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Abstract

Diamine Oxidase DAO is an enzyme which effect manifests in the decomposition of histamine.
Naturally present histamine is degraded by naturally produced DAO, but it is possible that this process
doesn’t totally or partially occur due to a too high quantity of histamine or, as specifical matter of
interest, when the DAO presence is not sufficient. Around 1% of the population manifests histamine
intolerance that can lead to not negligible symptoms, the actual solution is the external medical
supplement of DAO to people having this disorder, but the new topic is to reduce histamine level by
directly treating foods with the enzyme. This research focused on the resistance of DAO to different
temperatures to evaluate the conditions at which the DAO enzyme could be introduced in the
processes of preparation of foods rich in histamine. In this thesis DAO from various sources [Porcine
DAO = Pea Extracted DAO = Encapsulated Porcine DAO = Encapsulated Pea Extracted DAO] has
been tested analysing its activity after thermal treatments at different temperatures [60°C = 70°C =
80°C] and times [0 min = 5 min * 10 min = 15 min = 20 min], analysing then the activity and quantity
comparing it to the standard optimal conditions of untreated enzyme to make comparisons between
samples before and after any treatment repeating each experiment three times with the objective to
evaluate the stability of the enzyme, its specifical and residual activity and a general view of possible
industrial implications. Results showed that PEA lyophilized DAO is the most active enzyme at 60
and 70 °C for short amounts of time, PEA encapsulated DAO activity slightly increases and tend to
remain stable at 60 °C while fall almost to zero at 70 °C, Porcine DAO both encapsulated and
lyophilized also showed a moderately increased activity with stable tendency at 60 and 70 °C while
all the samples activity dropped to zero at 80 °C implying that any treatment on foods should be done

below this temperature.
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Chapter 1: Introduction

This chapter includes information about histamine biological functions and intolerance along with
the possible causes of it, the Diamine Oxidase DAO enzyme role in the histamine metabolization and
its deficiency as the main responsible for the intolerance of it. Finally, the methodologies for the

extraction and encapsulation of the used samples have been analysed.

1.1: Histamine presence, structure, functions and effects overview

Histamine, discovered in 1910 by Dale and Laidlaw along with its physiological effects, is a substance
present in many biological processes, it can be produced internally in the body or can be introduced
from a huge variety of foods especially fish based products, meat and vegetables (Tomatoes,
Spinach...) with highest concentration in fermented and unhygienically preserved foods which let the
proliferation of Enterobacteriaceae microbiotas which is main responsible for histamine dairy
products presence [2]. Around 1% of the population in the world is intolerant or hypersensitive to
histamine so a correct management of its presence and metabolization is not a negligible topic.
Histamine is definable as a biogenic heterocyclic diamine which derives mainly from I-Histidine
decarboxylase reaction performed by L-Histidine decarboxylase enzyme (HDC) taking place in mast
cells, basophils, histaminergic neurons and enterochromaffin cells in gastrointestinal tract [2]. It is
implied in much biological processes in fact the name comes from the Greek word “Histios”, which
means tissues indicating its presence in many different ones in the human body carrying out different
physiological functions, so its presence must be kept under the toxic threshold but high enough to let

occur the normal physiological processes.
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Figure 1-1: Histamine physiological and toxicological effects [3]
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Figure 1-2: More detailed histamine toxic effects overview [1]



1.2: Histamine Metabolization

Histamine is involved in much many vital systems (apparatus digestive, respiratory, circulatory...)

and the symptoms that can develop due to an incorrect biological management of it underlines the

importance of its metabolization. There are many strategies to avoid the accumulation of histamine:

Prevention of histamine formation:

Improvement of hygienic conditions

Heat/Pressure treatments for microbial inactivation
Control of physicochemical factors during processing
Promotion of histamine degradation

Addition of histamine-degrading microbiota

Addition of histamine degrading enzymes which metabolize histamine on which this research
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Figure 1-3: Summary of the histamine metabolism



The biogenic amine histamine is synthesized by decarboxylation of the amino acid histidine catalysed
by L -histidine decarboxylase (HDC). Histamine can be metabolized by extracellular oxidative
deamination of the primary amino group by diamine oxidase (DAO) or intracellular methylation of
the imidazole ring by histamine-N-methyltransferase (HNMT). Therefore, insufficient enzyme
activity caused by enzyme deficiency or inhibition which may lead to accumulation of histamine.
Both enzymes can be inhibited by their respective reaction products in a negative feedback loop, N-
Methylhistamine is oxidatively deaminated to N-methyl-imidazole acetaldehyde by monoamine

oxidase B (MAO B) or by DAO. [1]
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Figure 1-4: Overview of the main mechanisms of histamine production and degradation in the mammal cell

Histamine is intracellularly synthesized by L-histidine decarboxylase (HDC) from the amino acid

histidine by certain mammal cells (mast cells, basophils, platelets, histaminergic neurons, and



enterochromaffin cells). Conversely, histamine is intracellularly degraded by histamine N-
methyltransferase (HNMT), ubiquitously expressed, and extracellularly by secreted diamine oxidase
(DAO), mainly produced in enterocytes. [3] Between the 2 showed enzymes involved in histamine
metabolization, DAO (Diamine oxidase) is the most efficient (0.02 mol/L of histamine metabolized
which is 2-3 times more than HNMT (Histamine N-Methyltransferase) [1]) it’s present in bigger
quantity in the process and its deficit is the main responsible for hypersensitivity of people intolerant

to histamine, that’s why the research is focused on DAO.

1.3: DAO Diamine Oxidase

The DAO enzyme was first identified back in 1929 by Charles H. Best in autolyzing lung tissue,
which he called histaminase because of its ability to degrade histamine. Years later, given its ability
to also degrade other diamines, as described above, the more accurate designation of Diamine
Oxidase was proposed. Beyond its role in the intestinal degradation of histamine in humans, DAO is
also present in microorganisms, plants and animals, where it also catalyses the oxidative deamination
of the primary amino group of histamine into its corresponding aldehyde, concomitantly producing
stoichiometric amounts of ammonia and hydrogen peroxide. It had been proven by numerous clinical
studies to be the main barrier against exogenous histamine in intestines and its deficiency to be the
source of many biological disorders. Like the current treatment for lactose intolerance, the possibility
of oral supplementation with exogenous DAO has been proposed by several authors to facilitate
dietary histamine degradation. Improving intestinal DAO activity would allow a less restrictive diet,
which could include foods with a tolerable dose of histamine. Another still in development way is the

direct DAO to present histamine treatment on foods before being consumed.



Now, the main source of DAO enzyme is porcine kidney extracts but recently plant origin (Mostly
legumes) DAO with higher catalytic capacity have been studied to compete against the actual

commercialized Porcine DAO, to have a more efficient and more sustainable process. [4]

1.4: Extraction and partial purification of DAO from porcine kidney

The extraction of diamine oxidase (DAO) from porcine kidney is a detailed process that involves

several steps to isolate and purify the enzyme.

It begins with the pig kidney, which is first homogenized in a phosphate buffer on ice. The kidney
tissue is broken down using a high-speed homogenizer to create a thick slurry. This slurry is then
centrifuged to separate the solid tissue from the liquid supernatant. The solid portion is further
homogenized, and both resulting supernatants are combined. This combined liquid, containing the
soluble proteins, is then centrifuged multiple times at increasing speeds to further separate the DAO-
rich solution from other cellular components. Once the solution is sufficiently clarified, the enzyme-
containing liquid undergoes a heat treatment. The temperature is raised to a controlled level to help
denature and remove fewer stable proteins, while DAO, which remains stable, is left in the solution.
After cooling, the solution is subjected to another round of centrifugation to remove any remaining
solids. The next phase involves ammonium sulphate precipitation, a technique used to selectively
precipitate proteins. Ammonium sulphate is added slowly to the solution, and after stirring for an
extended period on ice, the solution is centrifuged again. This step is repeated with increasing
concentrations of ammonium sulphate to further purify DAO, which precipitates out as a pellet. The
pellet is then suspended in buffer for the next step. Finally, the DAO is purified through hydrophobic
interaction chromatography (HIC), where the protein is passed through a resin that binds specific
hydrophobic regions. The column is washed to remove impurities, and the DAO is eluted using a
buffer, separating it from the resin. The resultis a partially purified DAO solution, which is ready for

further testing or use. Throughout this process, certain steps, like ammonium sulphate precipitation,



are necessary to prevent interference from other compounds like haemoglobin, ensuring accurate

measurement of DAO activity. [5]

