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Abstract

English Abstract

3D printing is a technology that can fabricate complex 3D-structures faster and cheaper than current technolo-
gies. In the medical world, there are developments to fabricate patient-specific prostheses with stereolithog-
raphy (SLA), which is already applicable in dentistry. However, out of the 3D-printed structures, components
can leach out. These leachates can influence hormonal pathways and fertility. Because of this link, this re-
search wants to look at the repercussions of the implementation of a prosthesis near the uterus. This research
has tried to 1.) establish what the toxic effects are from leachates on human endometrial epithelial cells which
was assessed by considering the metabolic activity, 2.) to research which post-curing treatment is needed to
minimize the amount of leachates or alleviate any, and 3.) to research if the physiological environment of
the uterus enhances leaching. For this research, the commercially available resins FL. Biomed, FL. Clear and
FL Elastic were used. The final conclusion is that the leachates released at pH 7 are less cytotoxic than the
leachates released at pH 4. A post-treatment with UV-light and heat works, but it is speculated to evoke an
effect of its own. More research is needed before SLA prostheses can be safely implemented in the human
body.

Dutch Abstract

3D-printen is een techniek dat complexe 3D-structuren sneller en goedkoper kan fabriceren dan huidige andere
technieken. In de medische wereld zijn er ontwikkelingen waarmee het mogelijk wordt om patiént-specifieke
prothesen te maken met stereolithografie (SLA), wat al gebruikt wordt in de tandheelkunde. Echter, com-
ponenten kunnen uit deze 3D-geprinte structuren ontsnappen, leachates, wat de hormoonhuishouding en de
vruchtbaarheid kan beinvloeden. Door het verband met vruchtbaarheid, wil dit onderzoek kijken naar de
gevolgen van een prothese geimplementeerd in de buurt van de uterus. Dit onderzoekt heeft geprobeerd
om 1.) te onderzoeken wat de toxische effecten zijn van deze leachates op humane endometrium epitheel
cellen kijkend naar de metabolische activiteit, 2.) te onderzoeken welke behandeling nodig is om de leachates
te minimaliseren of te elimineren, en 3.) om te kijken of de fysiologische omgeving van de uterus andere
leachates teweegbrengt. Voor dit onderzoek zijn de commercieel verkrijgbare harsen FL Biomed, FL Clear
en FL Elastic gebruikt. Uiteindelijk is de conclusie dat de leachates die vrijkomen bij pH 7 minder cytotoxish
zijn dan de leachates die vrijkomen bij pH 4. Een behandeling met UV-licht en hitte werkt, alhoewel er ook
indicaties zijn dat het zelf ook een reactie teweeg brengt. Meer onderzoek is nodig voordat SLA prostheses
veilig geintegreerd kunnen worden met het menselijk lichaam.
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Chapter 1

Introduction

From prototyping, to prostheses, and even for leisure; 3D-printing is becoming more prevalent in human lives.
The rise of 3D printing is mainly driven by the possibility of fabricating 3D structures, a quick idea-to-concept
cycle, and a decrease in costs compared to other additive manufacturing techniques'. When looking at the medical
field, stereolithography (SLA) 3D-printing is most often used, due to its printing accuracy and speed compared
to other printing techniques. SLA is based on a photopolymerization process, which yields the disadvantage
that uncured compounds may leach out of 3D-printed structures. This is worrisome when implementing SLA
based 3D-printed structures such as prostheses in the body. The leachates can interact with cells and affect the
whole body by traveling through the bloodstream. There has been supporting evidence that these leachates can
impact fertility, as some are endocrine disrupting chemicals (EDCs). These EDCs can mimic bodily hormones
and impact hormonal pathways, however it is unknown to which extent=~. Therefore, the purpose of this thesis
is to abridge the knowledge gap by studying the effect of SLA 3D-printed leachates and how to minimize them
by performing post-curing treatments on the 3D-printed structures. Since there is evidence supporting the claim
that these leachates can negatively impact fertility, the decision has been made to focus on human endometrial
epithelial cells, which have their place of origin in the uterus. Because the physiological environment of these cells
is acidic and the pH may influence the release of leachates, this research also explores the leachates that come free
in acidic conditions. To achieve these goals, firstly the metabolic activity of the cells was investigated as this gives
information about the viability, proliferation, and phenotype of the cells. Since the leachates can act as EDCs
and mimic estrogen, the effect on the metabolic activity of the leachates and estrogen was compared. Another
characteristic that was investigated is the production of alkaline phosphatase (ALP), which endometrial epithelial
cells produce when stimulated by estrogen. Therefore, leachates have the potential to also induce an increase in
ALP production. Finally, the research question is; what is the effect of stereolithography 3D printed-resins FL
Biomed, FL Clear, and FL Elastic leachates gathered from pH 7 and pH 4 on human endometrial epithelial cells,
focusing on their metabolic and alkaline phosphatase activity? The last aspect that will be discussed is post-curing
treatments. Previous literature revealed that SLA 3D-printed objects can receive treatment to minimize leaching.
Therefore, this research will try to assess the impact the different treatment conditions have in minimizing the
amount of leachates.



Chapter 2
Theory

2.1 3D-Printing & Stereolithography
2.1.1 3D-printing

To produce 3D structures and objects, there are several techniques possible, such as injection molding, micro
milling, hot embossing, and 3D-printing®. However, a decrease in costs and improved performance, quick idea-
to-concept ratio', and the possibility to fabricate relatively complex structures make 3D-printing more favorable.
This can be seen in the usage of 3D-printing as a means for rapid prototyping in the fields of education, automo-
tive, military, aerospace, and more. Especially in the field of medicine and dentistry, the usage of 3D-printing is
expanding in the form of bioprinting and the fabrication of patient-specific prostheses.

Within 3D-printing technology, there are variations possible, such as inkjet-like 3D printing, two-photon poly-
merization (2PP), fused deposition modeling (FDM), material jetting (MJ), stereolithography (SLA), and more®.
To minimize the scope of this research, this paper will only focus on SLA, as it is the most relevant 3D-printing
technique in the medical field due to its speed and printing resolution”. The increase in interest in SLA expressed
by the number of publications regarding this subject is presented in figure2.1]
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Figure 2.1 The number of publications on Scopus related to stereolithography through the years 1876-2023. For this graph,
the search strings “’stereolithography” and its abbreviations ”SLA”, ”STL” and ”SL” were used. The data is retrieved from
Scopus on July 8, 2024.

2.1.2 Stereolithography

SLA is an additive manufacturing technique in 3D-printing based on layer by layer polymerization. The SLA 3D-
printer has a bath full of photo-curable resins, and an ultraviolet (UV) laser stimulates the resins to polymerize®.
Development in using thermally activated resins, in combination with light sources such as infrared (IR), light
emitting diodes (LEDs), or medium pressure mercury (MPM) lamps are in action but have not been adopted. To
facilitate the polymerization process, the resin tank is heated to a constant temperature of 35°C. Another important
component of an SLA 3D-printer is the platform on which a structure is polymerized. The platform is attached to

an elevator which allows movement in the z-axis®.

Polymerizing 3D-structures can either be done via laser writing or digital light projecting (DLP). Both meth-
ods are depicted in figure2.2] Via laser writing, a laser polymerizes each selected pixel on a layer individually, as
it scans along the platform. As this process is quite time-consuming, DLP is developed for more efficient printing.



With this, a digital micromirror device (DMD) is controlled by a computer which decides which micromirrors
reflect light. Therefore, it is possible to polymerize whole layers at once of the desired design.

Laser Writing Digital Light Projecting (DLP)
Top down Bottom up
B
: n oty

Figure 2.2 Different stereolithography techniques, either by laser writing with a top down approach or digital light projecting
via a bottom up approach. Pictures were drawn by Dr. C.A. Marquette.

