentration of 2.6 mg/L resulted
in the steepest curve, this concentration was used in all
further experiments.

In contrast to the concentration of the secondary
antibody, the type of blocking solution (2% (w/v) casein
in PBS or 2% (w/v) dry milk in PBS) did not have a big
influence on the shape of the calibration curve. Varying the
blocking time from 15 min to | h indicated that for both
blocking solutions, an incubation time of 1 h was necessary
to achieve a low extent of non-specific binding. In all
further experiments, free adsorption sites of the microtiter
plate were blocked with casein for | h.
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Fig. 3 Influence of the secondary antibody (IgG) concentration on the
calibration curve. Trangles 2.6 mg/L, squares 1.3 mg/L, circles
0.65 mg/L, inverted triangles 0.43 mg/L. Concentration of the coating
antibody (IgY). 1.16 mg/L; coating temperature, 4 °C. Blocking
solution, 2% (w/v) casein in PBS
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Coating with IgG

Applying different coating antibody (Ig(G) concentrations
(0.65, 0.43, 0.33, or 0.26 mg/L) showed that steeper
calibration curves were obtained at higher coating
antibody concentrations (Fig. 4), which cormresponds to
the results described above. In contrast to coating with
Ig¥, however, a coating temperature of 4 °C (Fig. 4a)
proved to be less suitable than coating at 37 °C (Fig. 4b)
since it yielded rather high NSB values. Coating was
therefore carried out with an IgG concentration of
0.65 mg/L at 37 °C.

In correspondence with the results described above, the
concentration of the secondary antibody (lgY) strongly
influenced the steepness of the calibration curve. From the
IgY concentrations applied (0.48, 0.24, 0.12, or 0.08 mg/L),
a concentration of 048 mg/L resulted in the biggest
difference between the NSB value and OD .
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Fig. 4 Influence of the coating antibody (IgG) concentration and the
coating temperature on the calibration curve. a Coating temperature,
4 °C:; b coating temperature, 37 °C. Triangles 0.65 mg/L, squares
0.43 mg/L, circles 0.33 mg/L, inverted triangles 0.26 mg/L.
Concentration of the secondary antibody (IgY), 0.48 mg/L
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In order to optimize the blocking conditions, microtiter
plates were blocked with either 2% (w/v) casein or 2% (w/v)
powdered milk by varying the blocking time from 15 min
to 1 h. In contrast to the type of blocking solution, the
blocking time had an influence on the extent of non-
specific binding, which is in agreement with the results
described above. The lowest NSB values were obtained
after a blocking time of 1 h.

In principle, both alternatives—using [gY as coating and
IgG as secondary antibody or vice versa—vyielded steep
calibration curves. Since under optimized conditions coat-
ing with IgY resulted in a lower extent of non-specific
binding and a steeper calibration curve (Fig. 3, data
represented as triangles) than coating with [gG (Fig. 4b,
data represented as triangles), further experiments were
carried out with IgY as coating and [gG as secondary
antibody.

Cross-reactivity of the sandwich ELISA

Cross-reactivity of the ELISA was determined by analyzing
food ingredients commonly found in sesame-containing
foodstuffs. Protein extracts of 19 foodstuffs, e.g., seeds,
nuts, and cereals, were prepared as described above and
diluted with PBS to obtain protein concentrations between
10 png/L and 1,000 mg/L. Table | indicates that the ELISA

I'able 1 Cross-reactivity of selected foods and food ingredients in the
sandwich ELISA

Food/food ingredient Protein concentration Cross-reactivity

(/L) (%)
Peanut 123 nd.
Hazelnut 13.4 n.d.
Walnut 25 nd.
Brazil nut 48.5 n.d.
Cashew nut 349 n.d.
Almond 42.3 n.d.
Pistachio 225 nd.
Sunflower seed 16.6 n.d.
Poppy seed 13.5 n.d.
Soybean 15.2 n.d.
Green pea 2.6 n.d.
Rice 2.0 n.d.
Wheat 13.1 nd.
Rye 17.0 n.d.
Oat 14.4 n.d.
Barley 1.6 n.d.
Com 0.6 nd.
Chocolate 7.2 n.d.
Honey 0.05 n.d.

nd. <0.1%
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did not show cross-reactivity with any of the 19 food
mgredients tested. In contrast, in the competitive sesame
ELISA, a low cross-reactivity of 0.7% was determined for
chocolate [17]. We assume, however, that the decrease in
the OD value was not caused by specific interactions with
the IgY but by non-specific interference of the chocolate
matrix.