1.5: Extraction and partial purification of DAO from peas

Diamine oxidase (DAO) from legume seedlings is typically extracted through a series of carefully
controlled laboratory steps. The procedure begins by taking young seedlings, usually a few days old,
and homogenizing them in a phosphate buffer solution. This creates a crude extract, which contains
a mix of proteins, including DAO. To further purify the enzyme, ammonium sulphate is gradually
added to the mixture. This step selectively precipitates proteins by adjusting their solubility.
Unwanted proteins are removed in stages, while DAO remains in the solution. The extract is then
subjected to a process of centrifugation to separate solid particles from the liquid. The pellet obtained,
which contains the most active DAQO, is dissolved in another buffer. Next, the extract undergoes a
heat-shock treatment. The temperature is briefly raised to a high level and then rapidly reduced. This
process helps in eliminating unstable proteins that denature under heat, leaving the more stable DAO
intact. The final purification step involves passing the solution through a hydroxyapatite column,
where proteins are separated based on their affinity to the column material. Different phosphate
buffers are used in a gradient to elute the proteins. The fractions with the highest DAO activity are

collected and concentrated using ultrafiltration. [7]



1.6: Enzyme Encapsulation

Encapsulation is a means to enable enzyme recycling and prevent enzyme degradation in adverse
conditions offering several practical advantages, such as easy recovery for applications in catalysis
or increased resistance to detrimental conditions for use in biotechnology and medicine. The
encapsulation method used for the encapsulated DAO utilized was ionic gelation via carbohydrates
from plants and fungi as biopolymers using specifically chitosan, a linear polysaccharide derived
from chitin and mixing it with the gelling agent and DAO. The method employed is ionotropic
gelation, a process where gel formation occurar through the interaction between a charged polymer
(such as cationic chitosan) and multivalent ions or polyanions (such as tripolyphosphate). This
interaction leads to the formation of a cross-linked network, resulting in a gel matrix that can
encapsulate biomolecules like enzymes, using the polyanion sodium tripolyphosphate as the gelling

agent. [6]



1.7: Encapsulation Procedure

DAO is mixed with chitosan, and sodium tripolyphosphate is used to induce gelation. The resulting
particles have an average diameter of around 261 nm with a relatively high polydispersity index

(0.47), indicating size variability.

Polysaccharide
solution

o= £ ‘_‘. -_\_H . b

Ungelled droplet

Gelling bath Gelled droplet

Figure 1-5: lonic gelation method for the synthesis of polysaccharide-based particles. The target enzyme is mixed and
incubated with the polysaccharide of choice. Dripping the mixture into a solution containing cations, e.g. CaCl2, yields
enzyme-loaded gel droplets. Structures of the polysaccharides alginate (a), chitosan (b), and x-carrageenan (c)

The encapsulation efficiency is very high, at 97.3% for DAO, meaning that almost all the introduced
enzyme is successfully entrapped in the capsule. When digested the enzyme has an initial burst release
ofabout 60% of the DAO within the first 2 hours, followed by a slower, steady release. This controlled
release is considered beneficial for topical enzyme delivery, as it allows a sustained release over time.
In summary, DAO encapsulation using chitosan and ionotropic gelation with sodium
tripolyphosphate is highly efficient, providing a controlled release system suitable for applications
where gradual enzyme delivery is essential. The encapsulation method used for oral DAO sub
ministration is the most effective in general for DAO properties preservation, in fact the analysed
samples not lyophilized were homogenized powders coming from DAO subjected to the same

previously described encapsulation procedure. [6]
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Chapter 2: Materials and methods

This chapter includes the list of materials used in the experiment with their respective function, the
reactants and samples preparation and a full description of the procedure followed for the thermal
treatment, the activity and Bradford tests along with a resume of the used instrumentation in the
laboratory with a particular focus on the spectrophotometry working principles, the main machine

used to extract the results.

2.1: Materials list and function

The experiment utilized a variety of materials, each serving specific functions in the preparation of
reactants, enzyme assays, and analytical processes. Histamine dihydrochloride was employed as a
primary reactant under study, while the enzyme diamine oxidase (DAO) was examined in four distinct
forms, including porcine lyophilized and encapsulated variants, as well as PEA-based counterparts.
DA-67 and horseradish peroxidase (POD) were both involved in reactions related to hydrogen
peroxide decomposition. To maintain experimental conditions, the buffering agent PIPES was used
to ensure a stable pH around 7.2 and consistent temperature. Sodium diethyldithiocarbamate played
a critical role in halting reactions at the conclusion of thermal treatments, while blue Coomassie G250
was a key element in the preparation of the Bradford Test buffer, used for protein quantification.
Hydrochloric acid facilitated the dissolution of encapsulated materials, ensuring homogeneity for
subsequent analysis. Additionally, a solution of citric acid and phosphate was employed to stabilize
encapsulated enzymes. The preparation of the Bradford Test buffer also involved ethanol, which
served as a solvent, and phosphoric acid, contributing to the buffer’s chemical composition. Detailed

information regarding these materials and their specific properties is available in the cited references.

For more details see Appendix A, Table A-1
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2.2: Reactants

The following table shows the composition and weight of the compounds used for the preparation

of the reactive solutions.

Table 2-1: Reactants specifical composition

REACTANT Histamine DA-67 POD DAO

SPECIFICAL 0.0036 g 0.0005g 0.0052g  Lyophilized

CONCENTRATION 20 ml 25 ml 5ml 0.01g

Mass of reactant (g) 5ml
PIPES Buffer (ml) Encapsulated

0.02 g DAO + 0.5 ml Citr. Acid + Phosph. sol
5 ml

The following table shows the composition and weight of the compounds used for the preparation

of the buffer solutions.

Table 2-2: Buffers specifical composition

BUFFER PIPES BRADFORD TEST
COMPOSITION 7.56 g PIPES 100 mg B.Comassie + 50 ml Ethanol + 100 ml P.Acid
1L Distilled H20 1L Distilled H20

Compounds expressed in grams indicates its initial state as solid powders diluted then with the

respective buffer.

2.3: Dao thermal treatment

The prepared solutions containing DAO had been thermally treated by being putted in thermal bath
at 60, 70 and 80 °C for 0-5-10-15-20 minutes, the encapsulated DAO samples thermal treatment had
been followed by the addition of 15 ul of chlorohydric acid (HCI) and placed into a bath at 25 °C for
30 minutes to dissolve the residue of capsule in the mix to have a homogeneous treated sample to be

analysed. Each test has been repeated 3 times to increase the solidity of the results.
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2.4: Dao activity test

Steps of the experiment after preparation of reactants and buffers (The name of substances refers to

the previously diluted mix):

e Preparation of reference 750 ul PIPES Buffer + 726 ul DA-67 solution and sample 750 ul
Histamine solution + 726 pl DA-67 solution

e Thermal treatment in 37 °C bath for 10 minutes, the function of references is to nullify the
error due to possible imprecisions and/or anomalies in the experiment by measuring the
difference between samples and reference results (All solutions treated have been placed in
different Eppendorf tubes)

e 24 ul POD solution added in both references and samples and 50 pul of treated DAO at different
times and temperatures in samples

e Thermal treatment in 37 °C bath for 10 minutes

At this stage reactions taking place are histamine degradation followed by hydrogen peroxide

decomposition:
Histamine degradation

D40
Histamine + 0, + H,0 — Imidazole — 4 — acetaldehyde + NH; + H, 0,

Which is the main desired reaction to study (At 37°C because it is the temperature where DAO

reaches the maximum performance).
Hydrogen Peroxide decomposition

POD
DA—67* + H,0, + H;,0 — Methylene blue** + 2 H,0 + 2 — Amino(N — carboxy)sodium acetate

Which converts the hydrogen peroxide produced in the first reaction (Directly proportional to the

degraded histamine hence the DAO activity) into methylene blue whose characteristic colour



13

intensity makes it analysable in the spectrophotometer later, so its presence hence its colour is directly

proportional to the DAO activity.

e 50 pl of Sodium Diethyldithiocarbamate solution added in both references and samples to
stop the reactions

e Centrifugation at 9449 rpm for 3 minutes

e Taking 200 pl three times from each sample and reference to be placed in a table for the

Spectrophotometer analysis at A ~ 668 nm

Figure 2-1: Sample for DAO activity test explicatory image (Specifically Commercial Porcine DAO analysed in this case)
to notice how the solution have been placedin the tables to be analysed with samples over and references below, from the
picture a first visible conclusion is already deductible, the colour of the sample get lower with higher temperature,
indicating that less histamine have reacted, hence less hydrogen peroxide have formed and converted into blue methylene
because of a lower quantity of DAO present after the thermal treatment (Almostnone DAO have survived at 80 °C and
20 minutes).
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2.5: Dao Bradford test

Bradford test had been used to find the quantity of DAO present in the samples after the thermal

treatment using the following procedure:

e Bradford test buffer filtration to remove solid Blue Coomassie residues which would
compromise the spectrophotometry analysis

e Preparation of solutions with 0.9 ml of PIPES Buffer and 0.1 ml of treated DAO mix (One for
every time at the specific temperature)

e Mix 0.1 ml of the solution prepared in the previous step with 4.9 ml of filtered blue buffer
(One for every time at the specific temperature) along with one reference of4.9 ml blue buffer
+ 0.1 ml of PIPES buffer

e Taking 200 pl three times from each sample and reference prepared in the previous step to be

placed in a table for the Spectrophotometer analysis at A ~ 595 nm

Figure 2-2: Bradford test samples, higher is the blue intensity higher is the content of DAO, here, like in the activity test
image, 0 minutes sample appearsjust one time because it doesn t differrespect to temperature. In this table the 3 yellowish
samples are the neutral reference with PIPES instead of DAO solution to calculate the gap between them and filter errors
and imprecision.
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2.6: Spectrophotometry and spectrophotometer

