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ABSTRACT

3D-PRINTING TECHNIQUE FOR FABRICATION OF
BIODEGRADABLE PDLLA TYMPANOSTOMY TUBE AND
EXAMINATION OF BIOFILM FORMATION

In this study, it is presented that the new fabrication method for biodegrad-
able PDLLA tympanostomy tube by examining its degradation and swelling behavior,
bacterial attachment, and biofilm formation with a comparison of Fluoroplastic one.
The novelty of the study lies in the 3D printing fabrication technique. No research
work studied the fabrication of samples in these dimensions (2 mm in length) and de-
sign. The samples are printed at 190 °C temperature under 7.9 bar pressure with 0.1
mm /min speed. The fabrication of one sample took 9 minutes with a 0.3 mm nozzle,
and structural collapsing was able to be prevented. After the fabrication of 3D-printed
PDLLA samples, they are examined for the degradation and swelling characteristics
at 37 °C in PBS for 5 weeks. The degradation rate of 3D-printed PDLLA samples is
5%, and the swelling ratio is 40 % for 5 weeks. Scanning Electron Microscopy (SEM)
was used for the surface examination, and results showed that PDLLA samples have
fewer surface faults than control group of Fluoroplastic tubes in microscale level. For
examining bacterial attachment on the layer-by-layer surface of the PDLLA sample, a
biofilm assessment was done for 4 days. According to colony counting and CFU/mL
results, 3D-printed samples had less biofilm formation despite the layered surface struc-
ture coming from the fabrication process. Overall, biodegradable tympanostomy tube
fabrication by using the 3D-printing technique needs to be improved. However, ac-
cording to experimental results, if the fabrication method can be improved to produce
more precise structures in that dimension, it is possible to further this study to produce

more perfectly tympanostomy tubes.

Keywords: 3D-printing, Poly-lactic acid, biodegradable implant, bacterial attach-

ment, tympanostomy tube, otitis media.
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OZET

UC BOYUTLU YAZIM TEKNIGI IiLE BIYOBOZUNUR
PDLLA TIMPANOSTOMI TUPU URETIMI VE ORNEK
YUZEYININ BiYOFILM OLUSUMU ACISINDAN
DEGERLENDIRILMESI

Bu calismada, biyobozunur PDLLA timpanostomi tiipleri i¢in yeni bir iiretim
metodu sunulmaktadir. Ayrica, 6rneklerin degradasyon ve gisme davraniglar: incelen-
mig ve giintimiizde kullanilan Floroplastik malzemeden iiretilen timpanostomi tiipii ile
bakteriyel tutunum agisindan karsilagtirilmigtir. Bu ¢aligmanin 6zgiinliigii ii¢ boyutlu
baski teknigi ile iiretilmesindedir. Daha énce bu boyutlarda (2mm uzunlugunda) ve
bu tasarima sahip triinlerin {i¢ boyutlu baski teknigi ile iiretilmesi ile ilgili bilimsel
caligma literatiirde bulunmamaktadir. Uretim 190 °C derecede, 7.9 bar basing altinda,
0.1 mm/dk hiziyla oda sicakhigindaki ortamda yapilmigtir. Her bir 6rnegin tiretimi 0.3
mm baglik ile 9 dakika siirerken, 6rneklerin yapisal biitiinliigii korunmay1 bagarmigtir.
Uretim asamasini takiben, degradasyon ve sisme deneyleri 37 °C sicaklikta PBS icinde
yapilmis; orneklerin 5 hafta i¢inde %5 agirhgim kaybettigi ve %40 oraninda siv1 ¢ek-
tigi gozlemlenmigtir. Sonuglar literatiirle paraleldir. Taramali elektron mikroskopu
ile yapilan yiizey caligmasinda, PDLLA ile iiretilen érneklerin mikro diizeyde daha
piirtizsiiz oldugu gozlemlenmistir.Yiizey degerlendirilmesinin ardindan, 6rnekler bak-
teriyel tutunum i¢in dort iinliik biyofilm olugumu deney protokiiliiyle test edilmigtir.
Uc boyutlu baski tekniginin PDLLA 6rneklerin iizerinde olusturdugu katmanlara rag-
men bu 6rneklerde Floroplastik malzeme ile iiretilenlerden daha az koloni sayilmigtir.
Sonug olarak, eger ii¢ boyutlu bask: teknigi ile tiretim siireci yapisal olarak daha has-
sas ve tutarh sekilde 6rneklerin olugmasini saglayacak sekilde gelistirilebilirse, bu ¢alis-
manin daha verimli sekilde ¢caligacak timpanostomi tiipleri iiretilmesi adina ilerletilmesi

miimkiin goriinmektedir.