Matrix influence

In the development of the competitive sesame ELISA,
matrix effects were observed [17]. Different food matrices
were found to influence the calibration curve to a different
degree. Among the matrices tested, crisp toast showed the
biggest influence. In order to take matrix effects into
account, sesame protein standard solutions were not
prepared in PBS but by dilution with extracts from blank
food matrices similar to the samples to be analyzed.
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To test for any matrix effects in the sandwich ELISA,
calibration curves obtained with sesame protein stand-
ards in PBS were compared with those prepared by
diluting the sesame extract with extracts of blank
foodstuffs. The protein extracts of a snack, crisp toast,
and whole grain bread were prepared as described
above, diluted either 1:5 or 1:20 with PBS and used
to prepare the sesame protein standard solutions.
Figure 5 shows that the calibration curves obtained by
diluting the sesame extract with blank food matrix almost
overlapped with those obtained by preparing the sesame
protein standards in PBS. This holds for each of the food
matrices, snack, crisp toast, and whole grain bread. In all
further experiments, the sesame protein standard solutions
were therefore prepared by diluting the sesame extract
with PBS. The sandwich ELISA thus shows superior
practicability to the competitive sesame ELISA recently
presented [17].
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Fig. 5 Influence of various food matrices on the calibration curve. a Snack, b crisp toast, ¢ whole grain bread. Sesame protein standards were
prepared in PBS (triangles), with the extract of blank matrix, which had been diluted 1:5 with PBS (squares), or with the extract of blank matrix,

which had been diluted 1:20 with PBS (circles)

@ Springer

249



1742

G. Redl et al.

I'able 2 Recovery of sesame protein in commercially available blank foodstuffs

Food sample

Spiking concentration

Recovery (%)

Mean recovery (%)  Interassay relative

(ng/z) standard deviation (%)
Day 1 Day2 Day3 Day4 Days5

Whole grain bread 25 145 72 103 86 61 93 35
50 96 89 110 95 83 95 11

100 64 82 102 97 79 85 18

200 39 73 86 86 73 72 26

White bread 25 116 161 147 78 101 120 28
50 89 145 129 77 128 114 25

100 77 109 94 50 95 85 26

200 79 105 104 65 71 85 2

Crisp toast 1 25 134 146 154 145 7
50 135 111 146 130 14

100 93 89 88 90 3

200 100 64 102 89 24

Crisp toast 2 25 7 162 109 57 100 47
50 63 137 101 115 104 30

100 88 105 93 28 78 44

200 58 94 90 67 77 23

Snack 25 109 86 130 108 20
50 116 80 97 98 19

100 84 62 99 81 23

200 47 39 59 48 21

() not determined

Limit of detection and limit of quantification

The LOD (S/N=3) and the limit of quantification (LOQ,
S/IN=10) in buffer were determined from the NSB values
obtained by analyzing PBS in triplicates on 16 microtiter
plates. The LOD was calculated by adding three times, and
the LOQ by adding ten times, the standard deviation of
the obtained absorbance to the mean absorbance. The
corresponding concentration was calculated by using the
equation of the calibration curve established with sesame
protein standard solutions. The LOD was found to be 4 ng
sesame protein/L; the LOQ, 13 pg sesame protein/L.

LOD and LOQ in food were determined from the NSB
values obtained by repeatedly (n=6) analyzing the extracts

of blank food matrices (whole grain bread, crisp toast, and
snack), diluted 1:20 with PBS. The LOD was found to be
5 pg sesame protein/L in whole grain bread and crisp toast
and 3 pg sesame protein/L in snack. In the case of diluting
the sample extract 1:20, the values obtained correspond to
0.5 pg sesame protein/g and 0.3 pg sesame protein/g,
respectively. The LOQ in whole grain bread, crisp toast,
and snack was found to be 6, 8, and 14 pg sesame protein/
L, comresponding to 0.6, 0.8, and 1.4 ng sesame protein/g,
respectively. According to Poms et al, the LOD of an
analytical method suitable for the detection of allergenic
foods should be lower than 100 ppm (ug allergenic protein/
g food) [27]. The ELISA developed in the present study
meets this requirement.