To explain the functioning principles of spectrophotometry the starting point is the electromagnetic
radiation, often described as a wave phenomenon, require the integration of quantum models to
explain the selective absorption of energy by atoms or molecule radiation is viewed as consisting of
discrete packets of energy called photons. This approach clarifies how atoms and molecules absorb
specific amounts of energy, a phenomenon that is central to spectroscopic techniques. Electrons
within an atom occupy distinct energy levels, including a stable ground state and various higher-
energy excited states. An electron transitions between these levels by absorbing a photon whose
energy matches the exact difference between the two states. However, excited states are typically
unstable, causing electrons to return to their ground state and release the absorbed energy. While
Schrodinger’s wave mechanics is the most accurate model for describing atomic structure, the Bohr
model is still useful for explaining electronic transitions in spectrophotometry. In this model, electrons
are organized in discrete shells (ni, nz, ns, etc.), with higher shells corresponding to greater energy
and greater distance from the nucleus. Each shell contains specific orbitals (s, p, d, etc.), with a
maximum of two electrons per orbital. This structure is crucial for understanding how atoms interact
with radiation, particularly in terms of their energy transitions. In molecules, the behaviour of bonding
electrons changes, especially in systems involving multiple nuclei. These electrons can exist in ¢
(sigma) or m (pi) bonds, which influence their likelihood of absorbing radiation. Sigma bonds are
highly localized and have a low probability of transition, resulting in minimal absorption. Pi bonds,
by contrast, are delocalized and more likely to undergo transitions, particularly in conjugated systems
with alternating single and double bonds. The presence of elements like nitrogen can further enhance

these transitions by modifying the energy levels of the system.
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Molecular orbitals, which describe the energy states of electrons in molecules, are categorized into
bonding (o, m), antibonding (c*, 7*), and non-bonding (n) orbitals. Absorption of radiation depends
on transitions between these orbitals, with high-energy transitions such as ¢ — ¢* and n — o*
requiring ultraviolet light, while lower-energy transitions like n — 7n* and 1 — ©* occur with
ultraviolet or visible light. Conjugated systems shift absorption to longer wavelengths (redshift) and

increase the intensity of absorption, making them key to many chemical and biological processes.

Beyond electronic transitions, molecules also absorb energy through vibrational and rotational
motions. Vibrational transitions involve the stretching and bending of bonds and are typically
observed in the infrared region, while rotational transitions, involving changes in molecular rotation,
occur at lower energy levels in the far infrared or microwave regions. These processes together

illustrate the diverse ways in which atoms and molecules interact with electromagnetic radiation.

47
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Figure 2-3: Explicatory image of the absorbance of radiations

The absorption spectra of molecules are influenced by additional transitions accompanying electronic
transitions. Specifically, vibrational and rotational transitions occur simultaneously, leading to a
broadening of the absorption peaks. This results in complex absorption bands rather than sharp lines,

a phenomenon that becomes particularly evident when comparing a substance in its vapor state to the
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same substance in solution. In solution, interactions with the solvent can further alter the shape and
position of the absorption bands, adding to the complexity. Each molecule exhibits specific absorption
characteristics due to the unique energy levels associated with its electrons' ground and excited states.
These differences produce distinct absorption wavelengths, which appear as peaks in the absorption
spectrum and correspond to the energy required for specific electronic transitions. Key to these
absorption characteristics are chromophores, the functional groups within a molecule responsible for
its interaction with electromagnetic radiation. Chromophores often include multiple bonds, such as
C=C, C=0, or C=N, which allow for electronic transitions at specific wavelengths. For example, the
benzene ring, a common chromophore, absorbs at around 254 nm. The presence of conjugated
systems within chromophores shifts the absorption to longer wavelengths (a redshift) and increases
the intensity of absorption, enhancing the molecule's optical properties. The absorption of specific
wavelengths also determines the colour of a substance. A molecule's observed colour is
complementary to the colour of light it absorbs. For instance, if a substance absorbs light in the red
region of the spectrum, it will appear green or blue to the observer. This interplay between absorption

and perceived colour underscores the connection between molecular structure and optical behaviour.

Figure 2-4: Relation between solution colour and absorbed one, if the solution has the colour present in the first row of
the image the absorbed colour will be the one present in the second row below

The Beer-Lambert Law forms the foundation of quantitative analysis in spectrophotometry by
relating the absorbance of light to the properties of the medium through which it passes. Lambert's
Law states that the proportion of light absorbed by a transparent medium remains independent of the

light’s initial intensity, with successive layers of the medium absorbing equal proportions of light.
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Beer's Law complements this by asserting that the absorption of light is directly proportional to both

the concentration of the absorbing species and the path length of the light through the medium. These

principles combine in the Beer-Lambert Law, expressed mathematically as A = log (170) =€xC*b

where A is absorbance, Ip and I are the incident and transmitted light intensities, c is the concentration

of the absorbing substance, b is the path length, and € is the molar absorptivity.

In practice, instruments like the Biochrome EZ Read 2000 use tungsten-halogen lamps as the
radiation source to achieve stable and continuous emission across the visible spectrum. This lamp
type ensures consistent and reliable absorption measurements over a wavelength range of 340—-800
nm, which covers both the near-ultraviolet and visible regions, enabling comprehensive analysis of
diverse chromophores. The monochromator, a diffraction grating system, isolates light within this
range with high precision, ensuring accurate selection of wavelengths. This is critical for resolving

closely spaced absorption peaks, particularly in complex spectra.

The instrument's sample compartment accommodates a 96-cuvette plate, with each cuvette holding
200 pL of sample. This high-throughput design supports efficient analysis in clinical laboratories,
research facilities, and quality control settings. To maximize measurement reliability, the detection
system employs dual silicon diodes, known for their broad wavelength responsiveness, mechanical
robustness, and enhanced sensitivity. These diodes reduce noise and improve the signal -to-noise ratio,
ensuring precise absorbance readings even at low levels. Additionally, the cuvettes are designed with
highly polished optical windows and flat entrance/exit surfaces, minimizing scattering and distortion
for optimal light transmission. The system also facilitates precise sample positioning, streamlining

the loading and unloading process while maintaining measurement reproducibility.
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Together, these features make the Biochrome EZ Read 2000 a robust tool for spectrophotometric
analysis, allowing for precise, high-capacity, and reliable measurements in a wide range of

applications.[34]

Figure 2-5: Biochrome EZ Read 2000

Detector
+
Sample
Source | cC————0| Monochromator | =y | measuring
/j compartment system
+
readout

Figure 2-6: Symbolical representation of the spectrophotometer elements chain
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Chapter 3: Results Analysis

This section treats the results obtained from the experiment and processed through the

spectrophotometer by graphical representations and discussions.
3.1: Experimental Results

The quantity of protein and of hydrogen peroxide present related to the absorbance difference have
been experimentally calculated by testing known quantities of substance to the spectrophotometer
and obtaining as correlation values two lines of equation y=a*x + b where y is the absorbance
difference and x is the protein quantity or hydrogen peroxide with the parameters present in the

following table.

Table 3-1: Absorbance-protein quantity and absorbance-hydrogen peroxide correlation lines coefficients

Line (y=a*x + b) Slope (a) Initial Value (b)
Protein  quantity (Used in 0.000518 0.002424
Bradford Test analysis)

Hydrogen Peroxide present (Used = 0.002737 0.01157

in enzyme activity analysis)

With the availability of correlations, it have been possible then to calculate the following parameters

starting from the absorbance differences obtained from the spectrophotometer.

. . (Absorbance of sample — Absorbance of reference) — 0.01157
. umol histamine 0.002737
Activity (U = - ) = o
minute 10 minutes

Absorbance dif ference—0.002424

Quantity (mg protein) = °'°1°8;18 (%) % 0.05 ml (Volume of samples)

L o umol histamine Activity
Specifical Activity ( ) =

minute * mg protein B Quantity
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) o Activity (t,T)
Residual Activity (%) = — —— %100
Activity (0 min)

When the specifical and residual graphics show negative values, they can be approximated to zero

corresponding to unactive enzyme, this verifies due to the activity and protein mathematical formulas,

which can reach negative values even if they do not have physical meaning.

The following graphics will show the specifical activity and the quantity of protein obtained at

different times for different temperatures.