Furthermore, there is a difference in which manner the platform moves. In a top down approach, the structure is
polymerized on top of the platform, which requires the platform to move down after each completed layer. For
bigger structures, a bigger tank of resin is needed which implies more waste. Therefore, a bottom up approach is
developed. As depicted in figure[2.2} the structure is polymerized on the bottom of the platform. After a completed
layer, the platform moves upwards. Now, less resin is needed for the fabrication of bigger structures'’.

2.2 Leachates

In the photopolymerization process which is used in SLA, merely 55-60% of the resin is polymerized®. These un-
cured components can leach out of 3D-printed structures®, which is alarming when implementing such structures
in the human body. Before assessing the possible effects these leachates may bring, this section will first expand
on what components these leachates could be.

2.2.1 SLA Resins

The exact composition of SLA resins is often unknown, as manufacturers do not release this information due to
proprietary. Nor is it known which exact components can leach out of 3D-printed structures. The only insight given
is from the safety data sheets (SDS) of the resins and other research. These findings unearthed that SLA resins
contain a mix of monomers, photoinitiators, thermal initiators, light stabilizers, light absorbers, and plasticizers,

which will be described in the following sections?.

Monomers and Oligomers

Monomers are the base of a 3D-printing resin, as these are the molecules that will polymerize and become a
physical structure. In most SLA resins, a versatile mix of monomers is used to give the final structure an array
of characteristics®. The monomers crosslink during the photopolymerization process. An example of commonly
used monomers in SLA 3D-printing are acrylate® and methacrylate compounds® as they are highly reactive during
photopolymerization. An overview of some common monomers is provided in table 2.1}



Table 2.1 An overview of common (metha)acrylate compounds used in SLA resins”.

Group Name compound Abbreviation Chemical structure
(Metha)acrylate | Urethane Urethane- o /@( o
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Pentaerythritol PETA ¢
tetraacrylate SR
v o

N
Dicyclopentadienyl DCPDA f%v
diacrylate
" s

o) )
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TAEI K/O\[(\

Photoinitiators

The photoinitiators in SLA 3D-printing resins are important for instantiating the polymerization process. They do
so by forming free radicals, which crosslink the monomers in the resin, causing it to solidify. There are different
types of photoinitiators, but most often Norrish Type I photoinitiators are used in SLA printing. These absorb
UV-light, which forms a free radical by homolytic cleavage®. An example of such a process can be seen in Figure

23

0 0]
| polym.
hv o
OH OH —>

Figure 2.3 The homolytic cleavage reaction evoked by Norrish Type I photoinitiators. Free radicals are formed from benzoyl
isopropanol, which start the polymerization process as the radical is passed around. The figure is retrieved from
www.photoinitiators-platform.org on June 20, 2024.

Examples of these compounds are phosphine-oxide photoinitiators®. See table[2.2|for some chemical structures.



Table 2.2 An overview of common photoinitiators used in SLA resins?.

Group Name compound Abbreviation | Chemical structure
Phosphine- Darocur 1173, D1173 o
oxide 2-Hydroxy-2-methyl-1-phenyl- OH

photoinitiators | 1-propanone

Irgacure 184, 1184 0

1-Hydroxycyclohexyl phenyl
ketone O @
Diphenyl(2,4,6- TPO 90
trimethylbenzoyl) phosphine QP
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2,2-Dimethoxy-2- Q_“_FC:/ \>
phenylacetophenone o. —
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Bis Acyl Phosphine BAPO :<< 900 >>:
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Plasticizers

Plasticizers are added to polymerization reactions to reduce polymer rigidity. The additional flexibility allows
polymers to be more durable, as their brittleness is reduced. In SLA resins, often the plasticizers polyethylene
glycols (PEG) and diethyl-phthalates are used®.

Thermal Initiators

There are thermal initiators in SLA resins. These do not aid the photopolymerization process, as they are not
activated by UV-light. Instead, they activate in a thermal post-treatment, where their function is to interlink
oligomers. Examples of these thermal initiators are components such as benzoyl peroxide or lauroyl peroxide®,
which can be seen in table



Table 2.3 An overview of common thermal initiators used in SLA resins. The chemical structures are retrieved from
www.sigmaaldrich.com on June 21, 2024.

Group Name compound | Abbreviation Chemical structure

Thermal initiators | Benzoyl peroxide (BZO), 0
o/O

o]

Lauroyl peroxide - e
M o CH
H4C S o~ Y\/h
o]
Light Absorbers

The main purpose of light absorbers is to improve the final printing resolution. These scavengers neutralize free
radicals to ensure that the polymerization process does not propagate further than needed. Most light stabilizers
are quinone-based compounds®. In table an overview is given.

Table 2.4 An overview of common light absorbers used in SLA resins.

Group Name compound Abbreviation Chemical structure
Light 2-Ethyl-9,10- EDMA o
absorbers dimethoxy anthracene
O\
1,4-Bis(2- BMSB
dimethylstyryl)benzene

Light Stabilizers

After the final fabrication of a 3D-printed structure, light stabilizers protect it from environmental degradation,
such as photo-oxidation by UV radiation and oxidation. Therefore, the final product is more durable. Another
benefit is that light stabilizers prevent resins from polymerizing during storage®. In table[2.5| an overview is given
of common light stabilizers found in SLA resins.

Table 2.5 An overview of common light stabilizers used in SLA resins?.

Group Name Abbreviation Chemical structure
compound
Light stabilizers | Butylated BHT oH

hydroxy toluene

Methyl ethyl MEHQ \
hydroquinone O@OH

2.2.2 Possible Treatments for 3D-Printing Resins

A post-curing treatment can reduce the amount of leachates that escape SLA 3D-printed structures. Concerning
this technique, there have been experiments with UV-light, thermal treatment and coatings.



UV-Light

A treatment of UV-light allows photoinitiator fragments to recombine into larger molecular weight (MW) struc-
tures. Other smaller, unreacted monomers are entrapped by these higher MW chains, which makes it more diffi-
cult for leachates to escape the structure®. Additionally, unreacted monomers can crosslink to the polymer matrix.
There is evidence that this treatment reduced the embryotoxicity of leachates in zebrafish embryos-Y.

Temperature

An increased temperature can catalyze the cross-linking of high MW polymers that form the printed structure.
It also can vaporize the remaining smaller molecules, which minimizes the amount of loose compounds in the
3D-printed structure®. In the context of preventing polydimethylsiloxane (PDMS) inhibition curing caused by
3D-printed leachates, a UV-light in combination with thermal treatment proved to be effective®.

Coating

A coating on a printed structure, such as parylene-C, forms a barrier for leachates. The leachates are prevented

from escaping the structures‘!,

2.2.3 Resins Used in This Research

There are several SLA resins commercially available on the market. Since SLA technology is relatively new,
the implementation of 3D-printed structures in the body is not widely adopted. However, since there are many
future possible applications with the technique, and it is still developing, it is still relevant to research these resins.
To minimize the scope of this research, the decision was made to focus on three commercially available resins:
FL Biomed, FL Clear, and FL Elastic. The rationale for choosing these resins is explained in the upcoming
paragraphs.

FL Biomed

FL Biomed is a resin specially designed to be biocompatible. Therefore, possible applications are likely related to
implementation in the body or close contact with a patient.

FL Clear

The resin FL Clear is a hard plastic that is optically transparent. Therefore, this plastic can be used for microscopy
or other optical applications.

FL Elastic

Lastly, FL Elastic is a resin with elastic properties. This resin can be used in applications that need to deform tem-
porarily given a mechanical input, such as membranes. Furthermore, this resin could be a contender in replacing
polydimethylsiloxane (PDMS) in lab-on-a-chip technologies.