Anahtar Sézciikler: Uc boyutlu baski, polilaktik asit, biyobozunur implantlar, bak-

teriyel tutunum, timpanostomi tiipii, orta kulak iltihab.
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1. INTRODUCTION

1.1 Motivation

Tympanostomy tube studies were started with the invention of Gustav Lincke
and Martell Frank in 1854. Their gold tympanostomy did not have massive success
in preventing further infections and side effects [1]. Till then, tympanostomy tubes
took their popularity back with polyethylene tympanostomy tubes of Armstrong in
1954, and from that time to today, there have been several attempts to create an ideal
one by scientists [2]. The ideal tympanostomy tube should be resistant to bacterial

attachment, eliminated from the body without any harm, and readily producible.

The antifouling effect for the surface of tympanostomy tubes is a popular topic
in otorhinolaryngology because much of post-operative complications are sourced from
bacterial attachment and biofilm formation. Biofilm formation of bacteria has three
steps; step one includes initial and reversible attachment of the bacteria on the surface,
stage two represents early development and maturation of biofilm structure, and the
final step is cell aggregation from the biofilm to attach on another part of the organism
for survival [3]. Because the initial step of biofilm formation is reversible attachment
and contact, the most efficient way to provide an antifouling effect might come from

surfaces able to prevent bacterial attachment in the first place.

Another problem with the tympanostomy tubes is early or late retention and
persistent perforation after the treatment. Because tubes may stay for a long time
on the eardrum, in most cases, they need to be taken from the drum by a surgical
operation. As a side effect of these situations, patients may suffer from perforations;
and in a minor part of cases, these perforations might be persistent for a long time [4].
To answer these problems, the use of biodegradable materials might be the solution
if the degradation time can match with the length of the treatment time, no need to

do any extra surgery to extract it. Also, treatment ends without any extra surgical



intervention because the opening on the eardrum starts to close itself parallel with
the degradation of the tympanostomy tube. The poly (D, L-lactic acid) (PDLLA)
has around three months of half-life and meets the short-term tympanostomy tube
treatment time that is six months that is why PDLLA was used as biodegradable
material in this study [5].

To produce biodegradable tympanostomy tube 3D-printing was selected for the
fabrication part of this project. In the last few years, the 3D-printing technique has be-
come popular because of its easy process and ability to produce devices that meet each
patient’s specific needs. Because biodegradable materials are proper to use with this
technique, using 3D printing can be beneficial to fabricate tympanostomy tubes. How-
ever, some limitations of the printing technique created problems during the process of
our design, such as heat-dependent degradation of the material, structure collapsing,
and layered structure caused by the nature of 3D printing. Despite these problems,
3D-printed PDLLA samples fabricated and examined for degradation and swelling
characteristics. Also, they were compared with the Fluoroplastic tympanostomy tubes
(Medtronic, Shepard Grommet Ventilation Tube) in terms of bacterial attachment and

surface analysis with SEM scanning.

Overall, this thesis study concentrated on tympanostomy tubes that have min-
imized bacterial attachment with the characteristic of biodegradability and easy fab-
rication process while focusing on patient-centric medical usage via the 3D printing
technique. This study represents the first try of a 3D-printed PDLLA tympanostomy
tube with its fabrication technique which is challenging in these dimensions and com-
parison with a current use type tympanostomy tube. Based on the achieved results of
experiments, the fabrication technique needs to be improved but gives hope about the

idea, especially in the aspects of bacterial attachment prevention.



1.2 Objectives

The aim of this study is fabrication of new PDLLA tympanostomy tube via 3D-
printing technique and analyzing its characteristics in terms of degradation behavior

and bacterial attachment. The main objectives of this study are as follows:

e Fabrication of PDLLA tympanostomy tube via 3D-printing technique
e Examination of degradation and swelling characteristics to confirm literature.

e Assessment of surface characteristics caused from 3D-printing and comparison
with Fluoroplastic tympanostomy tube and 3D-printed PDLLA one by using
SEM.

e Determining differences and comparison of bacterial attachment between 3D-

printed PDLLA and Fluoroplastic samples via biofilm assessment.