Porcine Lyo —e—60C 70C 80C

0,080 -

=

L 0,060

o I

o - ! I . T
0,040 -

£ ! I $

2

> 0,020 l

=

< 0000 ; - I T

© IO S

g ; i b

g -0,020 -

& Time (min)

Figure 3-1: Lyophilized porcine specifical activity-time graphic

Lyophilized porcine DAO is the commercial and most stable enzyme as confirmed by the graphic

where the specifical activity of the enzyme tend to be constant with a slight increase at 60 °C and a

low increase at 70 °C degrees while at 80 °C the enzyme doesn’t survive so there is no activity.
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Figure 3-2: Encapsulated porcine specifical activity-time graphic

Encapsulated Porcine shows a specifical activity peak around 60-70 degrees with a stable behaviour
along time with a better resistance (hence a higher activity) to 80 °C treatment for short amounts of

time but still with a low activity which becomes null rapidly.
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Figure 3-3: Lyophilized and encapsulated porcine residual activity-time comparison graphic

Residual activity is the activity of the sample respect to the one at 0 minutes which is the sample that
has not been subjected to the thermal treatment. It is noticeable that Lyophilized and Encapsulated

Porcine RA % at 60-70°C never goes below 100 % while they instead reach peaks of 200 % which
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means their activity is double respect to normal conditions, hence a treatment on foods until 70 °C is

appliable.

PEA Lyo —e—60C —e—70C 80C

Specifical Activity (U/mg protein)
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Figure 3-4: Lyophilized pea specifical activity-time graphic

Specifical activity for Lyophilized Pea DAO has a monotonic decreasing behaviour in time and

temperature at 60 °C and 70 °C and fall to almost absence of activity at 80 °C, an important

observation is that lyophilized Pea extracted DAO has the highest specifical activity between all

samples in the 0-10 minutes range at 60 °C and 70 °C doubling the porcine DAO which is the second

most active enzyme.
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Figure 3-5: Encapsulated pea specifical activity-time graphic
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Encapsulated PEA shows the lowest activity of all the analysed DAO extracts with a stable behaviour
at 60 °C but an activity tendent to zero for 70-80 °C. Here the encapsulation lowers the activity almost
ten times respect to the lyophilized sample but increasing the stability, similar tendency due to the

encapsulation were present in the porcine DAO too.

- & =60_Lyo - ® =70 _Lyo - @& =380 _Lyo
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Figure 3-6: Lyophilized and encapsulated pea residual activity-time comparison graphic

Residual Activity shows an interesting aspect considering that even if lyophilized PEA DAO has the
highest specifical activity, at 60 °C encapsulated PEA DAO is the only one whose residual activity
increases reaching a peak of 300 %, a data that can play a huge difference in treatments where the

encapsulation is necessary, or it is economically more convenient respect to a lyophilised one.

For total activity and protein numerical values see Appendix C, Tables A-10, A-11, ..., A-21.
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3.2: Anova Test Results

The following results have been obtained from Statgraphics software performing ANOVA (ANalysis
Of VAriance) Multifactorial simulation with 95 % level of confidence (So without considering data
outside this accuracy range which can be direct consequence of anomalies or imprecisions in the

tests).

3.2.1: Statistical Analysis

The statistical analysis was performed using the Statgraphics 19 software, focusing on both single-
factor (one-way) and multi-factor ANOVA. Fisher’s Least Significant Difference (LSD) tests were
applied to all the collected data to detect and compare differences between the group means. The
primary objective of the ANOVA tests was to identify distinct groupings for each factor and assess
the presence of statistically significant differences between these groups. A p-value threshold of 0.05
(95 % level of confidence excluding data outside this accuracy range that can derive from anomalies
or imprecisions in the tests) was used to determine statistical significance, with all significant findings
being highlighted and discussed in detail in the subsequent sections. In addition to the main effects,
an interaction analysis keeping the same p-value threshold was conducted to explore and analyse
deeper both the conclusions reached in section 3.1 and in the grouping plots using variance instead
of average and viewing also specifical activity plots with temperature in abscissa axes. The goal here
was to determine the range of influence of each factor to state whether there’s a significant difference
in a treatment in a specifical time and temperature and another one. For more details about grouping

test data see Appendix B, Tables A-2, A-3, ..., A-9.
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3.2.2: DAO Porcine Lyophilized specifical enzymatic activity (U/mg protein)

This section gives a graphical description of DAO Porcine Lyophilized specifical activity analysing

the interactions with temperature and time.
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Figure 3-7: Commercial Lyophilized Porcine DAO Specifical Activity ANOVA Test-Temperature grouping

Temperature effect results in three significantly (p<0.05) different groups at 60, 70, 80 °C.
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Commercial Lyophilized Porcine DAO Specifical Activity ANOVA Test-Temperature interaction plot

Specifical activity has a bump at 60 °C, at 70 °C it decreases at value lightly lower than the activity

at 0 minutes and falls at zero at 80 °C, it is noticable that lower is the activity and lower is the

difference between values at different times and the same temperature.
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Figure 3-9: Commercial Lyophilized Porcine DAO Specifical Activity ANOVA Test-Time grouping

Time effect results in three significantly (p<0.05) different groups at 0, 5-10-15 and 20 minutes.

0,087 — —] Temperature
C 1 |—=— 60
L 4 |—=— 70
0,067 4 |—=— 80
2 B ]
> o N
T 0,047 — —
< L i
E - -
e r ]
= 0,027 —
[ — -
[= % - -
= - —
0,007 — —
0,013 -

Time

Figure 3-10: Commercial Lyophilized Porcine DAO Specifical Activity ANOVA Test-Time interaction plot

Specifical activity differs depending from the operating temperature in the first minutes but as the

time of treatment reach 10-15 minutes the activity tend to univocally decrease.
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3.2.3: DAO PEA Lyophilized specifical enzymatic activity (U/mg protein)

This section gives a graphical description of DAO Pea Lyophilized specifical activity analysing the

interactions with temperature and time.
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Figure 3-11: Lyophilized Pea DAO Specifical Activity ANOVA Test-Temperature grouping

Temperature effect results in three significantly (p<0.05) different groups at 60, 70, 80 °C.

|
i
:
|

0,14 e B

011 —

0,08

Specifical Activity

0,05 —

0,02 —

001 |- - -
60 70 80
Temperature

Figure 3-12: Lyophilized Pea DAO Specifical Activity ANOVA Test-Temperature interaction plot

Specifical activity is lower than the activity before the thermal treatment at any of the experimented

temperatures, the tendency is also an activity decreasing at an increasing temperature.
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Figure 3-13: Lyophilized Pea DAO Specifical Activity ANOVA Test-Time grouping

Time effect results in five significantly (p<0.05) different groups at 0, 5, 10, 15, 20 minutes.
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Figure 3-14: Lyophilized Pea DAO Specifical Activity ANOVA Test-Time interaction plot

Specifical activity univocally decreases at all the temperatures .

29
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3.2.4: DAO Porcine Encapsulated specifical enzymatic activity (U/mg protein)

This section gives a graphical description of DAO Porcine encapsulated specifical activity analysing

the interactions with temperature and time.
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Figure 3-15: Encapsulated porcine DAO Specifical Activity ANOVA Test-Temperature grouping

Temperature effect results in two significantly (p<0.05) different groups at 60-70 and 80 °C.
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Figure 3-16: Encapsulated porcine DAO Specifical Activity ANOVA Test-Temperature interaction plot

Encapsulated porcine DAO shows an increase in the enzyme activity at 60 and 70 °C respect to the
pretreated sample while at 80 °C it falls again showing that the increased stability given from the

encapsulation is not enough to let the enzyme works at that temperature.
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Figure 3-17: Encapsulated porcine DAO Specifical Activity ANOVA Test-Time grouping

Time effect results in two significantly (p<0.05) different groups: 0-20, and 5-10-15 minutes.

(X 0,001)
88 — —
68 — —
=y
% 48 — —
L9
®
& B
‘S 28 —
]
o ;
n
" —
s I |
42 — —
0 5 10 15 20
Time

31

Temperature
—ea— 60

—— 70

—— 80

Figure 3-18: Encapsulated porcine DAO Specifical Activity ANOVA Test-Time interaction plot

Interaction graphic shows the presence of peaks on the paths, the activity is lower than the lyophilized

porcine but the melting of the capsule along time impact increasing the stability of the activity with

peaks where the proportion melted capsule and enzyme activity reach its maximum.
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3.2.5: DAO PEA Encapsulated specifical enzymatic activity (U/mg protein)

This section gives a graphical description of DAO Pea encapsulated specifical activity analysing the

interactions with temperature and time.
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Figure 3-19: Encapsulated pea DAO Specifical Activity ANOVA Test-Temperature grouping

Temperature effect results in three significantly (p<0.05) different groups at 60,70 and 80 °C.
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Figure 3-20: Encapsulated pea DAO Specifical Activity ANOVA Test-Temperature interaction plot

At 60 °C encapsulated Pea DAO activity is higher than pretreated sample while at 70 and 80 degrees

the enzyme doesn’t survive.
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Figure 3-21: Encapsulated pea DAO Specifical Activity ANOVA Test-Time grouping

Time effect results in three significantly (p<0.05) different groups: 0, 5-10-15 and 20 minutes.
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Figure 3-22: Encapsulated pea DAO Specifical Activity ANOVA Test-Temperature interaction plot