Iable 3 Recovery of sesame in

blank whole wheat cookies Spiking level (%)

Sesame protein concentration (ug/g)

Sesame concentration (%)  Recovery (%)

spiked with sesame seeds

0.001 1.6
0.005 8.5
0.01 18.2
0.05 727
0.10 363.0
0.50 721.2
1.00

() OD value =3

0.0009 90
0.0047 94
0.01 100
0.04 80
0.20 200
0.40 80
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Table 4 Recovery of sesame in

blank whole wheat bread Spiking level (%)

Sesame protein concentration (pg/g)

Sesame concentration (%) Recovery (%)

spiked with sesame seeds

0.001 27
0.005 200
0.01 36.4
0.05 163.6
0.50 454.5
1.00 3.434.5

0.0015 150
0.011 220
0.02 200
0.09 180
0.25 50

1.90 190

In order to obtain the LOD and LOQ for sesame (instead of
sesame protein), the values given above were multiplied by
5.5. The LOD of the sandwich ELISA was found to be 2.8 ng
sesame/g in whole grain bread and crisp toast and 1.7 pg
sesame/g in snack, the LOQ 3.3, 4.4, and 7.7 ug sesame/g,
respectively, presuming that the extract is diluted 1:20.

The sandwich ELISA showed significantly lower LOD and
LOQ than the competitive ELISA recently developed [17]. In
crisp toast and snacks, LOD and LOQ of the competitive
ELISA were found to be 5 and 30 ug sesame protein/g,
corresponding to 28 and 165 pg sesame/g, respectively.

Accuracy and precision

Blank food matrices were spiked with either sesame protein or
sesame seeds to determine the accuracy and precision of the
ELISA. Table 2 gives the recoveries obtained by analyzing
the extracts of whole grain bread, white bread, crisp toast,
and snack, which had been spiked with sesame protein at
four spike levels. The protein extracts were analyzed on
three, four, or five subsequent days. Mean recoveries were in
the range from 72% to 145%, with the exception of the
snack sample spiked with 200 pg sesame protein/g (mean
recovery 48%). In general, lower recoveries were found at
higher spike levels. Spiking with 25 or 50 ug sesame
protein/g yielded recoveries =93%, whereas spiking with 100
or 200 pg/g resulted in recoveries <90%. Relative standard
deviation was in the range from 3% to 47%, indicating
acceptable repeatability of the sandwich ELISA.

Tables 3 and 4 show the results obtained by analyzing
the extracts of blank whole wheat cookies and whole wheat
bread, which had been spiked with sesame in a concentra-
tion range from 0.001% to 1%. For whole wheat cookies,
the ELISA proved to be more accurate than for whole
wheat bread. In whole wheat cookies, the recovery of
sesame was in the range from 80% to 100%, with the
exception of the 0.1% spike level. In whole wheat bread, at
almost all spike levels, the recovery was >100%.

Analysis of sesame seeds from different producers

To investigate the applicability of the ELISA to sesame
seeds from different producers, two white peeled, two white

unpeeled, and two black sesame samples were analyzed.
Figure 6 indicates that the ELISA allows the detection of
white peeled, white unpeeled, and black sesame seeds with
comparable sensitivity.

Analysis of roasted sesame

Figure 7 shows the results obtained by investigating the
detectability of white peeled sesame seeds roasted for
10 min at either 100, 150, 200, or 250 °C. Compared with
unroasted sesame, the curves obtained for roasted sesame
were generally shifted towards higher concentrations,
indicating that the ELISA is less sensitive to roasted than
to unroasted sesame. Sesame roasted at 250 °C for 10 min
could not be detected at all. From these results, it can be
concluded that calibrating the ELISA with a protein extract
of unroasted sesame will result in some underestimation of
the sesame concentration in food samples containing
roasted sesame.

Analysis of commercial food products
The sandwich ELISA was applied to verify if food products

commercially available in Austria are labeled in accordance
with the regulations. Twenty-five commercial food products
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Fig. 6 Analysis of sesame seeds from different producers. Circles
white unpeeled sesame, squares white peeled sesame, frigngles black
sesame
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Fig. 7 Analysis of unroasted and roasted white sesame seeds.
Triangles unroasted, squares 100 °C, circles 150 °C, inverted
riangles 200 °C, digmonds 250 °C. Roasting time, 10 min

were analyzed. Seven products contained sesame, 12 were
labeled with “may contain sesame” and six did not show
any information on sesame. Table 5 indicates that sesame
was detected in each of the sesame-containing food
products. However, the concentration of sesame protein

could not be determined since the 1:20 diluted extracts
resulted in OD values >3. Lower OD values would have
been obtained by applying higher dilution factors. Higher
dilution factors were, however, not applied in the present
study. Sesame was not detected in foodstuffs without any
information on sesame. Sesame was detected in 75% of the
samples precautionary labeled with “may contain sesame”.