2.3 Endocrine Disruptors

The leachates that come free from the structures can act as endocrine disrupting chemicals (EDCs)?. These EDCs
can affect hormonal pathways in the body by mimicking existing hormones or blocking them. In other words,
EDCs breach the homeostatic control in the body'%. Low concentrations of EDCs can already have significant

consequences because bodily hormones also work in low concentrations2.,

2.3.1 Working Mechanism

There are two main pathways in which EDCs can interfere with the body. They can either disrupt the hormone-
receptor complex such that it changes the inner working mechanisms, or EDCs can block hormone-receptor in-
teractions. The latter pathway is dependent on the interaction of established hormonal pathways with the EDCs.
As a consequence, the synthesis of the necessary hormones in a pathway is blocked, which has major downstream
consequences. The full-in-depth mechanism has yet to be elucidated, as it is a complex process dependent on
a multitude of factors'®. However, it is known that these EDCs can travel all the way through the body via the
bloodstream and affect different hormonal pathways.
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2.3.2 Effect on Fertility

There are some difficulties in encapsulating the exact effects of EDCs, as they can work in low concentrations,
and it has yet to be determined from which concentrations it can affect the body. Another hurdle is that EDCs
are often studied in isolation, while a combination of EDCs can afflict other effects than the singular compound.
Lastly, there could be a significant time between the exposure of EDCs and the effects they induce, which makes
it more difficult to identify correlations™. The aforementioned factors make it difficult to make concrete claims
on the impact of EDCs. However, there has been supporting evidence that points to EDCs negatively impacting
fetuses and fertility. The current state of the art speculates that the total hormone balance in the body, which is
disrupted by EDC:s is a contributing factor. Especially when EDC exposure occurs in a developmental period,
such as when organs are maturing during puberty, when the reproductive systems are differentiating, or during
gestation, the EDCs seem to have a bigger impact. To put it more concretely, EDCs are speculated to cause an
earlier onset of puberty, sub-, and infertility, uterine abnormalities, and premature birth 3.

When regarding the leachates that escape SLA 3D-printed devices, similar observations have been made with
EDCs. An example of that is a research conducted by Macdonald et al., who showed that excessive contact with
3D-printed structures was embryotoxic to zebrafish. The resins used were ABSplus P-430 based on FDM, Visi-
JetCrystal EX200 based on MJ, Watershed 11122XC, and Fototec SLA 7150 Clear based on SLA printing. The
embryos that came in contact with the 3D-printed resins were perceived to have slower development than the
control zebrafish embryos and had other birth defects (such as bleeding in the yolk sac and heart edema)’. Even
more alarming, research showed a lowered blastocyst production, an inhibited cleavage stage and inhibited oocyte
maturation by leachates in mammalian embryosm. Another study discovered that two dental resins, namely DLT
and DSG, produced leachates that are toxic with regards to reproduction despite their declared biocompatibilitylE.
This only entails more research.

As stated previously, EDCs can travel via the bloodstream and impact organs and tissues all over the body. How-
ever, to minimize the scope of this research, the choice has been made to focus on the endometrium in the uterus,
as EDCs are certain to impact these cells due to their role in infertility. This will be further explored in section 2.4}

2.4 Fertility
24.1 Anatomy

In order to study the effect of EDCs on fertility, some background knowledge of the female reproductive tract
is needed. This system consists of several organs, such as the cervix, fallopian tubes, ovaries, and uterus™, A
schematic overview of these organs is provided in figure[2.4] Of these organs, mostly the uterus will be highlighted.

Fallopian tube Lumen of uterus Isthmus Ampulla

Infundibulum

S Fimbriae
Body of uterus
Ovary
Endometrium
Myometrium

- Perimetrium
Internal os

- Cervical canal

Isthmus of uterus —

Lateral fornix External os
Cervix

Vagina

Figure 2.4 Schematic frontal view of the female reproductive system. The main organs involved are the cervix, uterus,
fallopian tubes, and ovaries. The figure was retrieved from https://artpictures.club on July 5, 2024.

The uterus is located posterior to the bladder while being anterior to the rectum. There are four main components,
namely the fundus, the corpus (body), the isthmus, and the cervix'®. The fallopian tubes connect to the uterus
via the fundus. The corpus is the main part of the uterus and is where fetuses develop. Caudal to the corpus, the
isthmus is located. Lastly, the cervix opens the vagina and is based causal to the corpus.
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Furthermore, the uterus consists of three cell layers. From external to internal, there is the serosa/perimetrium,
which consists of epithelial cells'®. Then, there is the myometrium, which consists of smooth muscle cells. The
function of this cell layer is to keep the pelvic floor from collapsing®. Lastly, there is the endometrium, which
forms the inner cell layer of the uterus. This has a functional (superficial) layer, that contains hormone receptors in
contrast to the basal endometrium (inferior). In the case of reproduction, the embryo will attach to the functional
layer. Additionally, this is the layer that gets shed during menstruation%,

2.4.2 Hormones

The two most influential hormones in the female reproductive tract are estrogen and progesterone, which are
depicted in figure The next paragraphs will expand further on the role and function of these hormones.

cH, pH ‘ Y
)

Estrogen Progesterone

Figure 2.5 The chemical structures of estradiol '8 and progesterone. The figure of progesterone is retrieved from
https://www.researchgate.net on June 16, 2024.

Estrogen

Estrogen is a collective name for the steroid hormones estrone (E1), 17-estradiol (E2), estriol (E3), and estetrol
(E4) found in humans'®. While EI is predominant during the menopause, and E3 and E4 play roles during the
pregnancy, when referring to “estrogen”, most often E2 is meant?’. This hormone is responsible for a great
plethora of functions, which includes osteosynthesis, glucose, and lipid homeostasis“!, the proliferation of the

. . . . . . . d
endometrial functionalis, maintenance of secondary female sexual characteristics and ovulation 20

Progesterone

Progesterone (pregn-4-ene-3,20-dione; P4) is, similar to estrogen, a steroid hormone present in the uterus. Its
main functions are to prepare the endometrium for pregnancy, to aid the ovarian cycle, and to thicken the mucous
membranes which aids the immune system and for a physical barrier against sperm? .

Cycles

As mentioned previously, the uterine landscape is subject to changes, which is due to the ovarian and uterine
cycles and the difference in hormone concentration. A regular cycle consists of 28 days. The uterine cycle
consists of three phases, proliferation, secretory, and the menses or menstruation phase 22 Meanwhile, the ovarian
cycle consists of four phases, namely follicular, ovulatory, luteal, and the menstruation phase®. These cycles’
purpose is to prepare the uterus for insemination and procreation. The previously described hormones estrogen
and progesterone have a significant role in this cycle. An overview of the fluctuations in hormone levels and their
effect on the endometrium can be seen in figure [2.6] This will be elaborated upon in the following sections.

Follicular and Proliferative Phase

The purpose of the proliferative phase is to grow the endometrial cell layer in preparation for possible pregnancy>.
Specifically, the functionalis layer of the endometrium proliferates and increases in thickness. Combined with
extra vascularization, this creates a nutritious environment for a possible embryo. This change in the endometrium
is caused by the increased levels of E2''7, which additionally stimulates the Follicle Stimulating Hormone (FSH)
receptors in the follicles=?.
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Figure 2.6 A schematic overview of the ovarian and uterine cycle, including the hormones involved with this process. The
figure is retrieved from https://en.wikipedia.org on May 23, 2024.

Ovulation

When E2 levels are at an all-time high, the ovulation begins, as can be seen in figure[2.6] The E2 causes FSH and
Luteinizing Hormone (LH) production to be set in motion, which in turn causes the mature follicle to release an
oocyte. After this, E2 levels begin to decline’®.