The stability is enhanced thanks to the encapsulation but it is still noticable that a too long thermal
treatment decrease the enzyme activity (i.e. the 15-20 minutes trait is decreasing for every

temperature).
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Chapter 4: Conclusion

The application of Diamine Oxidase (DAO) for reducing histamine levels in food products represents
a promising strategy for improving food safety and quality. However, its successful integration into
industrial processes requires careful attention to certain technical and economic factors. The enzyme’s
thermal sensitivity, particularly its significant activity reduction above 70°C, necessitates precise
control of processing temperatures. Ensuring the enzyme’s functionality means industries must adapt
their methods to maintain conditions that preserve DAO stability. DAO is available in lyophilized
and encapsulated forms, each offering distinct advantages. While lyophilized DAO is easy to handle
and transport, encapsulation provides better thermal protection, allowing for broader applications.
The source of the enzyme also plays a crucial role in its industrial feasibility. Porcine-derived DAO,
particularly from regions like China with robust pork industries, offers cost-effective solutions due to
established supply chains. Alternatively, pea-derived DAO caters to plant-based and hypoallergenic
markets, presenting a valuable option for vegan and vegetarian consumers, albeit with potentially
higher production costs due to the need for advanced extraction techniques. From a broader
perspective, the adoption of DAO involves navigating not only technical challenges but also
economic and regulatory considerations. Thermal stability, cost optimization, and consumer
preferences all converge to influence its application. Industries must align production with local
resources, such as leveraging pork or legume supply chains in specific regions, while addressing
cultural and dietary demands. In conclusion, DAO provides a viable and adaptable solution for
reducing histamine content in foods. Its successful industrial implementation hinges on balancing
enzyme selection, process optimization, and market requirements. By adopting a holistic approach,
industries can harness the potential of DAO to meet diverse consumer needs, enhance food safety,

and remain competitive in a global market.



Appendix A

The following table gives the data sheet for each material used in the experiment, each one is

specifical to the most considered aspects during the experimentation including the materials involved

in the preparation of the reactants and the analysed compounds, more information are available at the

references cited and other sources.
Table A-1: Chemical compounds, materials and enzymes used in the experiment with respective function

Material Function in the experiment

HISTAMINE DIHYDROCHLORIDE [10][11] Reactant to be studied

e Physical/Chemical Properties:
White crystalline powder, soluble in water

Chemical Formula: CsHoNs - 2 HCI

N
N
N
N NH,
HCI HCI

e Hazardous Conditions:
May cause allergic skin and eyes reactions and
respiratory irritation
o Toxicological Effects:
May cause respiratory irritation if inhaled
e Storage:
Store in a well-ventilated area, keep container

tightly closed, and store in a cool, dry place.



DAO (Diammine Oxydase) [12][13]

Physical/Chemical Properties:
Protein-based, usually in powder or lyophilized
form
Soluble in water

Hazardous Conditions:
Non-hazardous under normal handling
May cause allergic reactions in sensitive
individuals

Toxicological Effects:
Limited data, but protein allergens can induce
allergic reactions

Storage:
Store at -20°C to preserve enzyme activity, avoid

repeated freeze-thaw cycles.

DA-67 [14][15]

[10-(Carboxymethylaminocarbonil)-3,7-bis(dimethylamino)

phenothiazine Sodium Salt]

Physical/Chemical Properties:
Powder, white to green-blue
Soluble in water

Chemical Formula: C19H>3N4NaOsS

0

)I\/“ i

Y

\N/CESD\N/
| |

NaH

36

Enzyme to be studied in 4

different forms: Porcine

Lyophilized, PEA
Lyophilized, Porcine
Encapsulated, PEA
Encapsulated

Reactant present in Hydrogen

Peroxide decomposition



e Hazardous Conditions:

May cause skin and eye irritation

Avoid dust inhalation
o Toxicological Effects:

May cause respiratory irritation, potential allergen
e Storage:

Store in a cool, dry, well-ventilated area

POD (Horse radish grade I peroxidase) [16][17]

Physical/Chemical Properties:
Protein enzyme, light brown powder
Soluble in water

Hazardous Conditions:

Non-hazardous, but avoid contact with skin and

eyes

Toxicological Effects:

Low toxicity but may cause allergic reactions

Storage:
Store at -20°C to maintain enzyme activity, avoid
light.
PIPES (1,4-Piperazinediethanesulfonic acid, Piperazine-1,4-bis
(2-ethanesulfonic acid), Piperazine-N, N’-bis (2-ethanesulfonic

acid) [18][19]

e Physical/Chemical Properties:
White powder, crystalline
Solubility: 0.58 g/L at 20°C in water
Chemical Formula: CgHisN>O¢S;

HO3S SO3H
3 _\—N/_\N—/— 3
—/
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Reactant present in Hydrogen

Peroxide decomposition

Buffering agent useful to
maintain stable temperature

and PH around 7.2
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e Hazardous Conditions:
Causes skin and eye irritation

o Toxicological Effects:
Limited toxicological data, may cause irritation on
prolonged exposure

e Storage:

Store in a cool, dry place away from strong

oxidizers.
SODIUM DIETHYLDITHIOCARBAMATE [20][21] Solution to step the reaction at
the end of the thermal
e Physical/Chemical Properties: treatments

White or light yellow powder

6.76 g
1L Distilled H20

Chemical Formula: (C,Hs),NCSSNa - 3H,0O

Soluble in water

S

M~

NaS N CH3 . 3H20

N

CHs

e Hazardous Conditions:
Harmful if swallowed, skin irritant, causes serious
eye damage

o Toxicological Effects:

May cause allergic skin reactions

e Storage:
Store in a dry, cool place, away from acids and

oxidizing agents.



BLUE COMASSIE G250 [22][23]
o Physical/Chemical Properties:
Blue solid powder

Soluble in water

Chemical Formula: C47H4sN3NaO-S,

+ 0
HSC/\N/\Q/CISI)_O

(CHS HaC | CHs
LT O L
= a
g
HaC

May cause skin and eye irritation

e Hazardous Conditions:

Harmful if ingested or inhaled
o Toxicological Effects:
Irritant, low toxicity in small amounts

e Storage:

Store in a cool, dry, and well-ventilated area.

CLORHYDRIC ACID [24][25]

e Physical/Chemical Properties:

Colorless to light yellow liquid, pungent odor

Strong acid, corrosive
Chemical Formula: HCI

e Hazardous Conditions:

Corrosive to skin and eyes, may cause severe burns

Causes respiratory irritation

o Toxicological Effects:

39

Blue solid powder key
element used in Bradford Test

buffer

Used in encapsulated tests to
help the capsule dissolving to
obtain a more homogeneous

compound to be analysed



May cause permanent eye damage, burns to
respiratory tract if inhaled

e Storage:
Store in a tightly sealed container in a cool, well-

ventilated area away from bases.

CITRIC ACID+PHOSPHATE SOLUTION [26]

e Physical/Chemical Properties:
Clear liquid, slightly acidic
pH 3-7 depending on concentration

Chemical Formulas:

Citric Acid
[HOC(COOH)(CH2COOH):]
O OH O

HO OH
O~ OH

Di-Sodium hydrogen phosphate dihydrate
[NazHPO4 : 2H20]

e Hazardous Conditions:

May cause mild skin and eye irritation
o Toxicological Effects:

Generally regarded as safe, low toxicity
e Storage:

Store in a cool, dry place, avoid contamination.

40

Used in encapsulated enzymes



ETHANOL [27][28] Used in production

Bradford Test Buffer
Physical/Chemical Properties:
Colorless, volatile liquid, flammable
Boiling Point: 78°C
Chemical Formula: CH;CH,OH
Hazardous Conditions:
Highly flammable
May cause skin, eye irritation, and respiratory
issues if inhaled
Toxicological Effects:
Can cause dizziness, nausea, CNS depression if
ingested in large amounts
Storage:
Store in a cool, well-ventilated place, keep away

from heat sources.

PHOSPHORIC ACID [29][30] Used in production

Bradford Test Buffer

Physical/Chemical Properties:

Clear, colorless, viscous liquid

Strong acid, corrosive

Chemical Formula: H3PO4
Hazardous Conditions:

Causes severe skin burns and eye damage
Toxicological Effects:

May cause severe irritation to the respiratory

system if inhaled
Storage:

Store in tightly sealed containers, away from

metals and strong bases.
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In the following tables the ANOVA statistical analysis test groupings results have been reported indicating

different groups with different letters.