Conclusions

The sandwich ELISA developed in the present study allows
the determination of traces of sesame in complex matrices.
It detects white peeled, white unpeeled, and black sesame
as well as sesame seeds roasted for 10 min up to a
temperature of 200 °C. However, the ELISA was found to
be less sensitive to roasted than to unroasted sesame. The
sandwich ELISA has several advantages compared with
the competitive ELISA published recently. First of all, the
sandwich ELISA showed significantly lower LOD and
LOQ than the competitive ELISA. In addition, the
sandwich ELISA offers superior practicability with regard
to calibration. Due to the lack of matrix effects, calibration

Iable 5 Analysis of commer-

cially available foodstuffs Sample Declaration ELISA result (scsgmc protein
concentration (pg/g))

Sesame dessert 1 (+) +
Sesame dessert 2 (+) +
Sesame cookies (+) +
Sesame flakes (+) +
Vegetarian schnitzel unroasted (+) +
Vegetarian schnitzel roasted () +
Cookies with black sesame (+) +
Muesli bar 1 (£) <LOD
Muesli bar 2 (£) <LOD
Muesli bar 3 (£) <LOQ
Cookies with spelt (£) <LOD
Nut muesli (£) <LOQ
Crisp toast 1 (£) 1.1
Crisp toast 2 (€3] 34.7
Crisp toast 3 (€3] 14.4
Crisp toast with poppy and sunflower seeds (=) <LOQ
Bread with sunflower seeds (%) 4.6
Cookies packed with sesame cookies (£) 168.1
Snack 1 (£) 2.1
Snack 2 (=) <LOD

Declaration: (+) sesame listed, Snack 3 -) <LOD

(=) sesame not listed, and (=) Flakes 1 ) <LOD

may contain sesame. ELISA

result: + sesame was detected Flakes 2 ) <LOD

but could not be quantified Flakes with fruits =) <LOD

(OD>3). LOD 0.5 pg/g, Cookies with quinoa =) <LOD

LOQ 0.8 ug/g
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could be carried out with sesame protein standard solutions
prepared in PBS. In contrast, in the competitive ELISA,
sesame protein standard solutions had to be prepared by
diluting the sesame protein extract with extracts from blank
food matrices similar to the samples to be analyzed.
However, spiking experiments revealed that the accuracy
and repeatability of both ELISA formats are quite similar.
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Sesame protein is one of the most potent food allergens making it an interesting topic for analytical
chemistry and sensor approaches. Within this paper, we compare different strategies to obtain sen-
sitive layers for this purpose: immobllizing natural anti-sesame IgY on the gold electrodes of a quartz
crystal microbalance (QCM) leads to appreciable sensor responses with selectivity factors of about
four towards brazll nut protein, which shows cross reactions in sesame allergy patients. Molecularly
Imprinted polymers (MIP) generated directly from sesame protein yleld the same salectivity, but
sensitivity is increased by a factor of three as compared to the natural antibodias. Synthesizing anti-
sesame |gY MIP nanoparticies and utilizing these as templates in a surface Imprinting procedure
ylelds cavities exposing “capies” of the initial immunoglobulin molecules on their surfaces. On QCM,
these materials again show the same selactivity as the natural one, but sensitivity is increassd by
a factor of ten. Therefore, the templating process does not only yield rugged, rebust materlals but
aiso gives way to substantially Increased sensor respenses due to the higher surface density of
selective recognition siles on the respective sensor surface.

Keywords: Bicanalyte Sensing, Immunoglobulin, Sesame, Surface Imprinting, Nanoparticles,
Artificial Antibody Replica.

1. INTRODUCTION

lead to immunoassays' for detecting sesame proteins,
furthermore, ELISA kits are commercially available (e.g.,
from ElisaSystems) for the same purpose, Both meth-
ods reach lower delection limits of about 1 ppm. The
very appreciable recognition properties of natural antibod-
ies towards their respective antigens result from optimum
chemical fit between the respective binding sitc and the
antigen structure. This is achieved in nature by tailor-
ing the variable regions of the respective immunoglobulin
moalecule and optimizing both the shape and the chemical
properties via clonal selection. During this process, B-cells
are created carrying rundomly mutated receptors on their
respective surfaces. As mutations are much more [requent
in the variable region of the immunoglobulin than in the
constant region, most substantial chemical variability can
be expected there. In the next step, only B-cells interact-
ing with a fitting antigen are proliferated thus leading to a
sclection of the suitable antibody structure.
However, in analysis, natwal ionmunoglobuling fre-
quently are not the optimal analytical technique, because
*Corresponding wuthor, E-mail: Frnz.Dickert@ univie.ac.at synthesizing an exactly fitling species for a defined

