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YrievGuvn dnAwaon yia AoyokAomn kat yia KAomn MVEUUATIKNC LOLOKTNOIOC:
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Abstract

The technological developments and the COVID-19 pandemic have increased the
demand for better, less invasive diagnostic tools and prompted the public to be more
interested in monitoring its health. The answer to those needs can be breath
analysis, which is a non-invasive diagnostic method that can be used by people from
almost all age groups. There are many commercial breath analyzers that detect
different substances, but none of them detects protein. At the same time, the field of
proteomics can play a crucial role in diagnosing and tracking the health state of a
person. The aim of this project was to create a device that can be used as a test to
collect protein from exhaled air while being as user-friendly and simple as possible.

This study started with the conceptual design of the product, which was based on
the previous specifications. Afterwards, the device was 3D-printed in order to check
the quality of the parts of the device and to determine the most suitable design. The
final design was based mostly on the user experience while taking into account many
other factors, such as the limitations of the 3D printer and the repetitiveness of
guality. Next, a part of the device was 3D printed in medical resin type | and the
other parts were printed in ABS like resin, and they got sterilized. Then, the product
was used in order to perform our experiments. In the first experiments, the goal was
to detect protein in the samples by observing color change and determining the
external factors that could impact the results of the experiments. The next
experiments had BCA analysis and the aim was to detect protein in the samples for
different numbers of exhaled breaths, to try to quantify the concentration of protein
in the samples and to determine what number of breaths is suitable and should be
set in order to have feasibility. After a standard number of exhaled breaths was set,
the BCA analysis was performed numerous times and it was evident that there was
protein in the exhaled air, and its concentration was approximately measured,
proving the feasibility of the test.



NepiAnyn

OL teXVOAOYIKEG e€eAIEEL KL N TTAVONULa TOU KOpOVOioU €XOUV AUENCEL TNV amaitnon
yla KaAutepa, Alyotepo emepPatika SLayvwoTlka epyaleia kot wbnoav To Kowo va
evlladépetal mapandavw yLo TV mapakoAouBnaon tn¢ uyeiog tou. H amdvtnon oe
QUTEG TLG OVAYKEG UITOPEL va €lval N avaAuon avarvong, n onola ival pia pn
enepPatikn Stayvwotikn nEBodog mou pmopel va xpnotponownBel and avbpwmnoug
0oXed0V o€ OAWV TWV NAKLOKWY OPASWV. YIIapXouVv TToANoL eUmopLkol avaAUTEG
QVATIVON G TTOU aviXVeUoUV SLadopeTIKEG ouaieg, aAAd KavEvag amo auTtoug dev
avixveVeL mpwTteivn. Tautoxpova, 0 TOUENG TNG TIPWTEOULKAG UTTOPEL va maifel Eva
KPLoLHo pOAO yLa TNV SLdyvwaon Kol Tnv mopakoAouBbnon tng Katdotaong tng Vysiag
€VOG OTOUOU. ITOXOG OUTAG TNG EPYOCLAC ATOV VA SNULOUPYHOEL LA CUCKEUT] TIOU
UMopEl va xpnotponolnBel wg TeoT yla TNV cUAAOYH MTPWTEIVNG Ao TOV EKMVEOLEVO
aépa aAld Kot va eivatl 6cov Tov Suvatov Tio GLALKN TTPOG TO XPHOTN Kal amAn
ylvetal

AuTtn n gpyacia Eekivnoe Pe TOV apXLKO OXESLOOUO TOUC TPOTOVTOC O OTOL0G
Baoclotnke oTLG TponNyoUeVEG ipodlaypadEG. METEMELTA, N CUOKEUT EKTUTIWONKE
o€ 3A-EKTUTIWTN TIPOKELUEVOU va eAeYXOEL N TOLOTNTA TWV TEPOXLWV TNG CUCKEUNG
KoL va kaBoplotel o KataAANAOTEPOG oXeSLAOUOG. To TEALKO OXESLO BacioTnKe KUPLWG
oTNV EUMELPLa TOU Xprotn, Aappavovtoag mapdAAnAa untoPv ToAAoUG GAAOUG
TIAPAYOVTEG OTIWG OL TIEPLOPLOHOL TOU 3A-EKTUTIWTH Kal N emavaAnPLuotnTa tng
TIOLOTNTOC. TNV CUVEXELQ, £VA KOUUATL TNG CUOKEUNG EKTUTIWONKE UE pLa
BloocupBatr pntivn TUMoU | Kal ot GAAA LEPN EKTUTIWONKAV PE pia pntivn
dwtomnoAupepoug TuTou ABS kal amootelpwOnkav. Katomiy, to mpoidv
XPNOLUOToLRONKE yla va mpaypatonolnfouy Ta MEPAPATA. ITA TPWTA MEPAUATA, O
OTOXO0G NTav n aviyvevon npwieivng ota delypata mapatnpwvtag aAlayr Tou
XPWHATOG KAl 0 KABOPLOUOG TwV €EWTEPLKWY TTAPAYOVTIWY TIOU UITOPOUV Va
ETINPEACOUV TO ATTOTEAECUATA TWV TEPAUATWY. Ta EMOUEVA TTELPAMATA ELYOV TNV
HEB0S0 BCA (BLKLVXPpWHLKO 0EU) Kol OKOTIOC ATOV VA aviXVeUBEel mpwTteivn ota
Selypata yia StadopeTikoug aplOpoU eKVowy, va YIvVEL pLa Tpoomtafeia
TLOOOTIKOTIOLNONG TNG CUYKEVTPWONG MPwTEivng mou Stab£touv ta delypata, Kot va
kaBoplotel 0 aplOuUoG ekmvowv Mo gival KATAAANAOG Kal TIPEMEL va TEBEL w¢
OTAVTAp Yla va AELToupyroouyv ta nepdpata. Apoul évag otavtap aplOpog EKmvowy
elxe tebel, n uéEBodog BCA xpnotporno|Bnke maAl ToAAAAEG GOpPEG Kal EYLVE
davepod OTL UTPXE TIPWTELVN OTOV EKTIVEOLEVO QEPA EVW N CUYKEVTPWON TNG
UTTOAOYLOTNKE KATA TIPOCEYYLON, ATOSELKVUOVTAG OTL TO TEOT AELTOUPYEL.
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1. Introduction