Temperature (°C)
80
70

60

Time (min)
20

5

15

10

Temperature (°C)
80
70

60

Table A-2: Porcine Lyophilized DAO Test-temperature grouping

Points

45

45

45

Table A-3: Porcine Lyophilized DAO Test-time grouping

Points

27

27

27

27

27

Table A-4: Pea Lyophilized DAO Test-temperature grouping

Points

45

45

80

Average LS
0,00412371
0,0414929

0,0622419

Average LS
0,0273569
0,0335949
0,0336584
0,0366151

0,0485388

Average LS
0,0342014
0,0688551

0,0997335

Sigma LS
0,00105364
0,00105364

0,00105364

Sigma LS

0,00136024
0,00136024
0,00136024
0,00136024

0,00136024

Sigma LS
0,00138221
0,00138221

0,00107589

Groups
A
B

C

Groups

Groups
A
B

C



Time (min)
20
15

10

Table A-5: Pea Lyophilized DAO Test-time grouping

Points

27

35

36

36

36

Temperature (°C) = Points

80
70

60

Time (min)
20

0

15

10

45

45

61

Table A-7: Porcine Encapsulated DAO Test-time grouping

Points

27

36

27

27

34

Average LS
0,0204932
0,0375209
0,054386
0,0670511

0,158532

Average LS
0,00982179
0,0525627

0,0598821

Average LS
0,0343003
0,037219
0,0419544
0,0436399

0,0466639

Sigma LS
0,00178442
0,0016385
0,00162895
0,00162895

0,00162895

Table A-6: Porcine Encapsulated DAO Test-temperature grouping

Sigma LS
0,00209686
0,00209686

0,00189008

Sigma LS

0,00270703
0,00247117
0,00270703
0,00270703

0,00250187

Groups

Groups

A

Groups

BC

BC
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Temperature (°C)
80
70

60

Time (min)
20

15

5

10

44

Table A-8: Pea Encapsulated DAO Test-temperature grouping

Points Average LS Sigma LS Groups
45 -0,00587896 0,000781099 A
45 0,00113948 0,000781099 B
64 0,0157565 0,000689848 C

Table A-9: Pea Encapsulated DAO Test-time grouping

Points Average LS Sigma LS Groups
27 -0,000259174 0,00100839 A

27 0,00198942 0,00100839 AB

36 0,00435382 0,000920534 B

28 0,0046145 0,000991445 B

36 0,00766319 0,000920534 C
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Appendix C

In the following tables all the results of the experiment have been reported, especially to show the
total activity and protein content experimental results, which have not been directly discussed in the
previous sections of the thesis because they served only as necessary parameters used to calculate the
specifical activity, which was the key parameter of interest. The tables have been reported also to
show the exact values obtained in the experiments included the specifical activity values presents in
the previous graphics. Each table represents the treating temperature for a specifical enzyme at the
five specifical times where for each one nine values are present for every parameter, these nine values
come from three repetitions with three values for each one. The graphics present in chapter 3 are a

derivation of the values or their average present in the following 12 tables.
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Table A-10: Porcine Lyophilized DAO 60°C

TEMPERATURE TIME TOTAL ACTIVITY PROTEIN CONTENT SPECIFICAL ACTIVITY

60 0 0,019 0,424971447 0,044160512
0,020 0,452000176 0,047170606

0,020 0,458757358 0,046486494

0,021 0,379280025 0,049770233

0,022 0,413065936 0,052233038

0,023 0,43237217 0,05401173

0,019 0,39890803 0,045574344

0,021 0,436555188 0,048858084

0,021 0,44910424 0,048584439

5 0,027 0,453930799 0,057897509
0,027 0,474202346 0,058913052

0,028 0,467445164 0,060055538

0,031 0,520215539 0,06678351

0,032 0,417892494 0,06856071

0,030 0,417892494 0,066021853

0,033 0,464549228 0,071014939

0,033 0,490612645 0,072538253

0,034 0,4375205 0,074823225

10 0,027 0,432693941 0,06552453
0,028 0,452965487 0,0678065

0,027 0,450069552 0,066950761

0,029 0,355147231 0,070326175

0,030 0,391829077 0,073463883

0,030 0,374453466 0,072322898

0,031 0,39311616 0,074462244

0,032 0,406630524 0,076886837

0,032 0,431728629 0,078740937

15 0,027 0,473237034 0,061836026
0,027 0,473237034 0,060504571

0,029 0,478063593 0,065564101

0,031 0,395690324 0,069558466

0,030 0,411135312 0,068360157

0,032 0,427545612 0,072620813

0,029 0,410491771 0,066939938

0,030 0,428832694 0,068803975

0,031 0,452965487 0,070668012

20 0,022 0,442347058 0,052185943
0,023 0,444277682 0,054091411

0,023 0,478063593 0,052458152

0,026 0,38796783 0,059671713

0,025 0,400516883 0,057494034

0,027 0,451678405 0,062393811

0,025 0,429798006 0,057357929

0,026 0,396012095 0,060216132

0,026 0,434624564 0,060216132
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Table A-11: Porcine Lyophilized DAO 70°C

TEMPERATURE TIME TOTAL ACTIVITY PROTEIN CONTENT SPECIFICAL ACTIVITY

70 0 0,019 0,424971447 0,044160512
0,020 0,452000176 0,047170606

0,020 0,458757358 0,046486494

0,021 0,379280025 0,049770233

0,022 0,413065936 0,052233038

0,023 0,43237217 0,05401173

0,019 0,39890803 0,045574344

0,021 0,436555188 0,048858084

0,021 0,44910424 0,048584439

5 0,016 0,455861423 0,034884975
0,016 0,461653293 0,034249372

0,016 0,471306411 0,034122252

0,022 0,4265803 0,048190257

0,023 0,460366211 0,04895298

0,023 0,467123393 0,050351306

0,021 0,447173617 0,045181738

0,023 0,48771671 0,051029282

0,023 0,460687981 0,049249595

10 0,012 0,387324289 0,030669526
0,014 0,407595836 0,034021795

0,014 0,428832694 0,034604798

0,019 0,388933142 0,047916705

0,020 0,401482195 0,049228463

0,020 0,400516883 0,050248718

0,018 0,390220224 0,04514744

0,019 0,396012095 0,048499709

0,019 0,408561147 0,047916705

15 0,014 0,340024014 0,037024921
0,012 0,371879301 0,030932567

0,010 0,361260872 0,026820228

0,015 0,381210648 0,03976648

0,016 0,417892494 0,042964966

0,016 0,400516883 0,040832642

0,016 0,373809925 0,040477255

0,018 0,416283641 0,047178844

0,016 0,391185536 0,042914196

20 0,003 0,312029973 0,009108417
0,004 0,363191496 0,012538915

0,003 0,325544338 0,009108417

0,015 0,352251296 0,043250035

0,019 0,393759701 0,0517446

0,016 0,367696284 0,045373676

0,014 0,352573066 0,038676038

0,016 0,388289601 0,04570039

0,015 0,365122119 0,041453108



TEMPERATURE TIME
80 0

10

15

20

Table A-12 Porcine Lyophilized DAO 80°C

TOTAL ACTIVITY
0,019
0,020
0,020
0,021
0,022
0,023
0,019
0,021
0,021
-0,004
-0,003
-0,004
-0,003
-0,001
-0,002
-0,001
-0,001
-0,001
-0,002
-0,001
-0,001
-0,002
-0,001
-0,002
-0,001
-0,001
-0,001
-0,006
-0,005
-0,004
0,000
0,000
0,004
0,000
-0,001
-0,001
-0,005
-0,004
-0,003
-0,003
-0,004
-0,003
-0,001
-0,001
-0,001

PROTEIN CONTENT

0,424971447
0,452000176
0,458757358
0,379280025
0,413065936

0,43237217

0,39890803
0,436555188

0,44910424
0,105453261
0,118002314
0,161441342
0,316534761
0,306881644
0,192009547
0,272452192
0,319752467
0,300446232
0,126690119
0,114141067
0,119932937
0,281783539
0,353216608
0,360939102
0,275348127
0,281139998
0,289827803
0,142135107
0,145996354
0,156614783
0,684318535
0,374453466
0,309777579
0,242527528

0,24928471
0,281139998
0,187504759
0,161441342
0,186539447
0,526007409
0,542417709

0,51538898
0,300446232
0,253145957
0,284035933

48

SPECIFICAL ACTIVITY

0,044160512
0,047170606
0,046486494
0,049770233
0,052233038
0,05401173
0,045574344
0,048858084
0,048584439
-0,017069412
-0,014555839
-0,015812625
-0,011790907
-0,006261045
-0,007517832
-0,004669115
-0,004417757
-0,003663685
-0,008813911
-0,004993086
-0,005948292
-0,006903498
-0,003321475
-0,006664697
-0,004674684
-0,002764272
-0,002047867
-0,019984056
-0,017136231
-0,015508903
-0,000117087
-0,001540999
0,014325454
0,001035604
-0,004049797
-0,002015637
-0,014039153
-0,013149573
-0,007990013
-0,010362225
-0,013030963
-0,008049318
-0,002178094
-0,003067673
-0,002533926



TEMPERATURE TIME
60 0

10

15

20

Table A-13 Pea Lyophilized DAO 60°C

TOTAL ACTIVITY
0,029
0,031
0,031
0,027
0,028
0,029
0,024
0,025
0,026
0,022
0,023
0,024
0,020
0,020
0,021
0,019
0,019
0,020
0,017
0,018
0,018
0,016
0,018
0,017
0,018
0,019
0,020
0,013
0,012
0,013
0,013
0,013
0,015
0,014
0,014
0,015
0,010
0,010
0,011
0,008
0,008
0,008
0,011
0,010
0,012