Especially in  industrialized countries food allergies
become an increasing problem currently affecting up to
2% of the adult population and 8% of children.' There-
lore, reliable analysis of potentially allergenic compounds
ix of substantial intevest in both food industry and diagno-
sis, e.g., for quality control of raw malterials and processed
food and the respective production processes. Sesame pro-
tein is a suitable model compound for implementing novel
measuring stralegies, because it is one of the most impor-
tant food allergens? and contains at least 10 different
allergenic proteins. Furthermore, the symptoms of sesame
allergy appear already at prolein concentrations in the
ppm range, Genernlly speaking, for analyzing/detecting
bioanalytes, such as e.g., proteins or smaller bicgeneous
compounds,’ naural antibodies are highly suitable recog-
nition elements in terms of affinity and selectivity (some-
times almost reaching specificity). This fact for instance
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254



Antibodics and Their Replicae in Microfiidic Sensor Systems—Labelfrec Quality Assessment

analyle compound usually requires considerable offort
both in terms of synthesis time and costs making them
comparably expensive. Furthermore, proleing can eas-
ily be denatured by oxidation, micro-organisms or harsh
environmental eonditions and hence have limited life
times.

For gaining deeper fnsight into the underlying sensor
properties of the materjals and For comparing natural sys-
temns with dilferent artificial ones, we present different ana-
Lytical strategies lor developing chemieal sensors lowards
sesame protein. This includes immobilized immunoglol-
ulins as well as different rationally templated  struc-
tures based en varjous moleculardy imprinied polymers®
(MIP). The lalter includes template-directed synthesis of a
highly crass-tinked poly metic matrix. ideally adapted to the
respeetive analyte of interest. Such molecularly imprinted
polymers have already proven suceessful in various appli-
cations, such a8 stationary phases in chromategraphy,®?
cntalysts® or sensor materials for a variety of analytes
among others including c.g., drugs.? proteins' or cells.!!
The ruther siraightforward synthetic approach and the high
flexibility of molecular imprinting also makes it a highly
promising tool for deteeting sesame allergens.

2. EXPERIMENTAL DETAILS

We purchased all mosormers, reagents and solvents from
Fluka, Sigma-Aldrich and Merck in analytical grade or the
highest available purity for synthetic purposes,

2.1. Preparing Allergen Samples

We obtained the allergenic proteins by Soxhlet extac-
tion ol food samples. For this purpose, we ground 10 g
of the respective food sample and exiracted under reflux
with 50 ml of n-hexnne for 18-20 hours. The samples
were dried over nighl, diluied in PBS (phosphate buffered
suling) and centrifuged. The respective supernatant solu-
tions served as analytes. In cach case, we photometrically
determined the overall protein concentration in the respec-
tive extract aceording 1o Bradford.

2.2. Nabural Antibodies

Natwral antibodies originated from eggs of immunised
hens purified according to the procedure by McKinney and
Parkinson.'? For immobilizing the antibodies on the quartz
crystal microbalance (QCM) surface, we first washed
the device with N-methylpyrrolidone 10 remove organic
resicdues from QUM productions. Then, we injectec anti-
body solution containing 1 mg/mi of Ig¥. After react-
ing for ten Lo (fteen minutes Lo oblain S-Au binding, we
washed with de-ionized water.

400
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2.3. Sesame Protein MIP

For the direct printing process, we adsorbed 5 pl of sesame
protein extract on a suitable quanz or glass carrier at 4 °C
for half an hour. Then, we spun off the excess solvenl
to prevent formation of buffer crystals on the respective
surface. This resulted in stamps for generating a specific
surface by molecular imprinting,

In parallel, we prepared the pre-polymer by mixing
50 mg methacrylic acid, 20 mg vinylpyrrolidone and
30 mg dihydroxyethylenebisacrylamide (DHEBA) with
800 ul water and stirring at 70 °C until the DHEBA is
dissolved. Then we neutralized the solution to pH =7
with 1 M KOH and added 1.5 mg sodiumperoxydisul-
fate. Finally, we pre-polymerized under UV (254 nm} for
half an hour, Then, we spin-conted QCM with 5 ul of
this oligomer at 2000 rpm und pressed the sesame protein
stamps into the respective thin films.

24. Antibody Replicas via Nanoparticle MIP

For synthesizing nanoparticles, we applied the same poly-
mer mixture as for direct imprint, but with 60 mg DHEBA
instead of thirty. After pre-polymerizing in the reaction
vessel, we dispersed the solution in acetonitcile (20 ml
pre-polymer per liter acetonitrile) and stirred capidly to
precipitate nanoparticles. These, we then obtained by cen-
trifugation, washing two tites by re-snspending in 3 mL
waler and subsequently centrifuging again. Finally, we
sedimented the nanaoparticles on a stamp substrate (as
above, 3x5 mm). Non-imprinled particles for reference
were produced by the same procedure but withoutl tem-
plating. We then pressed these stamps in thin Alms of
the polymer also applied for direct imprinting of sesame
protein.