1.1 Reasons why breath sampling is important

Breath sampling has better attributes than current sampling methods used for
biomarkers for various reasons. First of all, more than 3000 volatile organic
compounds (VOCs) and respiratory droplets from the lungs as well as the airways can
be found in exhaled breath [1]. Both VOCs and respiratory droplets can potentially be
breath biomarkers, hence contain information about the health of a person. Breath
sampling is also non-invasive. It doesn’t cause any pain or contains any risk for the
user, in comparison to other methods such as blood collection and urine collection
which although well-established are often uncomfortable for the user. Another
unique feature of breath collection lies in its nature. The human body produces
exhaled breaths as a waste product in a constant rate and in large quantities. That
leads to having no limits in collection regarding sampling size and frequency. Other
traditional methods like blood, urine or sweat collection have limited sample size and
frequency because of the nature of their samples. Additionally, the breath sample
can contain important biological information because it reflects metabolic activity.
The first stages of a disease are often displayed in the metabolism and many breath
biomarkers are metabolic products, hence making them highly sensitive because a
change in a gene can be amplified in metabolism. Some diseases can have metabolic
impact without necessarily affecting the genetic complement of a cell. As a result, a
breathing sample can be a representative sample for diseases. In addition, mostly
genetic alterations that are usually expressed on later stages of a disease are being
detected by current biopsy techniques. That makes breath sampling suitable for early
detection, diagnosis, prognosis and precision medicine. Furthermore, the health
state of the user can be depicted through breath collection as it allows full body
monitoring. The blood circulates the whole body approximately every minute while
carrying VOCs produced from various sources throughout the whole body. Therefore,
it’s possible to collect biomarkers from various diseases and potentially collect more
than just one biomarker. Finally, one factor that should not be underestimated is the
accessibility of breath sampling. It can be used without having any medical
knowledge or requiring the presence of trained personnel as opposed to other
sampling methods.



1.2 Breath collection methods

Regarding the methods for breath collection, it is important to note that although
there are several methods for collecting and analyzing breath, as of now there is not
a standardized exhaled breath collection method. As a result, there is difficulty in
comparing results between studies. Nonetheless, it is crucial to have standardized a
breath sampling procedure during experiments in order for the results to be
repeatable and due to the fact that the procedure itself has a significant impact on
the results.

Many studies and research centers are using late respiratory sampling, also known as
the “drinking straw” method [2]. The sample is collected in a tube and the user is
asked to exhale partially and then blow the rest of the breath through the drinking
straw inside the tube in a single motion. The advantage of this method is considered
to be the fact that by discarding an initial proportion of the exhaled air, the levels of
exogenous VOCs are minimized and the more endogenous VOCs are captured, since
the air at the end of the breath cycle is captured. Another popular method is the
“flute” method [2]. In that method, the user is asked to take a deep breath and blow
in a single continuous exhalation into the tube. There are concerns regarding the
ability of the user to actually cooperate with the first method, especially for people
from younger age groups. Pressure sensors could be equipped for this predefined
stage of exhalation [3]4] but that can increase both costs and complexity. For these
reasons, the second method can be preferred and be more suitable in certain cases.
An example of a tube-based breath sampler is depicted in the following figure 1.1

L

Figure 1.1: A tube-based breath sampler [5]

Apart from tubes, polymer bags are also often used in breath sampling due to their
durability and low costs. Those bags can also be reused provided that they are
suitably cleaned. The next figure 1.2 is an example of that type of bag.
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Figure 1.2: A breath collection bag [6]

1.3 Breath analyzers

Despite all the advantages that breath analysis has, except for breath analyzers that
detect alcohol levels, few analyzers have actually attained a high level in terms of
technological readiness [7]. In fact, diagnostic applications are sometimes restricted
in the form of chromatography tests and often require expensive equipment for
analysis.

However, there are various devices that are being developed by companies and
institutions around the world. Some have even been patented but some of them are
intended to be used for research only.

An example can be the patent number:11298046 which is a device for breath
sampling in the form of a mask that is placed over the user’s mouth and nostrils to
collect breath exhaled. It can detect movement of the mask portion and signal if its
misplaced. It is important to mention that a number of patents have been assigned
to the same company that holds that patent related to that device, systems and the
methods surrounding the sampling procedure, like the patent number: 11617521,
which is a method for collecting different breath samples or even fractions of them
on a single device in which the first and second sample are captured in a spatially
separated manner. It’s important to mention that these patents concern a product
that is for research only and it is not being used in established diagnostic procedures.

Another example is the patent number: 9011348. This patent is a sampling device
with a closed loop system in order for the extracted air to be sampled into an
analysis device. The closed loop method reduces the possible contaminants in that
sample.