PROTEIN CONTENT

0,16047603
0,187504759
0,179782265
0,164015506
0,179460494
0,184287053

0,16015426
0,168842065
0,176564559
0,178816953
0,190400694

0,1826782
0,185252365
0,173668624
0,192009547
0,162084883
0,157258324
0,153397077
0,177851641
0,190400694
0,195227253
0,170772689
0,185252365

0,19394017
0,142778648
0,148570519
0,150501142
0,198123188
0,185574135
0,213568176
0,209385158
0,205523911
0,219038276
0,140848025
0,136986778
0,141813336
0,202949747
0,208741617
0,210672241
0,275026357
0,296263215
0,312673515
0,169807377
0,170772689
0,179460494

49

SPECIFICAL ACTIVITY

0,166283421
0,176730383
0,176393384
0,153477467
0,163924429
0,164598427
0,136290529
0,141345511
0,147748488
0,128248665
0,132923289
0,135594503
0,112221383
0,116562105
0,120235024
0,109995372
0,110997077
0,111998782
0,099026402
0,105791477
0,106467984
0,094065347
0,101845183
0,100830422
0,105904228
0,109286765
0,113007557
0,068968559
0,066737849
0,073111304
0,068649886
0,068968559
0,082352814
0,076298032
0,075979359
0,083946178
0,042860856
0,044937812
0,047274388
0,033601095
0,034639573
0,037235768
0,049524423
0,044591653
0,051860998



TEMPERATURE TIME
70 0

10

15

20

Table A-14 Pea Lyophilized DAO 70°C

TOTAL ACTIVITY
0,029
0,031
0,031
0,027
0,028
0,029
0,024
0,025
0,026
0,012
0,013
0,013
0,011
0,013
0,013
0,014
0,014
0,014
0,006
0,007
0,007
0,006
0,007
0,009
0,009
0,010
0,010
0,004
0,006
0,005
0,004
0,006
0,005
0,006
0,007
0,007
0,002
0,003
0,003
0,003
0,004
0,003
0,003
0,003
0,002

PROTEIN CONTENT

0,16047603
0,187504759
0,179782265
0,164015506
0,179460494
0,184287053

0,16015426
0,168842065
0,176564559
0,159510718
0,181712888
0,173990394
0,185252365
0,168842065
0,166911442
0,153397077

0,171738
0,163050195
0,147926977
0,167233212
0,170129148
0,101270243
0,126368349
0,132160219
0,154362389

0,16015426
0,163050195
0,135377925
0,156614783
0,143100419
0,181391118
0,178495183
0,129264284
0,118645855
0,151466454
0,132160219
0,120898249
0,147926977

0,13827386

0,14374396
0,196836106
0,159188948
0,112853984
0,135056154
0,125403037

50

SPECIFICAL ACTIVITY

0,166283421
0,176730383
0,176393384
0,153477467
0,163924429
0,164598427
0,136290529
0,141345511
0,147748488
0,068592883
0,075840151
0,074804827
0,067327487
0,075610079
0,076645403
0,079866411
0,079866411
0,083317491
0,041932426

0,05028515
0,045909914
0,041799843

0,04617508
0,060096287
0,060626619
0,065399604
0,066592851
0,027004304
0,038108852
0,030970214
0,027929683
0,037844458
0,033085366
0,038505443

0,04881681

0,04881681
0,014146543
0,023187338

0,01784505
0,018666941
0,027296791
0,022776393
0,020310722
0,020310722
0,015379379



TEMPERATURE
80

TIME
0

10

15

20

Table A-15 Pea Lyophilized DAO 80°C

TOTAL ACTIVITY
0,029
0,031
0,031
0,027
0,028
0,029
0,024
0,025
0,026
0,000
0,000
0,000
0,000
-0,001
0,000
0,003
0,003
0,003
0,000
0,000
0,000
0,000
0,000
0,000
0,001
0,002
0,002
0,000
-0,001
0,000
0,000
-0,001
0,000
0,002
0,001
0,001
-0,001
-0,001
-0,001
0,000
-0,001
0,000
0,002
0,000
0,000

PROTEIN CONTENT

0,16047603
0,187504759
0,179782265
0,164015506
0,179460494
0,184287053

0,16015426
0,168842065
0,176564559
0,124759496
0,130551366
0,133447301
0,146639895
0,162084883
0,152431766
0,123472413
0,133125531
0,129264284
0,122828872
0,134412613

0,13248199
0,094513061
0,108027426
0,106096802
0,109958049
0,114784608
0,109958049
0,118002314

0,13248199
0,126690119

0,14374396
0,139882713
0,156293013
0,150501142
0,134090843
0,144709272
0,119932937
0,128620743
0,142135107

0,12733366
0,108027426
0,138917401
0,140848025
0,117680543
0,145674583

51

SPECIFICAL ACTIVITY

0,166283421
0,176730383
0,176393384
0,153477467
0,163924429
0,164598427
0,136290529
0,141345511
0,147748488
0,001457806
-0,001947886
0,001032094
-0,003508828
-0,00393454
-0,001805982
0,020047206
0,019195783
0,019195783
0,000216124
0,002762364
-0,000293124
0,002422865
0,002932113
0,001913617
0,012777573
0,01583306
0,014814565
0,000601217
-0,00361963
0,002289555
-0,000383648
-0,00418241
0,000460522
0,014248622
0,004118589
0,008761521
-0,007158446
-0,008508337
-0,004908626
0,002890747
-0,005658566
-0,001158928
0,012939939
-0,002358831
0,000790916



TEMPERATURE
60

TIME
0

10

15

20

Table A-16 Porcine Encapsulated DAO 60°C

TOTAL ACTIVITY

0,010
0,012
0,011
0,007
0,008
0,008
0,008
0,009
0,009
0,016
0,017
0,017
0,018
0,017
0,018
0,012
0,012
0,012
0,015
0,018
0,025
0,012
0,013
0,012
0,014
0,014
0,014
0,015
0,015
0,016
0,012
0,012
0,013
0,016
0,016
0,017
0,015
0,015
0,015
0,011
0,012
0,012
0,011
0,011
0,012

PROTEIN CONTENT

0,235126805
0,244779922
0,258294286
0,215177029
0,229656705
0,230622017
0,237379199
0,262477304
0,256685434
0,195549023
0,196514335
0,203271517
0,206489223
0,212281094
0,215177029
0,243171069
0,247997628
0,255720122
0,202306206
0,217751193
0,217751193
0,168842065
0,190078923
0,194905482
0,313638826
0,33777162
0,33777162
0,197479647
0,200375582
0,210028699
0,199732041
0,200697353
0,21614234
0,221934211
0,213246405
0,23834451
0,1936184
0,191687776
0,205202141
0,200697353
0,200697353
0,207454535
0,23255264
0,23255264
0,250893563

52

SPECIFICAL ACTIVITY

0,042444353

0,05020157
0,045110896
0,027253137
0,031131746
0,033313463
0,034283115
0,035252767
0,035980006
0,072878143
0,076338925
0,077669995
0,079710969
0,077847471
0,081042039

0,05344452
0,053710734
0,053976948
0,061902014
0,073160218
0,102383642
0,049206592
0,051362418
0,050164737
0,056153144
0,058788042

0,05830897
0,069967274
0,070798817
0,073570628
0,058233274
0,057124549
0,061559447
0,074771746
0,075603289
0,079761006
0,068142327

0,06869166
0,071987659
0,050014332
0,054134331
0,056056997
0,053310331
0,053035665
0,057155663



TEMPERATURE
70

TIME
0

10

15

20

Table A-17 Porcine Encapsulated DAO 70°C

TOTAL ACTIVITY
0,010
0,012
0,011
0,007
0,008
0,008
0,008
0,009
0,009
0,010
0,011
0,011
0,009
0,011
0,010
0,010
0,011
0,011
0,018
0,021
0,020
0,009
0,010
0,010
0,008
0,009
0,009
0,009
0,010
0,012
0,009
0,009
0,008
0,008
0,008
0,008
0,007
0,016
0,007
0,007
0,008
0,008
0,007
0,008
0,007

PROTEIN CONTENT

0,424971447
0,452000176
0,458757358
0,379280025
0,413065936
0,43237217
0,39890803
0,436555188
0,44910424
0,455861423
0,461653293
0,471306411
0,4265803
0,460366211
0,467123393
0,447173617
0,48771671
0,460687981
0,387324289
0,407595836
0,428832694
0,388933142
0,401482195
0,400516883
0,390220224
0,396012095
0,408561147
0,340024014
0,371879301
0,361260872
0,381210648
0,417892494
0,400516883
0,373809925
0,416283641
0,391185536
0,312029973
0,363191496
0,325544338
0,352251296
0,393759701
0,367696284
0,352573066
0,388289601
0,365122119