2.5. Measurements

As transducers, we applied QCM based on quartz blanks
with a resonance frequency of 10 MHz and a diameter
of 15.5 mm with dual electrode geometries screen-printed
on them with brilliant gold paste from Heraeus and burnt
in for 2 hours at 400 °C. To ensure that burning entirely
removed the organic parts, we soaked the final devices
in N-methylpyrrolidone over nighl. Then, we mounted the
QCM in a measuring cell with a cell volume of 150 pul
and connected it to custom-made oscillators. Elecirodes
tacing the aqueous phase (diameter 5 mm) were electri-
cally grounded, whereas the respective counter electrodes
have a diameter of culy 4 mm. Agilent 53131A frequency
counter read out the respective oscillator frequencies and
transferred them to a computer via a GP-IR interface.'?
A LabView routine recorded all the frequency responses.

AFM measurements of nanopacticles took place on a
Veeco Nanoscope IVa system in contact mode.

Sensor Letters 8, 399~404, 2010
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3. RESULTS AND DISCUSSION
3.1. Natural Antibodies as Recognition Llerments

As already mentioned, immune reactions protecting organ-
isms from pathogens are among the most seleclive reac-
tions in nature.' Therefore, it should be possible to
directly apply immunoglobulins as selective recognition
clements in chemical sensing. For this purpose, we
injected a solutfon containing 1 mg/ml antibodies obtained
from cggs of immunized hens inlo our measuring cell for
bioanalyte detection equipped with a QCM device hav-
ing unmedified gold electrodes, Upon doing this, sulphur-
containing functional groups within the individual protein
molecules react with the gold sucface of the electrode lead-
ing to covalent bonds between the two partners. Thus, the
antibodics become immobilized on the respective sensor
surface and can be applied for chemical sensing with-
out the tisk of washing them off the device again. Such
immobilized antibodies should then undergo reactions with
sesame protein they are exposcd to according 1o the skeich
depicted in Figure 1. The results of such an experimeni
can be seen in Figure 2. Here, the device is first exposed
Lo water lo reach its equilibrium f(requency and thus a
constant signal. When adding the abovementioned Ig¥
solution, the frequeney signal drops by around 500 Hz
indicaling binding of substantial mass to the sensor sur-
face. This shows that the antibodies are indeed bound to
the respective sensor surface, In the next step, we then
exposed the device o a sesame extract, which of course
contains sesame allergens, the antigen for the immebilized
antibodies. After one minuic following exposure of the
sensor to the protein, we washed the device with water to
eliminate electrostatic effects due the differenca in ionic
strengths between water and buffer. The sesame protein
again leads to substantial mass effects in the KHz range,
which ig a strong indication for antibody—antigen interac-
tions Lo occur. However, Lhe effect can be fully reversed
by washing with guanidinium hydrochloride solution and
adding water again. The full reversibility of the second

Sesame protein

gold
quariz

Fig. 1. Measuring principle with valural antibodies immaobilised on a
gold surface.
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Fig. 2. Measurement of sesame based on immobilised immuneglobuling
(1 mg/m1) on the swrface of a 10 MHz QCM. 3.5 mg/mil sesame were
added and washed with guanidinium hydrochloride. Finally, watsr was
ndded 1o show he reversibility of the effct, Sirnight lines indicate that
the measurement was slepped during washing steps 1o prevent spikes in
the curve.

sensing step indicates both selective sesame protein detec-
tion and covalent binding of the antibody on the surface,
It bas to be noted that the straight lines in Figure 2 show
the washing steps undertaken during measurements. At
those inlervals, we stopped recording the respective sen-
sor tesponses. The resvlts show that natural anlibodies
immobilised via thiol groups bound to the gold electrode
are indeed suitable tools for chemical sensing and allow
implementing a label-free detection sirategy with apprecia-
bly sensitivity and selectivity. However, generating sclec-
tive immunoglobulins is a rather time-consuming task and
comes at substantial costs. For this reason, our next step
was to replace the immunoglobuling with synthetic materi-
als made from commicrcially available monomers leading
Lo cost-cffective, robust materials,