Moreover, there is a device and a method for rapidly and accurately identifying and
guantifying analytes in mixture that has the patent number: 8288727. The product
consists of an ultra-sensitive cavity enhanced spectrometer as well as devices for
data collection and analysis. On the other hand, the method employs a database that
contains the cross section of numerous analytes in order to determine the
composition of a sample in a numerical way.

Apart from the devices that are patented. There are some commercial breath
analyzers used for specific cases such as smoking cessation, CO poisoning, asthma
management, gastrointestinal disorders and food intolerance [8].

At the same time, in some institutions, an effort is made in order to develop cheap
and portable breath analyzers with some of them being in the early stages of being a
product.

It is essential to also mention that the US FDA or EU EMA have given medical or
regulatory approval to a number of breath-based tests and there are some breath-
based tests that are recommended by professionals and thus having routine use [9].
Those tests are either focused on exogenous or endogenous compounds. Examples
of this kind of tests for endogenous compounds are the Capnography test, which is
used for breathing and targets carbon dioxide (CO3) and the FENO test for asthma
which targets the Nitrogen Oxide in a fraction of an exhaled breath. Examples of the
breath-based tests for exogenous compounds are the Hydrogen breath test for
lactase deficiency with Hydrogen as the target and the very well-known breath
alcohol test for alcohol intake that targets Ethanol. An example of equipment used
for breath-based tests is shown in figure 1.3.

Figure 1.3: GC-IMS system [10]
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1.4 What do these solutions lack

Although some of these solutions are brilliant and advanced, they have some
disadvantages that cannot be ignored. First of all, although the previous breath-
based tests mentioned are well established or approved, they require expensive,
advanced or even bulky equipment to be performed and analyzed, with the
exception of the alcohol test. They also require trained personnel to supervise the
procedure. Moreover, when it comes to the patents, the device for quantifying and
identifying analytes can be considered bulky, while trained personnel is essential. The
patent with the closed loop system still needs to be coupled with an analysis device,
which means that laboratory equipment is necessary. In the first two patents, even
though the device is portable and user-friendly, it still requires analysis from a
laboratory, meaning more costs and it is used for research only. Another important
factor is that most solutions are only analyzing the VOCs in the exhaled breath and
not the proteins that can be present. The reason why proteins are so important will
be explained further in the next section.

1.5 Reasons why proteomics is important

The methodical and extensive study of proteins, their structure and physiological role
or functions is known as proteomics [11|12]. The proteome is a set of proteins
produced by a cell, tissue or organism under defined conditions. Proteins are
involved in almost every biological process, so a thorough examination of them can
shed light on the way these molecules interact, create and sustain a biological
system. Proteomics can answer questions such as when and where proteins are
expressed, how proteins are modified like post-translational modifications (PTMs) or
their movement in different compartments inside the cell [13]. The big disadvantage
of genomics is that it cannot give direct measurements of a cellular state or reveal
the changes in proteins related to that change. Those changes can give an image of
the cell’s regulatory network because the cells respond to external changes by
regulating their proteins. Proteomics can also give information on the rate that
proteins are being produced, degraded or in a steady state, as well as the role of
proteins in the metabolic pathways. Before a disease is obvious in the body of a
patient, it can be expected that there will be changes in the proteome of affected
tissues. Those variations can be analyzed and work as biomarkers to forecast changes
in a patient’s health or their response to certain medications. That being so, an
application can be doctors to check the proteome of a patient’s sample in order to
see if something wrong is happening and stop health issues from developing or lower
the severity of symptoms by prescribing preventative treatment. As a result, disease
related mechanisms can be revealed and both prognostic and diagnostic biomarkers
can be identified [14]. Consequently, proteomics can help in early diagnosis,
prognosis, monitoring disease development and drug development in the form of
target molecules.
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1.6 The proposal

Considering all this previous information, it becomes evident that there is a need in
the market for a user-friendly, simple breath-based test that is based on protein from
the exhaled air. For that reason, a device was created which is completely non-
invasive and doesn’t create any unpleasant feelings to the user. Additionally, it is
portable and simple to use by the average user from different age groups. It is also
important for the manufacturing costs to be low. Finally, when it will be developed
into an end product, it will not require any analysis from specialized laboratories,
which means lower costs and faster results. This product will combine the
advantages of both breath sampling and proteomics.

Considering the need not to cause any unpleasant feeling while being non-invasive
and simple, the device was given the shape of a color crayon. It also partially
resembles the appearance of some tobacco products. The first shape is something
that the users are familiar with from their childhood and that makes it appealing to
both younger and older persons. The device is shown in the figures 1.4 and 1.5

Figure 1.4: The device



Figure 1.5: The device with the paper filter

The device consists of three parts as depicted in figure 1.6.

Figure 1.6: The three parts of the device

The paper pad that is shown in figure 1.5 is placed at the bottom of the device.
Afterwards, the subject is instructed to blow through the device for a specific
number of times. The air passes through the paper pad which serves as a filter. Then,
the paper filter is taken from the bottom part and gets analyzed.






2. Design of the device

2.1 Specifications of the device

Before the conceptual design started, it was necessary to state the specifications of
the device. The specifications are shown below:

Main design parameter

The device should look like a color
crayon in order for the user to find it
familiar and feel comfortable using it.

Extra safety measure

The device needs to have an extra
safety measure so that there is no risk
of the user swallowing the paper filter.

Simplicity

The device needs to be very simple so
that it can be used by people from
different age groups without difficulty.