53

SPECIFICAL ACTIVITY

0,042444353

0,05020157
0,045110896
0,027253137
0,031131746
0,033313463
0,034283115
0,035252767
0,035980006
0,053354349
0,059665072
0,059665072
0,050093808
0,057035604
0,052933634
0,055352745
0,061347932
0,059139179
0,103419862
0,115223372
0,111288868
0,049211149
0,054785029
0,055112904
0,044839479
0,048446107
0,051069109

0,04733547
0,057266589
0,067838425
0,047869401
0,051072988
0,046267608
0,041889373
0,046054035

0,04253009
0,043538807
0,094657599
0,043538807
0,038199733
0,049105075
0,047401115
0,038654122
0,044447585
0,040698874



TEMPERATURE
80

TIME
0

10

15

20

Table A-18 Porcine Encapsulated DAO 80°C

TOTAL ACTIVITY
0,010
0,012
0,011
0,007
0,008
0,008
0,008
0,009
0,009
0,001
-0,001
0,008
0,002
0,005
0,001
-0,001
0,003
0,000
0,000
0,001
0,000
0,000
0,000
0,000
-0,001
-0,001
-0,001
0,009
-0,001
0,000
-0,001
0,005
-0,001
-0,001
-0,001
0,000
-0,004
0,005
-0,004
-0,003
0,002
-0,002
0,000
0,000
0,000

PROTEIN CONTENT

0,424971447
0,452000176
0,458757358
0,379280025
0,413065936

0,43237217

0,39890803
0,436555188

0,44910424
0,105453261
0,118002314
0,161441342
0,316534761
0,306881644
0,192009547
0,272452192
0,319752467
0,300446232
0,126690119
0,114141067
0,119932937
0,281783539
0,353216608
0,360939102
0,275348127
0,281139998
0,289827803
0,142135107
0,145996354
0,156614783
0,684318535
0,374453466
0,309777579
0,242527528

0,24928471
0,281139998
0,187504759
0,161441342
0,186539447
0,526007409
0,542417709

0,51538898
0,300446232
0,253145957
0,284035933

54

SPECIFICAL ACTIVITY

0,042444353
0,05020157
0,045110896
0,027253137
0,031131746
0,033313463
0,034283115
0,035252767
0,035980006
0,005770373
-0,00300788
0,045610134
0,009709332
0,027603462
0,00363208
-0,00300788
0,018600126
0,002056496
-0,00161
0,006627539
-0,00161
-0,002708339
0,000586677
-0,001884585
-0,006140647
-0,004905016
-0,004905016
0,057628461
-0,00374312
-0,000615906
-0,006218831
0,031698642
-0,008564242
-0,003482519
-0,005046126
0,001599205
-0,026861108
0,037197305
-0,026861108
-0,02270147
0,01307141
-0,016877978
-0,001487321
-0,002319248
0,000176534



TEMPERATURE TIME
60 0

10

15

20

Table A-19 Pea Encapsulated DAO 60°C

TOTAL ACTIVITY

0,001
0,001
0,002
0,002
0,002
0,002
0,001
0,001
0,001
0,002
0,001
0,002
0,003
0,002
0,003
0,002
0,002
0,002
0,001
0,002
0,002
0,002
0,002
0,002
0,002
0,002
0,002
0,001
0,001
0,002
0,002
0,002
0,003
0,002
0,001
0,003
0,001
0,001
0,001
0,002
0,001
0,002
0,002
0,002
0,002

PROTEIN CONTENT

0,112210443

0,12186356
0,118967625
0,251537104
0,273739274
0,269878027
0,141491566
0,147283436
0,148248748
0,179782265
0,162406654
0,185574135
0,070058497
0,081642238
0,084538173
0,105775031
0,126046578
0,126046578
0,091938897
0,101592014
0,108349196
0,103844408
0,114462837
0,114462837
0,086468797
0,101913785
0,102879096
0,109314508
0,108349196
0,142135107
0,053648197
0,051717574
0,067162562
0,117358772
0,102879096
0,118324084
0,089042961
0,087112338

0,09966139
0,075850368
0,036272586
0,098052538
0,112532214
0,114462837
0,136665007

55

SPECIFICAL ACTIVITY

0,00744195

0,00744195
0,009765029

0,01020752

0,01020752
0,012198731
0,003238283

0,00390202
0,004565757
0,015986501
0,010359278

0,01504863

0,02223897
0,018487488
0,021770035
0,016142812
0,013798136
0,018018553
0,014256236
0,019369854
0,019369854
0,019559247
0,024104686
0,017286528
0,018422888
0,018422888
0,021263787
0,014552868
0,011532481
0,018177332
0,022405874
0,016969177
0,027238493
0,019989564
0,015156945
0,026030338
0,015742181
0,012027124
0,007073715
0,018218886
0,014503829
0,019457238
0,021314767
0,016980534
0,023172295



TEMPERATURE TIME
70 0

10

15

20

Table A-20 Pea Encapsulated DAO 70°C

TOTAL ACTIVITY
0,001
0,001
0,002
0,002
0,002
0,002
0,001
0,001
0,001
0,000
0,000
0,000
0,000
0,001
0,000
0,000
0,000
0,000
0,000
0,001
0,000
0,000
0,000
0,000
0,000
0,000
0,000
-0,001
0,000
-0,001
0,000
0,001
0,000
-0,001
0,000
0,000
-0,001
0,001
-0,001
-0,001
0,001
0,000
-0,001
0,001
-0,001

PROTEIN CONTENT

0,112210443

0,12186356
0,118967625
0,251537104
0,273739274
0,269878027
0,141491566
0,147283436
0,148248748

0,09386952
0,098696079
0,104487949
0,062336003
0,086468797
0,095156602
0,100948473
0,125081266
0,122185331
0,087112338
0,103522637

0,09386952
0,045925704
0,056544133
0,064266627
0,097087226
0,109636278
0,116393461
0,075528597
0,098696079
0,087112338
0,043029768

0,06040538
0,061370691

0,08260755
0,101913785
0,098052538
0,095800143

0,11027982
0,102557326
0,027584781
0,057509444
0,040133833
0,087434108
0,100948473
0,102879096

56

SPECIFICAL ACTIVITY

0,00744195
0,00744195
0,009765029
0,01020752
0,01020752
0,012198731
0,003238283
0,00390202
0,004565757
-0,003298626
0,003209171
-0,000340536
-0,000340536
0,007350497
0,002025935
-0,003298626
0,004392407
-0,001523772
0,003685236
0,009120287
0,003685236
-0,003335039
0,004138157
0,000741249
-0,005599644
0,000514789
-0,000843974
-0,00933494
0,003284256
-0,007108023
0,002294515
0,013429099
0,005263737
-0,008097764
0,006006043
-0,005128541
-0,018313431
0,007079298
-0,014685899
-0,00815634
0,010706831
-0,004528807
-0,010332859
0,006353792
-0,006705326



TEMPERATURE TIME
80 0

10

15

20

Table A-21 Pea Encapsulated DAO 80°C

TOTAL ACTIVITY

0,001
0,001
0,002
0,002
0,002
0,002
0,001
0,001
0,001
-0,001
-0,001
-0,001
0,000
0,000
0,000
0,000
-0,001
-0,001
-0,001
-0,001
-0,001
0,000
0,000
0,000
-0,001
-0,001
-0,001
-0,001
-0,002
-0,001
0,000
-0,001
0,000
-0,001
-0,002
-0,001
-0,001
-0,001
-0,001
-0,001
-0,001
-0,001
-0,001
-0,001
0,000

PROTEIN CONTENT

0,112210443

0,12186356
0,118967625
0,251537104
0,273739274
0,269878027
0,141491566
0,147283436
0,148248748
0,074563285
0,084216403
0,086147026
0,062336003
0,070058497

0,06619725
0,123150643
0,123150643
0,129907825
0,101592014

0,09966139
0,118002314
0,025654157
0,054613509
0,043029768
0,086468797
0,094191291
0,102879096
0,081320467
0,092904208
0,103522637
0,013105104
0,027584781
0,032411339
0,095156602
0,094191291
0,101913785
0,090008273
0,079389844
0,102557326
0,012139793
0,014070416
0,036272586
0,073919744
0,078746303
0,121220019

57

SPECIFICAL ACTIVITY

0,00744195
0,00744195
0,009765029
0,01020752
0,01020752
0,012198731
0,003238283
0,00390202
0,004565757
-0,006145426
-0,011279662
-0,005503646
-0,003792234
5,84436E-05
0,002625562
-0,001225116
-0,01021003
-0,007001132
-0,007662468
-0,009111552
-0,006213384
-0,00355673
-0,002107646
-0,002107646
-0,00838701
-0,007662468
-0,00838701
-0,016038398
-0,025870063
-0,016038398
-0,001290899
-0,010303259
-0,000471594
-0,012488074
-0,023139045
-0,013307379
-0,011163765
-0,020676665
-0,015487811
-0,011740304
-0,017793968
-0,01606435
-0,010298956
-0,01635262
0,002673181
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