3.2, Sesame Protcin WIIP

Combining molecularly imprinted polymers (MIP) with
QCM devices has already proven o yicld appreciable
results.'™ ' This fact together with the results obtained
with natural antibodies strongly suggest that this is also
true lor the detection of allergenic protein. Thus, we pre-
pared surface MIP with sesame protein and exposed them
to bolh sesame and brazil nut extracts that show immuno-
logical cross-reactivity. These measurements indeed reveal
mass-effects on the respectlive devices [or both analytes
(data summarized in Fig. 7), however, the sesame extracts
lead to ten cimes higher sensor signals than the oncs from
brazil nut. This does not only underpin the quality of MIP
in terms of selectivily, but also indicates that MIP inter-
act with the entirc polymer surface rather Lthan the spe-
cific antigenic site and therefore take into account more
structural information of the respective analyte than an Ig
molecule during recognition, However, in order to exclude
high non-specific effects between sesame protein and the
respective polymers, we also prepared a MIP with the
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Flg. 3. Measurement of brazilnut with a directly imprinted layer placet
on the surfice of o §0 MHz QCM. The dark curve represents the printed
electrode and the light oue the reference.

brazit nut protein exwact as the template. Figure 3 shows
the resulis of this approach: in the beginning of the mea-
surement, the sensor i§ exposed o water. After renching
equilibrinm, the layer is then cxposed to the brazil-nut
exiract. Obviously, the MIP channel mkes up substantial
amounts of this analyte, as can be seen from the fire-
gquency effeet in the range of almost 3 kHz. In contrast
Lo this, the non-speeific cffect on the non-imprinted elec-
trade is substantially smaller, namely only some 250 He.,
Sesume extract showed similar sensor responses with bath
the reference and the brazil nut MIP thus further underpin-
ning the outstandingly appreciable selectivity that can be
obtained by molecular imprinting, Selectivity of all sensor
layers presented will be discussed in Figure 7. In con-
trast o the immobilized 1gY, the MIP layer shows almost
fully reversible behaviour of the sensor signal even with-
out washing with guanidinium hydrochloride, This also
strongly supporls MIP for sensing: whereas nature opti-
mizes antibodies to reach more or less irreversible binding
between antibody and substeate, the MIP malerials retain
reversibility thus underpinning their high potential in func-
tioning as “artificial antibodics.”

3.3. Plastic Antibody Replicas for Sensing

As both natural antibodies and MIP lead to very appre-
ciable sensor results, it would be of interest to develop
fully artificial antibodies Lo investigate whether polymeric
“copies” of IgY are accessible and, if yes, whether they
also Jead o appreciable sensor responsss, The best way
for achieving this is first generating an antibody MIP and
psing this as a template for another surface impeinting
or a casting process finally leading to a plastic copy of
the initial antihody on the QCM surface. The basic strat-
egy underlying this approach is given in Figure 4: first,
we gynthesized Ig-MIP in the form of imprinted nanopar-
ticles by precipitation polymerization from acetonitrile.
‘We then assembled the particies on o stamp surface and
pressed them into an oligomeric film on the QCM sur-
face and hardening the latter. This approach in prineiple is
the stamping lechnique we developed for detecting ofher

402
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Fig. 4. Preparation of aniibody replicu: (1) Particles are precipitnted in
acetonitrile while stivring in the presence of nanal antibedles, (2) Beads
are washed with water to remove the tamplate. (3) Particles adhered on o
gluss plate are used for (he printing process of the polymer placed on ong
elecirode of & QCM. (the AFM images are 3 x 3 pm in size) (4) After
removing iMe stamp, hales including structures of antibod ias, the replicas,
are jeft behind,

biospecies in the size region of 10-1000 nm. In principle,
the cavities generated in the polymer this way should not
anly reproduce the geometrical features of the particles,
but also detils in their surface sttuctures including the
surface ehemistry. Thug, the imprints left behind by the
particies should also contain “plastic copies” of the ini-
tial Ig¥Y molecules having been used as templates duling
particle synthesis.

Particle synthesis can be strongly influenced by formula-
tion: their dimensions can be tuned by the amount ol cross
linker used during synthesis, as can be seen in Figure 5(a)
showing the average particle size for different formula-
tions of the respective polymer. Intevestingly, particle size
increases with the amount of cross-linker. Furthermore,
it is also positively correlated with pre-polymerization
time and the amount of pre-polymer injected into acetoni-
trile. For imprinting, we chose particle diameiers of a few
bundred nanometres, as depicted in the AFM image in
Figure 5(b). Evidenlly, the size of the individual particles
is in the range of 200-500 nm. The reason for choosing
comparably small patticles is the high imprinting density
thal can be achieved this way. In addition to that, their
small dimensions make them accessible for a solvent when
removing the templating stamp which favours separating
the two polymers (i.e., the particles in the stamp and the
imprint formed) from each other.