Luteal and Secretory Phase

The increased LH levels of the ovulation phase stimulate the increase of progesterone. This causes the en-
dometrium to decrease its proliferation and lessen its cell lining. More vascularization stimulates mucous se-
cretions, which are characterized in the next phase. Furthermore, at the end of the luteal and/or secretory phase,
progesterone signals negative feedback, which causes the other hormonal levels to decline 7.

Menstruation

The decrease of hormones in the secretory phase in case there is no conception, causes the endometrium function-
alis to be shed as its maintenance is energetically unfavorable. The menstruation phase is taking place!7%3.

Endocrine Disruptors

As the EDCs can mimic estrogen and progesterone, they can influence the uterine landscape as well. The tissues
and organs that make the female reproductive tract change and can impair the role of reproduction.

2.4.3 Physiology

The environment of the female reproductive system and therefore the uterus has been thoroughly investigated.
A healthy reproductive system is characterized by the composition of vaginal microflora. As this is a dynamic
environment, the microflora that inhabits this space also undergoes dynamic changes. These changes can be
dependent on age, sexual activity, pregnancy, genes, and other factors“*. When a female is born, the vaginal flora
is sterile. Sparingly, the organs are inhabited by a small number of organisms, which are replaced by lactobacilli
(Doderlein bacilli) after two to three days>>. These bacteria are responsible for creating an acidic environment of
pH 3.8 - 4.2 in reproductive females, which protects the vaginal system against infections“*2%. The acidity of the
vagina can impact the deterioration of prostheses
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2.5 Aim of the Project & Hypothesis
251 Aim

The overarching goal of this research is to assess the toxicity of 3D-printed leachates, specifically on human
endometrial epithelial cells as these play a role in fertility. As the physiological environment of the uterus is
acidic, in contrast to other parts of the body, other leachates may leach out. Therefore this research will also
look into the leachates derived from an acidic environment. Additionally, this research aims to find a post-curing
treatment that minimizes or eliminates leachates that escape 3D-printed structures in environments found in the
body. Lastly, the leachates that escape are resin dependent. Therefore, this research will look into the differences
in leachates of the resins FL. Biomed, FL Clear and FL Elastic. To establish these aspects, the research question
can therefore be subdivided into four sub-questions:

1. What is the effect of leachates on human endometrial epithelial cells in terms of metabolic activity and
alkaline phosphatase (ALP) activity?

2. What treatment do the resins need to minimize the amount of leachates?
3. What is the effect of leachates derived from 3D-printed structures in an acidic environment?

4. What is the difference in the effect of leachates between the resins FL Biomed, FL Clear, and FL Elastic,
and estrogen?

To answer these questions, Ishikawa cells, which are human endometrial epithelial cells, have been cultured with
medium containing 3D-printed leachates and were analyzed for viability based on metabolic activity and ALP
assays. The specific details of the rationale behind these assays and their inner workings will be explained further
in chapter[3]

2.5.2 Hypothesis

The effect of leachates on human endometrial epithelial cells is expected to give rise to an increased metabolic
activity. Additionally, there is also an increase in ALP production expected, as estrogen elicits this reaction. EDCs
can mimic estrogen and they are therefore expected to also increase the ALP production*’28, As for the differ-
ences among the three resins, FL Biomed is expected to evoke the lowest increase in metabolic activity and ALP
expression, as this resin is designed for biomedical purposes. Therefore it is not expected to leach out much or
inspire a reaction from the cells. FL Elastic is expected to evoke the highest reaction due to the porosity of this
resin. This allows more components to leach out. By default, this implies that FL. Clear will have a reaction that
is between FL Biomed and FL Elastic in terms of metabolic activity and ALP production.

The differences in leachates extracted at semi-basic conditions and acidic conditions are expected to lead to di-
verging results. An acidic environment is expected to deteriorate the 3D-printed structures more, which causes
more possible leachates or even other components to leach out?”. Therefore, it is expected that this invokes a
stronger reaction in the cells in terms of metabolic activity and ALP production.
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Chapter 3
Materials and Methods

3.1 Cube Fabrication

In order to research the effects of resin leachates, first 3D-printed objects must be made. The full experimental
design is depicted in figure[3.1] and will be further elaborated upon in the following section.

No treatment >

/' Untreated cubes “ % i

Post treatment
/ Sterilization

s v

Treated cubes

3D-printing cubes ~

THuv Thermal treatment

(A=405nm) (2,4,8,24H)
T=120°C

Figure 3.1 A schematic overview of the process of brick fabrication, made with BioRender.

In this research, cubes with a dimension of 5x5x3 mm have been 3D-printed with an SLA 3D printer (Formlabs
3B+). Since the resin attached to the platform is thicker to ensure the 3D-printed structure is not harmed during
fabrication, it was opted to add supports to the design. Three different resins were used, namely Formlab (FL)
resins Biomed, Clear, and Elastic.

After printing, the cubes were detached from the building platform and washed with isopropanol for 30 min.
Then, the cubes were placed in an ultrasonic for 45 min. Afterward, they were dried and the supports were re-
moved. Each resin was divided into different groups of post-curing treatment. One set received no post-curing
treatment (control), while the other cubes received a 1h UV-treatment (A = 405 nm) in FormCure at 60 °C. There-
after, the groups of cubes received different thermal treatments at 120 °C, of 2, 4, 8, or 24h. The bricks were
stored in aluminum foil until further use. All different conditions are summarized in table 3.1l

Table 3.1 All the different conditions that were used in this experiment. Three resins, FL Biomed, FL Clear, and FL Elastics
were used with different post-curing treatments.

FL Biomed | FL Clear | FL Elastic
Untreated
1H UV-light
2H Thermal
1H UV-light
4H Thermal
1H UV-light
8H Thermal
1H UV-light
24H Thermal

The bricks of each condition were stored in screw cap microtubes (ThermoFisher) with the lid slightly ajar. Then,
they were placed in autoclave sterilization bags and sterilized in a Zeus 23 autoclave (Liarre) for 40 min. at 121°C.
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3.2 Conditioning Medium

The previously made cubes were used to fabricate conditioned medium, which is depicted in figure[3.2] Leachates
were obtained with medium at its original pH and medium in acidic conditions. The full process is clarified in the
following section.

Add HCI E gj
= N 3cm?/ml ii‘
t ‘ (ISO-standard ,ao‘?‘

S 10993-12:2021) pH 4 and back to
Ishikawa medlum pH = 4 medium = pH 7 medium
m — Remove cubes

-
f 3 =
g )

5 / E 24h ‘ >

‘ ‘ T=37°C and 5% CO,
Incubate both media with cubes

Orlglnal medlum

” AT

Leachated
original medium

Figure 3.2 A schematic overview of the process of the making of conditioned medium, made with BioRender.

3.2.1 Original pH

According to ISO-standard 10993-12:2021, a thickness of 0.5mm should be extracted in 3 cm? /mL for a slab
shape. Therefore, two cubes of each condition were put in a well of a 24-wellplate with 733uL Ishikawa cell
medium, then incubated at 37°C for 24h.

322 pH4
Final Method

For the cube extraction at pH 4, firstly hydrochloric acid (HCI) and sodium hydroxide (NaOH) were sterilized
by filtering, using a syringe (BD) with a needle (Sterican) to suck up the fluids. The needle was replaced with
a syringe filter with a 0.2 um supor membrane (Pall) and a different needle. The sterile HCI and NaOH were
put into tubes and used to convert the pH of the medium. Firstly, sterilized HCI was added to convert a bulk of
medium to pH 4, which was measured using the FiveEasy Plus pH meter FP20 (Mettler Toledo). The cubes were
also incubated according to the ISO-standard 10993-12:2021. Only this time, six cubes were used with 2.200uL
to ensure there was enough medium to be measured with the pH-meter. Afterward, sterilized NaOH was added to
convert the pH to 7.8-8.0 for each condition.