Assembling / Disassembling

The device needs to be assembled and
disassembled easily. The reason behind
this is that the bottom part will need to
be taken out easily in order to take the
paper filter off and analyze it.
Nevertheless, it can be expected that
the device will be ready to use when
taken out of the package, meaning that
it will be already assembled with the
paper filter already put in.

Transportation

The device needs to be portable.
Furthermore, it should be transportable
in a small packing for reduced
transportation costs.

Manufacturing

It is crucial for the manufacturing costs
to be low. Due to expected high
demand, injection molding seems to be
the most effective solution time-wise
and cost-wise.
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A typical color crayon is presented in the figure 2.1.
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Figure 2.1: A typical color crayon [15]

A comparison between the device and the color crayon is depicted in the figure 2.2
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Figure 2.2: Comparison between the prototype and a color crayon

2.2 Stages of the design

Since the device’s primary specifications were user-friendliness and simplicity, it is
clear that reaching the final design was not so simple. Much brainstorming,
prototyping and testing were performed, each with its respective time.

2.2.1 Conceptual design - Brainstorming

At the start of the design, there were many ideas. The idea of a color crayon-like
shape matched the user-friendliness specification and at the same time it was simple
and had the advantage that, because of its shape, the top part would obviously be
the tip, hence making it obvious for the user how to use it. After the main design was
determined, there were other parameters to be decided. The 3D modelling was
performed in SolidWorks and at first the idea was for the device to consist of two
parts as depicted in the figure 2.3.

16



Figure 2.3: The two separate parts of the first concept of the device

This design was quickly discarded though, because the top part of the design needed
to be 3D-printed with biocompatible medical resin type | and the other with ABS like
resin. The medical resin has a high cost though, so 3D-printing the top part with this
type of resin would be very costly and also unnecessary since the user’s mouth only
touches the top part-tip of the device which was depicted in the figure 1.6. It is also
important to mention that because of the different properties of resins, testing and
prototyping various versions until finding the final design would be very costly as a
consequence of unnecessary use of the expensive resin.

Therefore, it was decided that the device should consist of three parts as pictured in
the figure 2.4.

17
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Figure 2.4: The three parts of the first concept of the device

The top part-tip would be 3D-printed with the medical resin and the other two would
be 3D-printed with ABS-like resin. That combination is both cost effective and time-
effective.

2.2.2 Locking mechanism between the three parts

After it was decided that the device would consist of three parts, the next parameter
was which locking mechanism should be used to connect the three parts while taking
simplicity and ease of use into account. The first solution was the snap fit
mechanism. This solution was depicted already in figure 2.4. A close look of the snap
fit mechanism is depicted in the figure 2.5.
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Figure 2.5: The first solution with the snap fit for the device

The bottom part also had a small cavity in order for the user to be able to take it off
with ease and analyze the paper filter. This is presented in the figure 2.6.

Figure 2.6: The cavity in the bottom part

This solution was rejected because even though the mechanism could potentially
work between the two parts made of the same resin (ABS like), it would be difficult
for it to work between the part with the medical one and the one with the ABS like.
Those resins have different properties, so the snap fit would probably break at the
bending moment, making the device not suitable for use.

The next solution was using threads for the parts to connect. This is depicted in the
figures 2.7 and 2.8.



Figure 2.7: The second solution with the thread connection of the parts of the device

Figure 2.8: The thread connection between the three parts of the device
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That mechanism, although it seemed simple, it was rejected as well. The main reason
was the limitations of the 3D-printer in combination with the resin properties, in the
context that even between the same resin parts the threads couldn’t connect as they
wouldn’t fit. The threads would need much micro tuning in order to work and that
would be very time-consuming taking into account the time taken for the different
prototypes to be printed and tested in order to make the mechanism work. On top of
that, the same process would need to be done for the two parts with the different
resins, meaning more prototypes and time consumption. Besides, a possible
replacement of the ABS like resin with another with similar properties for economic
or quality reasons would mean that all this work would need to be done again,
something very costly and time ineffective. Finally, the circular motion when
connecting or disconnecting the parts is not considered ergonomic.

The third solution, which was the one approved, was the push fit mechanism. This
solution is depicted in figures 2.9 and 2.10.

Figure 2.9: The third solution with the push fit mechanism for the device



Figure 2.10: The push fit mechanism between the three parts of the device

This type of mechanism is based on a small difference between the connecting
diameters of the three parts of the parts. One part has a slightly bigger diameter and
the other one has a slightly smaller diameter, with the difference being of the order
of hundredths of millimeters. Push fit mechanism has some important advantages.
First of all, it can be 3D-printed easily and without significant accuracy problems. It
also doesn’t present any problems regarding the connection between parts from
different resins despite their different properties. The movement in order to connect
or disconnect the parts of the device is linear and simple to do. This movement is
also considered ergonomic. As a result, the mechanism is both user friendly and
simple.

2.2.3 Final solution

After carefully analyzing each of the previously discussed alternatives, the final
design of the device was established. It consists of three parts and the parts are
connected with the push fit mechanism. Ergonomic, simple to use and to 3D print,
while being non-invasive. Furthermore, it’s portable and can be in small packaging.
The extra safety measure is positioned on the top part. Specifically, the diameter of
the hole in the top part is much smaller than the diameter of the paper filter, in
combination with the conical shape of the tip. Hence, there is no danger of
swallowing the paper filter if, for some reason, the user inhales instead of exhales as
instructed. This scenario could be considered rare since the instruction is to simply
exhale on a single continuous exhalation for a specific number of times, but it is
better to have a measure for that. The device is depicted in the following figures 2.11
and 2.12.