Sensor Letters 8, 389404, 2010
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Fig. 5. (n) particle size ns o funetion of cross-linker coneentrn-
tion; (L)AFM images of the particles selacied for sensitivity/selectivity
experiments,

Figure 6 shows the oulcome of Lhis approach: it gives
the frequency responses of 4 dual channel QCM, one chan-
nel coated with a layer containing the “plastic antibodies™
and the other one as a reference. In a first step, we exposed
the sensor to rye extract that should not show allergenic
cross-activity with sesame. Indeed, the frequency shift
obtained at both channels is the same thus proving the
absence of a cross renction, The overall sensor responses
in this case are duc 1o the facl that switching from a buffer
to a protein extract substantially changes the environment
of the respective sensor. After the rye exiract, we exposed
the device to o mixture doped with sesame. In this case, the
imptinted channe! yiclds substantial cffects: the frequency
decreases by about 600 Hz! Hence, substantial recognition

Py— N 4 ? 12 15
ne
=30
Rye + Sesam

E— —400 0,127 mg/m] MM
E ~901H

- 12004 [ Reforence

_1500 [ Replica

Timg [min]

Fig. 6. QCM-Measurement of sesame with mntibody replica In rye
extracl. The light eurve shows the sensor response of the replica (printed
wilh imprinted partlcles) wherens the dark curve shows the reference
{printed wilh reference particles),
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of sesame protein takes place on the MIP. However, it has
o be emphasized that this MIP does not contain cavities
optimized to interact with the sesame protein, but “plastic
copies” of the antibody on its surface interacting with the
target analyte in the same way as a natural antibody. Thus,
the imprinting process makes it possible to generate such
replicas of IgY and also transferring the biclogical activity
into an artificial system.

Figure 7 suramarizes the experiments on the different
recognition approaches: evidently, the selectivily between
sesame and brazil put extract of the natural antibody, the
direct imprint with sesame prolein and the antibody replica
cast from nanoparticles, respectively, is the same. The
brazil nut imprint also shows similar recognition ability
by preferably incorporating its own template. However,
the main differences between the different sensors con be
found in sensitivity: here, the natural antibodies immobi-
lized on the device surface show the lowest effects, fol-
lowed by the sesame protein MIP and the atificial 1gy
replica. This can be explained by the different surface
propetties of the respective materinls: in the case of the
immobilized immunoglobuling, the individual molecules
arc atlached to the gold electrode of the QCM by cova-
lent gold-sulphur bonds, This binding process is statisti-
cally governed, which means that only a limited amount
of Ig molecules are immobilized in a way that their recog-
nition siles are sterically accessible. In the case of the
sesame proteln MIP, one can in the ideal case agsume most
densely packed recogaition sites on the MIP surface. This
increases the mass effects by a factor of three as com-
pared to the nawral system, Compared to this, the layer
containing replicated IgY on its surface Jeads to more than
threelold increase in sensitivity yielding responses being a
factor of ten higher than the ones ablained with the natural
antibodies. The reason for this of course is that imprint-
ing with panoparticles substantially increases the aclive

sy ‘
400} e
i

g 300 ’ ‘
4

200 ‘

B | " replica
100". printed with bridlnul

printe with sesame

: natural antibody
sesame brazilnut

Fig. 7. Comparison of sensor responses witlt 10 MHz quartz for differ

enl measuring sirategie.
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surface of the respective sensor layer thus offering substan-
tially larger numbers of interaction sites on the surface,

4. CONCLUSION

Molecular imprinting can not only be applied for gen-
erating selective recoguition sites for a defined species
{e.g., sesame protein), but it also gives way lo generaling
polymer-based replicas of natural antibodies. When coated
onto the electrodes of a QUM, anti-sesame IgY, sesame
protein imprints and IgY replicas lead to the same selectiv-
ity, respectively. Therefore, the templating procedures very
appreciably retain the functional properties of their respec-
tive template without substantially losing quality even if
two casting steps take place, as it is the case with the Ig¥Y
replicas. Directly comparing the three sensor Jayers under-
pins this claim by the similar selectivity obtained. Sen-
sitivity of the artificial systems, however, is substantially
higher than in the case of immobilized natural antibod-
ies due to higher amount of binding siles on Lhe surface.
Consequently, it is possible to synthesize plastic copies of
IgY retaining the initial selectivily despite the fact that the
chemical composition of the actificial system is of course
substantially different from the original protein.
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