Complications

The first method to change the acidity of the medium was similar to the method described in section [3.2.2] How-
ever, measuring the pH was done with pH-indication-paper (Millipore) and the aimed for end pH was 7.4. How-
ever, this method proved to give unreliable results, and therefore a secondary experiment was instantiated to test
the viability of pH conversion methods, which is depicted in figure[3.3]
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Figure 3.3 A schematic overview of the testing of different media, made with BioRender.

The experiments conducted in this research will be done with Ishikawa cells. These are human endometrial ep-
ithelial cells, with the uterus as their place of origin. These cells are influenced by estrogen, as they express
receptors dependent on this hormone?’. This makes them valuable assets in researching the possible toxic effect
of endocrine disruptors from leachates in 3D printing resins.

The Ishikawa cells were cultured on Dulbecco’s Modified Eagle Medium (DMEM), 10% Fetal Bovine Serum
(FBS), 1% pen/strep, and Non-Essential Amino Acids (NEAA). This specific composition of complements will
henceforward be referred to as “Ishikawa medium” in this report. On the first day, a 96-wellplate was seeded
with a cell density of 10,000 cells/well and four wells per condition. On day two, variations of Ishikawa medium
were made. There was a control group with unmodified Ishikawa medium, medium converted to pH 4, medium
converted to pH 4 and back, and DMEM (no supplements) converted to pH 4 and back to its original pH, and then
supplements were added. An overview of these conditions can be seen in table[3.2] The method by which the pH
was converted, is the same as described in section @} On day three, the cells were incubated with 100 uL of
their corresponding medium each. Day four and eight consisted of a live/dead staining, which was followed by
fluorescent imaging with an EVOS MTS5000 (ThermoFisher).

Table 3.2 The different conditions of medium made for a live/dead assay.

Abbreviation Explanation
Ctrl Ishikawa medium
pH4 Ishikawa medium converted to pH 4 with HCI
pH4 and back Ishikawa medium converted to pH 4 with HCl and back to pH 7.8-8.0 with
NaOH
Sup. later DMEM converted to pH 4 with HCI1 and back to pH 7.8-8.0 with NaOH.
Supplements for the Ishikawa medium were added afterward

3.2.3 Live/Dead Staining

To determine the ratio of live and dead cells, a live/dead staining has been conducted. Here, Calcein AM is a
cell-permeable fluorescent dye, that interacts with intracellular esterases in metabolically active cells and changes
to fluorescent green. Ethidium homodimer-1 (EthD-1) is the dye that stains dead cells fluorescent red. It binds to
DNA and therefore can only enter cells with compromised plasma membranes” .

For this cell experiment a staining solution was made, consisting of 10 mL PBS (Sigma-Aldrich), 20 uL of 2mM
EthD-1 (ThermoFisher), and SuL of 4mM Calcein AM (ThermoFisher). The medium on the cells was aspirated
and replaced by 100uL of staining solution, which was then incubated at 37°C and 5% CO,. Afterward, the cells
were analyzed with an EVOS MT5000 (ThermoFisher) using a GFP filter (482 nm excitation/524 nm emission)
and an RFP filter (531 nm excitation/593 nm). The live and dead cells were counted with ImageJ, and analyzed in
Excel (Version 2404).
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3.3 Cell Experiments with Leachates
3.3.1 Addition of Leachates

A schematic overview of the Ishikawa cell experiments conducted with the leachates is depicted in figure[3.4] On
day one, a 96-wellplate was seeded with a density of 10,000 cells/well and four wells per condition. On day two,
the leachated media were made as described in section @ On the third day, the cells were incubated for 24h at
37°C and 5% CO; according to ISO Standard 10993-12:2021. Each well contained 100 pL of their corresponding
medium. On day four, a metabolic assay was conducted.

Day 1: Day 2: Day 3: Day 4:
Seed plate Make leachated medium Add leachated medium to cells
10.000 cells/well =) (=) Incubate 24 H

T=37° and 5% CO-
(1SO-standard 10993-12:2021)

= ; §
Il N 7
pH 4 anciiiback to i L_egchateq Presto Blue Assay
pH 7 medium original medium m

Xzah

Figure 3.4 A schematic overview of the process of the cell experiments, made with BioRender.

3.3.2 Presto Blue Assay

A presto blue assay was conducted to determine the proliferation, cell viability, and cell phenotype of the Ishikawa
cells, which expressed itself in metabolic activity. During this assay, resazurin (blue) is added to the cells, which
is partially hydrolyzed in the mitochondria by redox reactions. NADH is converted to Nicotinamide Adenine
Dinucleotide (NAD) and resorufin (pink), as can be seen in figure @ Since the metabolic activity declines in
non-viable cells and therefore cannot cause a fluorescent change, this assay is often used as a measure of cell
viability? .

NADH NAD+

a5

Resazurin Resorufin

Figure 3.5 The conversion of NADH to NAD™ used to convert resazurin to resorufin, only conducted by viable cells? .

To conduct the presto blue staining, presto blue from the resazurin cell viability kit (Tribioscience) and Ishikawa
medium have been mixed in a 1:10 ratio. Hereby, the medium was pre-warmed to 37°C in a metal bead bath. The
3D-printing leachated medium on the cells has been aspirated, and replaced by 100uL of the presto blue medium.
An additional four wells void of cells had been filled with the presto blue solution to correct for background noise.
The steps have been conducted in the dark, to prevent fluorescent bleaching. Finally, the cells were incubated
for 2.5-3h, and the medium was relocated to a black fluorescence microplate (ThermoFisher). The plate has been
analyzed on fluorescent change with a VICTOR? 1420 multilabel counter fluorescent plate reader (Perkin Elmer).
The used values of the excitation/emission were 535-560/590-615 nm as by recommendation of the manufacturer.
Finally, the gathered metabolic activity values were normalized and plotted with Excel (Version 2404).
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3.4 Cell Experiments with Estrogen
3.4.1 Addition of Estrogen

Leachates can induce estrogen-like effects, and therefore cell experiments were conducted using different con-
centrations of E2 as a positive control. The experiments are similar to the experiments described in section [3.3.1}
The only divergence is on day two and four, and the addition of a day eight. Namely, on day two, several con-
centrations of E2 have been made. This was done by dissolving 1g of estradiol (MedChemExpress) in ethanol,
which created a stock solution of 1M. This was diluted with Ishikawa medium to obtain a range of 10° to 10* pM
estrogen. On day four, in combination with the presto blue assay, an ALP assay was performed, where afterward
the E2 medium was added to the cells again. On day eight, another presto blue and ALP assay were performed.

Day 1: Day 2: Da){ 3:
Seed plate Make E2 medium Add E2 medium to cells

10.000 cells/well Incubate 24 H
T=37°C and 5% CO,

&

s

o | /_~E Dy 488

Emh ‘

[
2
4
2

Presto Blue Assay

ALP assay

Figure 3.6 A schematic overview of the process of the cell experiments regarding estrogen, made with BioRender.