Figure 2.11: The assembly of the final solution for the design of the device

Figure 2.12: The assembly of the device

2.3 Prototyping

Many alternative solutions were prototyped with the aim of finding the most feasible
and to guarantee that the user will find it pleasant and simple to use.

The second solution was quickly rejected after a few prototypes due to the thread
issues that were mentioned before. After that, the prototypes were focused on the
third solution with the push fit mechanism. The objectives of these prototypes were



many. At first, the top part was 3D-printed with the medical resin. The objective was
to ensure that the surface of this part is smooth and doesn’t have any roughness that
could cause discomfort. After ensuring the surface quality of the medical resin, the
three parts of the device were 3D-printed in the ABS like resin. In the figures 2.13 we
can see those parts.

Figure 2.13: Prototypes from the three parts of the product

The purpose behind this was to first check the surface quality of the other parts and
to be sure that they are smooth and suitable for the user to hold. Secondly, it was
important to find the right tolerance between the diameters of the parts for the push
fit, in order for them to connect easily and have a steady hold. Figure 2.14 shows
other prototypes that were used to find the right tolerance.

Figure 2.14: Prototypes used for the right tolerance of the push fit mechanism

24



The 3D-printed bottom parts were also tested to make sure that the paper filter
would be put in and taken off with ease.

A variance of the top part was also 3D-printed in both resins as an alternative
solution that could be more user friendly because of its smoothened edge. The
different top part is presented in the figure 2.15.

Figure 2.15: Different 3D-printed top parts/tips

The difference between them is more visible in the next figure 2.16.

Figure 2.16: Different edges for the top part of the device



The different top part didn’t have a major difference in terms of user friendliness but
rather served a different aesthetic, so it was discontinued.

The final design was very influenced by the prototyping, since the prototypes helped
to get a better understanding of the needs of the user and what difficulties the user
could face like with the thread or the snap fit.
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3. Experiments and feasibility of the device

After the final design was established and a prototype had been created,
experiments needed to be done in order to check the device’s feasibility and if all the
specifications were being met. Before the experiments started, copies of the parts of
the device were printed in order to have some spares. Moreover, the sterilization of
those parts was necessary. The parts printed with medical resin (top parts) were
sterilized in an autoclavable machine which made them odor less and ready to use. It
is important to mention that the medical resin is certified and the user can keep it in
his/her mouth for 30 minutes, time that is more than enough for breath sampling.
The parts with the ABS like resin were sterilized using 70% ethanol and a UV lamp.
Then the parts were ready for use. The last step before starting the experiments was
to cut the paper filters from a plain conjugate pad. The paper filters had a diameter
of 6mm and were cut using a biopsy punch of the same diameter. The filters are
depicted in figure 3.1.

s )

s )

LYY L)

P ~

Figure 3.1: The cutting of the paper filters for device



The experimental setup is presented in the figure 3.2.

Figure 3.2: The experimental setup used for the experiments

3.1 Protein detection by observing color change

In the first experiments, the aim was to detect protein collected in the paper filter by
observing color change and to determine the external factors that can have an
impact on the results. They served as a first indication of whether there is protein
presence or not.

3.1.1 Experimental procedures

The procedure for the protein detection had some simple steps:

1) Place the paper filter at the end of the bottom part and assemble the device.

2) Take a deep breath and blow through the device in a single continuous
exhalation. Repeat for 5 exhalations in total.

3) Take the paper filter out with a tong and place it inside a well of a 96-well
plate.

4) Add 200 pul of PBS in the same well with the use of a suitable pipette and
leave the sample for 30 minutes in room temperature.

5) Place a paper filter inside a tube with saliva and leave it for 30 seconds.

29



6) Take the paper filter with the saliva and place it inside a well.

7) Add 200 pl of PBS in the same well with the use of a suitable pipette and
leave the sample for 30 minutes in room temperature. This sample is the
positive control.

8) Add 100 pl of PBS to have a blank — negative control sample.

9) Take 100 ul from the two wells containing the paper filters using different tips
each time and place each on a different well.

10) Add 100 pl of the working solution of the BCA Protein Assay kit to each of the
three wells. The working solution is created by mixing BCA Reagent A and BCA
Reagent B at a 100:1 ratio.

11) Incubate in 37 °C for 30 minutes.

12) Cool plate at room temperature.

The experiments were not restricted to only that exact procedure but other factors
were examined. As it was mentioned before, a standardized breath sampling
procedure needed to be established in order for the results to be repeatable and due
to the fact that the procedure itself has a significant impact on the results. At first,
the most suitable method for breath sampling was inspected. There were three
different methods that were considered and tested using the procedure stated
above. The first one was using normal — light breathing and exhaling through the
device 5 and 10 times. The same method was repeated but for 20 exhalations.
Afterwards, the “drinking straw” method was tested for 5 and 10 exhalations. Finally,
the “flute” method was used for 5 exhaled breaths. The “flute” method was picked
as the most suitable for reasons that will be explained in the next section. After the
method was picked, the external factors needed to be examined. More specifically,
there was the need to make sure that the paper filters alone didn’t contain an
amount of protein that would make them unsuitable to be used and undermine the
experiments. For that reason, the same procedure was followed, but this time an
unused paper filter was used instead. In addition, it was essential to test if the
contact between the paper filter and the resin of the bottom part could contaminate
them and have an impact on the results. In order to test that, a paper filter was
rubbed on a spare bottom part made of ABS like resin, and then the same procedure
was followed using that one instead of the one used for breath sampling. The results
from these experiments will be discussed in the next section.
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3.1.2 Results

A result from the first experiments is shown in the following figure 3.3.