3.4.2 ALP Assay

ALP is known to hydrolyze phosphate monoesters in the extracellular environment in alkaline conditions. This
enzyme can be found in the liver, bones, kidneys, placenta, and intestines 30 1t is a known osteogenic marker, as
it is expressed when there is bone formation®L. In the context of the uterus and fertility, however, ALP is relevant
as it is expressed by human endometrial cells when stimulated by E2283L The full reaction pathways of ALP
in the uterine environment are unknown, but it is responsible during pregnancy for physiological changes in the
endometrium®. In this experiment, the Ishikawa cells were exposed to EDCs (the 3D-printing leachates) and
E2, causing an increased ALP production which will be the measure of disturbance in the endocrine system“/5,
To quantify the amount of ALP in the endometrial cells, an ALP assay is conducted. This uses the substrate p-
nitrophenyl phosphate (pNPP). In reaction with ALP produced from the Ishikawa cells, pNPP is dephosphorylated,
causing a colorimetric change which produces yellow=2.
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Figure 3.7 The conversion of p-nitrophenyl phosphate to p-nitrophenol. In alkaline conditions, it converts further to
p-nitrophenolate, which becomes yellow and is an observable colorimetric change. Figure retrieved from
https://www.gbiosciences.com on July 1, 2024.

An ALP assay kit (abcam) was used to assess the ALP production. The aliquots were made according to the
manufacturer’s instructions, resulting in an ALP Assay Buffer I/ALP Assay Buffer, ALP Enzyme, 5mM pNPP
solution, and Stop Solution. First, a standard was created in duplo according to the manufacturer’s instructions
and pipetted in a clear absorption microplate (ThermoFisher). For the experiments, 80uL of the cell medium was
pipetted in a clear absorption microplate, including four extra wells with regular Ishikawa medium as a background
control. Thereafter, 20uL of the Stop Solution was added to the background control, and mixed. Then 50uL of
5SmM pNPP solution was pipetted to all wells except for the standard wells. The standard wells received 10uL
of ALP enzyme solution. The microplate was then incubated at 25°C for 60 min. Lastly, all wells except for the
background control, received 20 L of Stop Solution. The absorbance was measured in a Multiskan Go platereader
(ThermoFisher) at 405nm with a shake.

20



Chapter 4
Results

4.1 Estrogen
4.1.1 Alkaline Phosphatase Assay

In figure 4.1} the expression of ALP can be seen from the Ishikawa cells after estrogen exposure at different
concentrations on day one and day four. The calibration curves to obtain these data are depicted in appendix [A.T}
Notably, there is little variance in ALP expression on day one, especially compared to day four. The cells after
four days of continuous estrogen exposure seem to have a higher ALP expression than on day one (4 0.4 yuL/mL),
including the control (1.2 uL/mL). The highest ALP expression is on day four with an E2 concentration of 107
pM.

ALP concentrations after estrogen exposure
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Figure 4.1 The alkaline phosphatase expression of human endometrial epithelial cells after exposure to several different
concentrations of estrogen on day one and day four. Four wells were used to construct one data point.

4.1.2 Viability and Metabolic Activity

The metabolic activity of Ishikawa cells after exposure to estrogen is depicted in figure .2] The data was nor-
malized to the control, which was medium that contained no E2. The metabolic activity after one day of exposure
seems slightly higher than that on day four, however, there are no substantial differences. The biggest difference
in activity is seen at the concentration of 10 pM E2, which notably, also has a high error bar.
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Figure 4.2 The metabolic activity of human endometrial epithelial cells under the influence of different concentrations of
estrogen on day 1 and day 4. Four wells were used to construct one data point. There are substantial differences in the
metabolic activity.

4.2 Cube Incubation at Original pH

In this section, the results from gathering leachates at the original pH of Ishikawa medium will be discussed.

4.2.1 Viability and Metabolic Activity

Figure {4.3] summarizes the metabolic activity from the human endometrial epithelial cells, expressed in percent-
ages. The data has been normalized with the control, which was unconditioned Ishikawa medium. On the x-axis,
the different conditions can be observed, starting with the control which had no leachates, followed by cubes that
received neither UV-light nor thermal treatment. Then, the conditions with different thermal treatments can be
seen. Observable is that the cubes that received a longer thermal treatment were able to elicit a higher metabolic
activity. This trend is most noticeable in the FL Elastic resin, starting with the lowest metabolic activity in the
untreated condition, and ending with the highest metabolic activity in the condition with 24H thermal treatment.
The FL Biomed and FL Clear cubes also follow this trend, but lesser.

PrestoBlue (cube incubationat pH=7) n=4
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Ctrl Untreated 2H 4H 8H 24H
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Figure 4.3 Metabolic and viability activity on human endometrial epithelial cells, gathered from a cube incubation at the
original pH of the medium. Four wells were used to construct one data point. The data is in percentages and has been
normalized to the control. The data suggests a general increase in metabolic activity when the thermal treatment duration
increases. However, there are overlapping error bars.
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4.3 Cube Incubation at pH 4

4.3.1 First Experiment

In figure 44} the metabolic activity is depicted of the cells, with medium of 3D-printing leachates gathered from
incubation in pH 4. This graph has the same conditions as in figure [4.3] with an additional control. This control
was medium converted to pH 4 and back to pH 7 and no leachates. As can be observed, the metabolic activity of
all conditions seems insignificant compared to the control.
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Figure 4.4 Metabolic and viability activity on human endometrial epithelial cells, gathered from a cube incubation with
medium at pH 4. Four wells were used to construct one data point. The data is in percentages and has been normalized to the

control, which contained unconditioned Ishikawa medium. The results seem insignificant compared to the control,
presumably due to excessive cell death.

When looking at the cells, such as in figure [d.3] it can be seen that the control contained cells that were attached
to the surface of the wellplate. The conditions containing the leachates had cells that were detached and drifted in
the wells. In figure [d.5]on the right, one of those clumps is depicted from the well that had leachates from the FL

Biomed 1H UV and 8H thermal treatment condition. This condition is representative for the other wells in this
research.

Biomed 8H thermal treatment

Figure 4.5 Human endometrial epithelial cells after incubation for 24 hours. On the left, the incubation happened at the

original pH of the medium. On the right, there was medium used that was converted to pH 4 and back. Noticeably, it these
cells do not look healthy and have let loose from the surface.
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4.3.3 Live/Dead Staining

After the results of section [4.3.1] an additional experiment was conducted to optimize the method of converting
medium to pH 4 and back. Four different conditions were tested, as summarized in figure @ The conditions
were: a control group with no adjustments to the medium, medium that was converted to pH 4, medium that was
converted to pH 4 and back, and DMEM that was converted to pH 4 and back with a later addition of Ishikawa
medium supplements. All conditions except for the medium at pH 4 seemed to give viable cells, on day one and
four. Remarkably, the control group on day one seems to have fewer living cells than the other viable conditions.

Percentage of Live and Dead cells n=4
120%
100% e — . ——— — —c—
80% .
60%
40%

20%

0%
dayl day4 dayl day4 dayl day4 dayl day4
Ctrl pH4 pH4 and back sup. later
Live M Dead

Figure 4.6 Cells incubated with regular medium, medium converted to pH 4, medium converted to pH 4 and its original pH,
and DMEM that was converted to pH 4 and back with a later addition of supplements. Four wells were used per condition.

4.3.4 Second Experiment

The metabolic activity of the second experiment is depicted in figure 7] Similar to the results in figure 4.3
there seems to be an increase in metabolic activity with a longer thermal treatment. An exception is the metabolic
activity of the leachates from the FL Biomed resin, as these do not seem to be affected by the treatments in terms

of metabolic activity. Compared to figure [£.3] all conditions (except the control) seem to have a lower metabolic
activity.
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Figure 4.7 Metabolic and viability activity on human endometrial epithelial cells, gathered from a cube incubation with
medium at pH 4. Four wells were used to construct one data point. The data is in percentages and has been normalized to the
control, which contained unconditioned Ishikawa medium. Here, all data seems to have a lower metabolic activity than the
control, presumably because the leachates are toxic to the cells. With an increased duration of the thermal treatment, the
metabolic activity increases. This suggests that a longer thermal treatment causes less leachates to release.
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Chapter 5

Discussion
5.1 Alkaline Phosphatase Activity from Estrogen

The expectation was that the ALP production would increase with higher concentrations of E2, starting from
three days or longer“22%, However, as is seen in the graph this is not the case. A potential reason could be
due to wells containing more cells, and therefore producing more ALP. Both days, however, seem to have ALP
concentrations similar to the control. This could potentially suggest that the estrogen concentration dilutions were
inaccurate. However, there is an observable difference between the ALP concentration on day one (£0.4 pL/mL)
and day four (1.2 uL/mL). A possible reason is that the ALP assay is colorimetric and looks at the absorbance at
405nm. The cells that were incubated for four days only had a medium change on day one. When conducting the
assay, the phenol-red buffer in these wells had become yellow (&£ 443nm) due to the waste products released from
the cells. While measuring the ALP concentrations, the color change of the medium could be mistaken for ALP.
The variations in concentration could therefore also be due to this difference in acidity due to metabolic waste
products. Therefore, the ALP data is inconclusive.

5.2 Viability and Metabolic Activity from Estrogen

E2 should stimulate the proliferation of Ishikawa cells, in which higher concentrations would cause more stimu-
lation®. This is not observable in graph The concentrations are similar to each other, and the main variation
seems to be due to increased error bars. Between day one and day four, the metabolic activity seemed to be lower
on day four. For a concrete conclusion, the data should have been normalized on the number of cells. Furthermore,
the ALP data showed that there may have been incorrect E2 dilutions. Since this experiment used the same stock
of E2 dilutions, there is doubt about the validity of this data too.

5.3 Metabolic Activity at the Original pH

EDCs can leach out of SLA 3D-printed structures. These EDCs can cause an increase in metabolic activity, as
they mimic estrogen'3%8. All conditions except the untreated FL Elastic leachates showed an increase in metabolic
activity. This is in agreement with the hypothesis. Potentially, this difference in activity might be because of a
difference in cell number. However, it is unlikely since 24h is not enough time for cell proliferation. In the fu-
ture, normalization of the number of cells in a well should be done to be certain. Since the untreated FL Elastic
leachates seemed to differ in metabolic activity by being low, these leachates are thought to be highly toxic to the
cells. Looking at this resin, after one hour of UV and two hours of thermal treatment, there is already a significant
increase in metabolic activity, which could imply that treatment does have an effect. Notably, the FL Elastic resin
seems to be most influenced by the treatment. This may be due to the increased porosity of the resin, which implies
that it can leach out components faster during thermal treatment. Therefore, a treatment has a bigger potential in
reducing the escaping of leachates.

When looking at the other resins, FL. Clear and FL Biomed, they also seem to be affected by the treatment as
the metabolic activity increases too. This change is bigger in FL. Biomed than with FL Clear, which goes against
the expectations.

Owing to the metabolic activity exceeding 100%, the metabolic activity is not equal to the viability. This ex-
ceeding in activity increases as the thermal treatment increases. It might be that the thermal treatment deteriorates
the resins, and when in contact with the cells elicits an increased activity. Additionally, the autoclave which heats
up to 121°C could also be responsible for this decay.

25



5.4 Metabolic Activity at pH 4, First Attempt

From figure it could be seen that the first attempt was unsuccessful in providing reliable information due to
all conditions being insignificant compared to the control group. This could be because the pH measurements
were done with pH-indicator paper, which is less accurate than a pH-meter. Therefore, it is unsure if the pH
was converted to 7.4. If the pH was lower, the additional waste products released from the cells could make the
environment too acidic, which caused cell death. Additionally, the aim was to convert the medium to pH 7.4 as
this was thought to be the start pH of the medium and is considered an optimal cell culture condition. This is in
contrast with the experiments that followed, which showed that the start pH was more akin to pH 7.8-8.0. The
medium contained a bicarbonate buffer, which is dependent on CO,. Over time, the CO; began to equilibrate with
the CO; concentrations in the atmosphere, causing it to become more basic (pH 7.8-8.0) than expected (pH 7.4).

5.5 Live/Dead Assay

The live/dead assay showed that all cells died in pH 4 medium, which was expected as cell culture is often not
conducted at this pH. The other conditions showed to have viable cells. As the data was counted by ImageJ, some
photo corrections had to be made to ensure that the program worked correctly. The threshold values for what was
considered a live or dead cell could thus be different, which could lead to data variance.

5.6 Presto Blue Assay at pH 4, Second Attempt

The metabolic activity assay conducted with cube incubation at pH 4 is depicted in figure Since the cell
numbers have not been quantified, no claims can be made about the metabolic activity of individual cells. How-
ever, there is an overall smaller metabolic activity compared to the metabolic activity depicted in figure 4.3 This
could point to a higher toxicity of the leachates, as the control which was converted to pH 4 and back is similar
in metabolic activity as the control group at the original pH. This could point to the components leaching out at
pH 4 being more toxic than the leachates that come free at pH 7, or that the leachates react in acidic environments
which makes them more cytotoxic. A mass spectrometry analysis could give more insight in the leachates and
their properties.

In another comparison with the data in figure 4.3 the pattern of an increased metabolic activity with increased
thermal treatment is still observable. The same speculations apply about the deterioration of 3D-structures due to
prolonged thermal treatment and the influence of the autoclave.

FL FElastic seems to be most affected by the treatment, which is probably due to increased porosity, as described
in section FL Biomed seems to be almost not affected by the treatment, which was expected as this resin is
claimed to be biocompatible. It is remarkable that in the previous experiment from figure this resin did look
affected by treatment. The last remark is that the cube incubation was executed in a wellplate, which is also made
from plastic. The acidic medium could degrade the plastic from the wellplate and affect the Ishikawa cells.

5.7 Future Recommendations

This research is by all means not complete. Therefore, this list with future recommendations has been made.
For the colorimetric ALP assay, it might be good to use a phenolred-free medium, to minimize interference
and background signal. The ALP assay could also be conducted with cells that have been cultured in medium
containing leachates. It might also be interesting to see what the effect would be on the metabolic activity of the
cells after exposure to leachates, after four days of incubation. To remove ambiguity, it might be wise to do a DNA
quantification so that the data can be normalized to the number of cells. Since autoclave sterilization is a step that
occurs at 121°C, which is similar to the post-treatment, it might be wise to shorten the thermal treatments with the
time it takes for the autoclave to sterilize the structures. Another option would be to incubate the structures with
ethanol. To get a picture of what possibly leaches out of the cubes, a mass spectrometry analysis could identify
the components. If these resins are used for lab on a chip fabrication, there could be cell experiments with the
different treatments, to see the effect on the cells. Lastly, it might be wise to study the effect of the leachates and
E2 together. This is because a low concentration of xenestrogen can be amplified in combination with E212,
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Chapter 6

Conclusion

This thesis aimed to evaluate the toxicity of SLA 3D printer leachates on human endometrial epithelial cells,
whether or not treatments can minimize these, and to establish if other leachates were released at a different pH.
The final verdict is that a post-treatment does help in minimizing the toxic effects on human endometrial ep-
ithelial cells, but is subject to evoke a reaction of their own in terms of increased metabolic activity. Therefore
more research is needed. Additionally, post-treatment also seems to minimize the leachates that escaped the SLA
3D-printed structures under the physiological conditions of the endometrium in vivo. This is favorable, as this re-
search deems those leachates as more cytotoxic. However, the post-treatment evoked a similar effect of increased
metabolic activity.