Figure 3.3: A 96 well plate from the light breath experiments

In the first row of the plate, the two wells contained plain PBS and served as the
negative control. In the second row, the two wells contained samples after 20 light
exhaled breaths (left) and 10 light exhaled breaths (right). The third row is from the
saliva dipped samples that worked as the positive control. By observing the color
difference, it was evident that there was protein presence in the samples that were
used from light breaths.

From the results it was clear that each of the three sampling methods worked. The
first one with the light exhaling was rejected because even though it could be
considered the most user-friendly of the three, the paper filter wasn’t collecting a
significant concentration of protein, even though the light exhalation was repeated
for more exhaled breaths than the others. The “drinking straw” method, although it
gave good results, was rejected mostly due to the fact that there isn’t a standard and
sure way to know how long the partial exhaled breath should be or how much air
should be exhaled. Furthermore, since the device is set to be used by people from
different age groups, it would be difficult for certain users to cooperate with that
type of method. The “flute” method was picked because it gave higher protein



concentration with fewer repeats and because it was the method that most users
would be able to follow without difficulty.

Regarding the external factors, no color change was noticed in both the blank paper
filter and the one that was rubbed on the bottom part. Therefore, the experiments
could continue without their results being undermined. The results can be seen in
figure 3.4.

Figure 3.4: A 96 well plate from the experiments for different ways of exhaling and the external factors

This plate was an example of the experiments examining the external factors. The
well Al (top left) contained a sample from an unused filter and the well A2 contained
a sample from a paper filter rubbed on the resin. It was clear that there was no color
change in them. In the second row, starting from left to right, the first sample
contained 10 light exhalations, the second contained 20 light exhalations, the third
contained 10 exhalations using the “flute” method and the last one was saliva
dipped. The third row contained samples with 20 exhalations each after using the
“flute” method and the fourth row contained samples with 20 exhaled breaths each
after using the “drinking straw” method. It is important to note that the color of the
samples is to some extent highlighted due to the large quantity of the working
solution. That is mentioned because in the next figures the colors might seem slightly
lighter. Nonetheless, the more intense colors were crucial in order to have a first
indication of protein presence and because the first experiments were more
gualitative than the next ones.



3.2 Protein detection using the BCA analysis for different numbers of exhaled
breaths

Since the presence of protein was proved, the next step was to try to perform a BCA
analysis to find the protein concentration in the samples for different numbers of
exhaled breaths. The reason behind this was to determine what number of breaths
was suitable and should be set in order to have feasibility.

3.2.1 Experimental procedures

The procedure is being described in the BCA Procedure that is in the Annex of the
thesis. The procedure was followed for 1,2,3,4 and 5 exhaled breaths in each sample.
Then, it was decided to increase the number of exhaled breaths to 7,8,9 and 10 times
in each sample.

A slightly different procedure was also being used for the experiments and is
described in the Second BCA Procedure in the Annex. The objective behind the
slightly different procedure was to determine if a denser sample could give better
results. This procedure was followed for 7,8,9 and 10 exhalations. Then, once again,
the exhaled breaths were increased to 5,10,15 and 20 in each sample.

It has to be mentioned that because of the results, there was no point in having a
positive control sample. Nonetheless, the concentration of a sample that followed
the procedure with the saliva mentioned earlier was measured. Likewise, the
absorbance of both an unused paper filter and a paper filter rubbed with a resin part
were measured, in order to have both qualitative and quantitative evidence that they
didn’t have an impact.

3.2.2 Results

At first, the results for 1,2,3,4 and 5 exhaled breaths in each sample were giving a
very low protein concentration in each sample, albeit a higher concentration than
the blank well with the plain PBS. Even with the 7,8,9, and 10 exhalations, the
protein concentration remained low. The denser samples gave higher concentrations
than the previous samples but the problem was that they couldn’t fit in the standard
curve of the BCA. Also, it was clear that after a point, the samples didn’t have much
difference when it came to protein concentration, even in the denser form. This is
something that can be expected since the concentrations are low and a linear
correlation between exhaled breaths and concentration would be difficult to depict.
The procedure with the 5,10,15 and 20 exhalations was actually more successful
since each sample had a higher concentration than the blank one and in most cases
the sample with the higher number of exhalations had a higher protein
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concentration. A good example from the results with the denser form is presented in
the next figures 3.5, 3.6 and 3.7.

Figure 3.5: A 96 well plate from the experiments using BCA analysis for different numbers of exhalations

1 2 3 4 5 6

A | 2000 | 2000 | 5exhalations | 10 exhalations | 15 exhalations | 20 exhalations
B 1500 1500

C | 1000 | 1000

D 750 750

E 500 500

F 250 250

G 125 125

H 0 0

Figure 3.6: The plate layout of the 96 well plate in the figure 3.5
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Concentration Mean

of BSA (ug/ml) | absorbance Sl el

2000 2.7375 5 exhalations 0.235
1500 2.66 10 exhalations 0.200
1000 2.123 15 exhalations 0.260
750 1.625 20 exhalations 0.266
500 1.5295
250 1.1335
125 0.901

0 0.1325

Figure 3.7: The measured absorbance of the 96 well plate of figure 3.5

From the figures above, the presence of protein was obvious both qualitatively
because of the color and quantitatively from the absorbance difference between the
samples and the blank. It is also clear that those samples cannot fit in the standard
curve. The sample on the A7 well, marked with the red circle, is a sample from an
unused paper filter whose absorbance was similar to the blank (0.140).

Even the new numbers couldn’t fit into the standard curve, so it was clear that the
standard curve should depict lower concentrations than the standard ones. At the
same time, an important observation was made. After leaving the samples for 48
hours instead of the usual 30 minutes, their absorbance was significantly higher. This
led to valuable changes in the protocol with both different numbers of exhalations
and different time needed for the sample to be left after the working solution is
added. The vast difference is depicted in figure 3.8.

Figure 3.8: A 96 well plate from the experiments before and after 48 hours



3.3. Protein detection using BCA analysis and quantification on protein
concentration

Since the number of exhalations that were suitable was established and there were
the necessary changes in the procedure, in the next experiments the BCA analysis
was performed again using the new and improved protocol. The objective this time
was to ensure the feasibility of the test and try to quantify the concentration of the
samples even approximately.

3.3.1 Experimental procedures

The whole new procedure is being described Updated BCA Procedure that is located
in the Annex of the thesis.

3.3.2 Results

With the new procedure, the results were encouraging. First, the feasibility of the
test was proven because in each case the protein concentration in every sample was
significantly higher than the blank and in some cases the concentration was even
measured and was considered adequate. One result from these experiments is
depicted in the figures 3.9, 3.10 and 3.11.

Figure 3.9: A 96 well plate from the experiments using the new protocol for the BCA analysis



1 2 3
A 500 500 5 exhalations
B 250 250 10 exhalations
C 125 125 15 exhalations
D 62,5 62,5 20 exhalations
E 31,25 31,25
F 15,625 15,625
G 7,8125 7,8125
H 0 0
Figure 3.10: The plate layout of the 96 well plate pictured of the figure 3.9
Concentration Mean
of BSA (ug/ml) | absorbance Samples Absorbance
500 1,488 5 exhalations 0,236
250 0,6035 10 exhalations 0,236
125 0,589 15 exhalations 0,231
62,5 0,4705 20 exhalations 0,367
31,25 0,3825
15,625 0,3265
7,8125 0,3025
0 0.167

From these results, the presence of protein was evident since all the samples had
significantly higher absorbance than the blank sample. Additionally, although the first
three samples couldn’t fit in the BSA curve, the last could and its protein

Figure 3.11: The measured absorbance of the 96 well plate of figure 3.9

concentration was measured at 47,48 pg/ml.
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Another result from the experiments is presented in the figures 3.12, 3.13 and 3.14.

Figure 3.12: A different 96 well plate from the experiments using the new protocol for the BCA analysis

1 2 3 4 5 6
A 500 500 5 exhalations | 10 exhalations | 15 exhalations | 20 exhalations
B 250 250
C 125 125
D 62,5 62,5
E 31,25 31,25
F 15,625 | 15,625
G | 7,8125 | 7,8125
H 0 0

Figure 3.13: The plate layout of the 96 well plate of the figure 3.12



Concentration Mean

of BSA (ug/ml) | absorbance Samples Absorbance

500 1,306 5 exhalations 0,209

250 0,807 10 exhalations 0.201

125 0,537 15 exhalations 0.34
62,5 0,4255
31,25 0,2755
15,625 0,231
7,8125 0,1825
0 0,128

Figure 3.14: The measured absorbance of the 96 well plate of the figure 3.12

In these results, the presence of protein was yet again evident, since all the samples
had significantly higher absorbance than the blank sample. Furthermore, all four
samples could fit in the curve and their protein concentration was measured. The
first sample had a protein concentration of 8,75 pug/ml. The second sample had 5,67
ug/ml and the third one had 59,13 pg/ml. The last sample had low absorbance,
which was an exception from the majority of the results where it always had the
higher absorbance of the samples, but it was decided for those results to be
presented because of the good absorbance and protein concentration of the other
three samples.
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4. Discussion and conclusions

4.1 Current limitations

Even though the device has some exceptional characteristics that were examined
earlier, it is not without a flaw. There are some limitations that should be mentioned
and solved in order for the device to become better and be used in other
applications.

First of all, the paper filter could be better. The current one used is made out of a
plain conjugate pad, which makes it pretty dense. Although the density helps in the
collection of compounds and proteins from the exhaled air, at the same time, the air
passes with some resistance. That resistance is not uncomfortable during the
sampling process when the exhalation is repeated five times, but after that, it starts
to potentially get tiring. The number of exhalations itself can be tiring after a certain
point, but still, a more lightweight and improved filter can provide a better
experience for the user with the sampling method and allow for more repeated
exhaled breaths.

Moreover, if the device’s parts continue to be 3D-printed, it would advisable that the
product should be tested for toxicity before the start of any clinical trial. The resin
used for the top part (biomedical resin type 1) has certifications for both ISO 10993-
5:2009 and I1SO 10993-10:2021. The first ISO describes test methods to assess the in
vitro cytotoxicity of medical devices and the second ISO specifies the procedure for
the assessment of medical devices and their constituent materials with regard to
their potential to induce skin sensitization. The other two parts are made from ABS
like resin which is not considered toxic, but even so, testing the device should be
considered for the protection of people participating in those clinical trials.