To put all findings in a broader context, when SLA prosthetic fabrication is put into practice, post-treatment is
influential in reducing the amount of leachates that are able to get released. Especially in regards to uterine pros-
theses, as the physiological environment can cause more cytotoxic compounds to leach out, which can interfere
with the bodily processes. This realization is a step forward regarding the integration of SLA technologies in the
medical field.
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Chapter 8
Appendix

A Estrogen Data

In this appendix, all the raw data gathered from the estrogen experiments will be depicted.

A.1 Alkaline Phosphatase Assay

Calibration Curve

To interpret the data gathered from the ALP assay, calibration curves of pre-determined standards were used. These calibration curves are
depicted in figure[T]and 2]

Calibration curve after 1 day estrogen exposure
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Figure 1 The calibration curve for the alkaline phosphatase assay of human endometrial epithelial cells after exposure to
several different concentrations of estrogen for day one. Two wells were used to construct each data point. The final fitted
equation was y = 4.0009x% — 4.3842x + 0.6446.

Calibration curve after 4 day estrogen exposure
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Figure 2 The calibration curve for the alkaline phosphatase assay of human endometrial epithelial cells after exposure to
several different concentrations of estrogen for day four. Two wells were used to construct each data point. The final fitted
equation was y = 2.8027x!-3639,
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ALP Standards

All the raw ALP values gathered from the standards summarized in table[T]

Table 1 All the alkaline phosphatase assay values obtained from the standards on day one and four.

Amount of Standards day 1 | Standards day 4
pPNP in pmol |1 2 3 4

0.00|A| 0.0510 0.0529| 0.0461 0.0466

10.00/B| 1.9210 2.0111] 2.8911 2.6659

20.00|C | 3.4067 3.5299| 3.2068 3.2052
30.00|D| 3.5915 3.6059| 3.5754 3.5291
40.00|E | 3.6812 3.6841| 3.6452 3.6712

50.00|F | 3.6741 3.6688| 3.7278 3.6776

ALP Data

The ALP data after one and four days of continuous E2 exposure are presented in table 2]

Table 2 All the alkaline phosphatase assay values obtained from exposure to several different concentrations of estrogen after
one and four days.

ALP assay day 1 ALP assay day 4
1 2 3 4 5 6 7 8
Control (no E2) Al 1.5085 1.5310 1.5598 1.5763| 1.5930 1.4799 1.3683 1.5035
10° pME2 B| 14687 15133 1.5605 1.4780| 1.5619 1.5255 1.4699 1.4984
lﬂlpl\fi E2 C| 1.4651 1.3965 14384 1.5111| 1.5684 1.4994 1.5715 1.4977
10% pME2 D| 1.4195 1.4730 1.4583 1.4397| 1.5957 1.5664 1.5331 1.5168
10° pME2 E| 1.3146 1.3364 1.2958 1.3350| 1.5125 1.5709 1.5151 1.4533
10* pME2 F| 12295 1.1610 1.1911 1.1959| 14334 14140 13682 1.3412
G
H

Background sample 0.1462 0.1507 0.1487 0.1479] 0.1327 0.1325 0.1311 0.1320

A.2 Presto Blue Assay

The raw presto blue data after one and four days of continuous E2 exposure are presented in table[3]

Table 3 All the presto blue values obtained by researching several different concentrations of estradiol.

Presto Blue day 1 Presto Blue day 4

1 2 3 4 5 6 7 8
Control (no E2) Al 189027 201096 163059 163114 296310 235708 234722 176083
10° pM E2 B 175031 156748 261540 241441 233604 228833 243537 249252
10! pM E2 C| 236751 203879 188390 191653| 252045 236266 232430 232786
107 pM E2 D| 203728 166332 188451 1844068 257744 224655 232648 231556
10° pM E2 E 191606 250163 180020 195696 321821 285029 247161 227615
10* pM E2 F| 174151 196655 190170 252116 309773 222097 229695 229607

G

Background sample |H 7430 7058 6697 6722 13062 11063 10698 10984
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B Original pH Data
B.1 Presto Blue Assay

All the raw fluorescent values of the metabolic activity of the Ishikawa cells, with cube incubation at the original pH are depicted in tableEI

Table 4 All the presto blue values obtained by gathering 3D-printing leachates at pH 7.

FL Biomed FL Clear FL Elastic

1 2 3 4 b] 6 7 8 2 10 11 12
Control (no resin) A|133506 140880 192425 169907 |116433 206497 1643538 152333 |106384 193200 131632 174031
Untreated B |161044 203575 154341 191751 |182151 169836 119983 134836 |10938 11370 10374 9320
IHUV +2H Thermal |C 174652 193718 215023 1563514 (217102 206911 159763 206053 |149768 169954 150455 124304
IHUV +4H Thermal |D|188481 191864 165660 217325 (168037 208365 189370 197838 |1830494 133730 203769 168271
IHUV +8H Thermal [E |275044 186838 156309 186003 (138117 202597 211785 190717 |187002 112195 193737 192703
1H UV +24H Thermal |F |[246435 206791 207649 164487 [226584 156405 179474 221022 |264874 202379 258746 146544

G

Badkground sample H|6320 6112 6278 6186
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C Data Gathered at pH 4

All the data regarding the experiments with cube incubation at pH=4.

C.1 Presto Blue Assay

First Experiment

The presto blue values obtained after exposure to leachates. Observable is that the values obtained are significantly less than the control with
unconditioned medium.

Table 5 All the presto blue values obtained by gathering 3D-printing leachates at pH 4.

FL Biomed FL Clear FL Elastic

1 2 3 4 3 6 7 3 9 10 11 12
Conirol (no resin, to pbi=4 and back) [A[10265 7024 9936 11821 |7498 7264 10060 8071 7144 0025 0067 12277
Untraatad B(818% 3031 7488 10282 (7598 7497 0147 7392|7073 3008 8537 6940
IH UV + 2H Thermal C|(7586 7447 7404 7556 |7553 7709 7312 5769 (7695 7929 7095 170
IHUV + 4H Thermal D6o93 7181 10802 10188 |7429 7386 77 7659|7433 7297 1278 6863
IH UV + 8H Thermal E[7520 7487 7361 1327 8869 7171 10290 7607 6904 11458 7203 1256
IHUV + 24H Thermal F[7030 7404 7390 7393 7263 6042 7314 7234|7315 7402 7316 8934
Control (original pH) G(192128 93954 245134 236431 |174134 197792 214440 182950 (173716 167990 176310 192612
Baclkeround sample H[7020 6547 7709 7229

Second Experiment

The presto blue values obtained after exposure to leachates.

Table 6 All the presto blue values obtained by gathering 3D-printing leachates at pH 4.

FL Eiomed FL Clear FL Ehstic

1 2 3 4 3 6 7 3 9 10 11 12
Control (no resin, to pH=4 and back) [A| 146183 126710 139900 114635] 134431 140883 134467 137833| 140487 137381 147979 133212
Untreated B| 124922 116191 117081 109891] 110704 98672 85200 70944 9105 10750 9054 10310
IHUV + 2H Thermal C| 130263 120547 115748 104987 106705 92023 87577 106729 83816 64523 00008 72495
IHUV + 4H Thermal D| 1265330 119384 105888 109630] 102676 101441 112219 116191 94272 124837 111939 1034671
IHUV + 8H Thermal E| 123165 121788 115941 127888] 115683 115542 127381 102922| 101515 107208 119045 123233
IHUV + 24H Thermal F| 136252 132847 142711 118423) 132777 123204 118842 130176| 135226 114159 128105 119243
Control (original pH) G| 149968 142834 148088 154564] 1335815 156562 150092 154716| 146766 142823 142618 156916
Backeround sample H 6922 7009 7070 7098
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