Lastly, the manufacturing process could be better. Considering a high demand for the
product, the 3D-printing is not the best option for manufacturing, since there are
other procedures that can produce the parts at a faster time and rate. The surface
quality can be considered good, but there are limitations on the connecting
mechanism of the device. The device is intended to be ready to use right out of the
package, but still, the bottom part will need to be taken off in order to take the paper
filter for analysis. Hence, there can be a preference from the user for one mechanism
over the other.
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4.2 Future development

4.2.1 Technical development

The following technical approaches should be taken into account if the product is
going to be developed for the market. As a start, there needs to be a different
manufacturing method given the possibly high demand for the device, as it was
explained earlier. Accordingly, a cast for injection molding should be created for the
product. This process is suitable for mass production while giving better accuracy and
quality. It also allows the parts to connect with both the push-fit mechanism and a
thread, meaning more options for the user. As a result, the device will have a more
steady and better connection between its parts with both the push-fit mechanism
and the thread, making it better for the user. While using this method, it can be
considered to use plastic that has a color or colors similar to the ones that color
crayons have, which will increase the marketability of the product and make it more
appealing especially for children, provided that the plastic used is suitable and safe
for the user. It can also be expected that the manufacturing costs will be lower by
using this process, because medical resin is expensive.

Along with this, a better paper filter can help to make the sampling process better.
Filters from different materials could be considered as long as they don’t affect the
experimental results. It should be noted that this is not as crucial as the different
process for manufacturing. The reason behind this is that from the results, even with
five exhalations, the sample had a significantly higher protein concentration than the
blank sample, so five exhalations can be considered adequate. The discomfort for the
user during those five repeats is very low as it was explained earlier.

4.2.2 Development into a new lateral flow test

The big advantage of this device is that it can become a part of a two-step lateral
flow test for various protein biomarkers. During the experiments, it was proved that
there is protein in an exhaled breath and it was approximately measured. The paper
filter was essentially collecting this protein. The device can be the first step of a
lateral flow test, as the sampling method. More specifically, after the user has
exhaled 5 times through the device, the paper filter can be taken off and be placed in
a well using a tong provided in the package. The well doesn’t need to be a part of the
whole 96 well plate, but it can be a single well packed with the lateral flow test.
Then, the user will add the PBS inside that well and will leave the sample for 30
minutes. The PBS can be inside a small tube in the package. After the 30 minutes, the
user will use a small plastic pipette to take the liquid and then let it flow along the
test, passing through the conjugate pad into the nitrocellulose membrane and then
onto the absorbent pad. The test can have the same design of the lateral flow tests
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used for COVID-19. This test can also be done in a simpler way using a tube-like
pipette like the ones used for COVID-19 self-tests. This type of pipette is presented
and marker with a red ellipse in the following figure 4.1.

Figure 4.1: The tube-like pipette used in some COVID-19 self-tests [16]

The tube-like pipette will already contain the PBS and the user will just drop the
paper filter inside using a tong. Then, after 30 minutes have passed, the user will turn
the pipette upside down and let the liquid flow through the test. If the paper filter
makes it difficult for a few drops to pass through, although unlikely, a second clean
tong can be provided to take out the filter and then turn the pipette upside down.

The public is familiar with the process of self-tests, so it won’t be difficult for them to
follow these steps and use the test. A self-test kit is depicted in the figure 4.2.

Figure 4.2: A COVID-19 self-test [17]
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There is research that confirms the presence of proteins in exhaled air and has
identified some of the proteins [18]. Proteins have also been identified as biomarkers
for diseases [19]20].

The lateral flow tests can have those proteins as labels and detect various diseases
while being completely non-invasive and user-friendly. They also won’t need analysis
in a specialized laboratory and the user can have the results fast, revolutionizing
diagnostics.

4.2.3 From prototype to end product

It is obvious that developing the prototype into an end product is a multifaceted
process which requires the examination of many factors that cannot be overlooked.
First of all, a business plan needs to be created and analyzed. This involves market
research, financial planning and other complex steps. In order for the business plan
to be fully implemented, it necessitates specialized personnel that will examine and
analyze all these factors that surround the product.

An essential factor is the biocompatibility and safety of the device. The device needs
to comply with the US-FDA and EU-MDR regulations for type | medical devices. Also,
in the case that the manufacturing process is injection molding, the plastic that will
be used needs to be biocompatible, non-toxic and safe to use. The verification and
validation of the device are also important.

Regarding the lateral flow tests, they require a lot of testing. Their sensitivity and
specificity need to be measured and large-scale clinical trials need to be conducted in
order to test if the biomarker can be detected and the tests work properly. It is
evident that a team of engineers needs to work on this type of tests and the
participation of volunteers will be needed. Additionally, it needs to be decided
whether the lateral flow tests will be bought ready to use from a company or
equipment will be bought with the aim of producing them.

The logistics is another aspect that should not be overlooked. The product should be
packaged alone or with the lateral flow test together, preferably in small packages. It
needs to be decided where the product will be distributed and to make a deal with
the transportation company to ensure low transportation costs for the product, so as
to have a marketable product.

Lastly, it is crucial to protect the intellectual property. For that reason, a patent
attorney should be hired to conduct the proper research for the Intellectual Property
and write a proposal to the European Patent Office for the product. The patent could
focus on the sampling method and the lateral flow tests supposing they work as
intended.
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4.3 Conclusions

As a conclusion, this product has the potential to revolutionize the diagnostics
industry. It is non-invasive, simple and user-friendly. In combination with the lateral
flow tests, it can replace existing uncomfortable sampling practices and diagnostic
procedures and become the new standard. It covers the need of the public to
monitor its health, making it a desirable product.
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6. Annex

1. BCA Procedure
2. Second BCA Procedure
3. Updated BCA Procedure

4. Mechanical drawings of the device
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