1.3 Outline

This thesis is presented as follows: Background information about middle ear
physiology, otitis media, history of tympanostomy tubes and their materials, biodegrad-
able material use attempts for fabrication of tympanostomy tubes, 3D-printing tech-
nique are given in chapter 2. For the chapter 3 and 4, experimental methods and
results are explained respectively. Discussion part of this study presented as chapter 5

and finally, chapter 6 contains conclusion and future aspects for this project.



2. BACKGROUND

2.1 Otitis Media

Otitis media (OM) is an infection placed in the middle ear and generally started
with an upper respiratory tract viral infection. Inflammation caused by the viral in-
fection starts edema formation in the nasal cavity and nasopharynx which leads to
difficulty in the function of the Eustachian tube and pressure disequilibrium occurs.
Because of negative pressure inside the Eustachian tube, bacteria-contained mucus se-
cretion from the upper respiratory tract captured in the middle ear. The entrapped

bacteria start to replicate and ensure infection behind the eardrum [6].

Pinna (outer ear) Vestibular system
(balance organ)

Cochlea
{hearing organ)

Eustachian
tube

(eardrum) Middle car space

Figure 2.1 The anatomy of middle ear area [7].

The otitis media is one of the most common upper respiratory tract illnesses
and tympanostomy tube (TT) replacement is the most common ambulatory surgery
performed on children in the United States [1],|8]. By the 3 age, 50-85% of children
have had one or more otitis media episodes and 40% of them struggle with it more

than six times. The high incidence of OM in young age children is caused by short



and horizontal physiology and poor function of their eustachian tube. With aging, the
maturation of the Eustachian tube occurs and the prevalence of the OM in children

decreases [9].

2.2 Tympanostomy Tube and Insertion Procedure

The TT insertion occurs because of persistent middle ear effusion and repeated
middle ear infections (otitis media) which can be resistant to antibiotic therapy. TTs
are inserted on the tympanic membrane which connects the ear canal and middle ear

area to create a channel to equalize the pressure [7].

Figure 2.2 (A) Normal tympanic membrane, (B) acute OM, (C) OME, (D) Tympanostomy tube
[9]-

According to the need and severity of the case, the tubes are divided into two
categories as long-term and short-term. Their application times are different; while the
short-term tympanostomy tubes are commonly used for 6-18 months, the long-term
ones are applicable for years and are generally placed after short-term tube usage. The
application time difference is caused by the structural differences between them; the
long-term tympanostomy tube has a larger luminal and flange diameter to prevent

occlusions during the treatment [4].



After some time, it is expected that the tube should fall from the eardrum by
itself; but if it is not the case, an extra surgical operation is required to take off the tube.
Also, if the TT does not fall from the eardrum by itself, the TT retention for a long
time could cause chronic otorrhea, presence of tissue granulation on the tube, blockage
of the lumen, tympanosclerosis, cholesteatoma, and persistent tympanic membrane
perforation. These indications can be cleared off only by the removal procedure of TT
from the eardrum. However, following the removal of the TT, patients may experience
persistent perforation which can cause further middle ear infections, hearing loss, high
risk of cholesteatoma on the ear membrane. The surgical removal of the tube increases

the rate of incidence of persistent perforation occurrence.

2.3 Post-Tympanostomy Tube Insertion Complications

Otorrhea: Post-tympanostomy tube otorrhea (PTTO) is active drainage through
an existing tympanostomy tube caused by a pathogenic bacteria attachment onto the
abiotic surface of T'T and remaining until reaching a critical mass to detach and pro-
duce drainage. Early PTTO occurs within the first 2 weeks after surgery, and it is
mainly caused by prior middle ear infection or contamination of the external auditory
canal during TT insertion. On the other hand, late PTTO is usually caused by an

upper respiratory tract infection after 2 weeks from the surgery [10].

The PTTO can be described as acute (lasting less than 6 or 8 weeks) or chronic
(lasting more than 6 or 8 weeks). Under two years of age, the acute PTTO is usually
caused by the same pathogen with the acute otitis media (AOM) that are Morazella
catarrhalis, Haemophilus influenzae, and Streptococcus pneumoniae. On the other
hand, the children older than two years old, the agents of acute PTTO are most likely
Staphylococcus aureus and Pseudomonas aeruginosa. The antibiotic therapies which
include multiple types of drugs contribute to increasing drug resistance of organisms.
The challenge of treating antibiotic-resistant infection which causes PTTO creates the

need for new developments to prevent PTTO [10].



Tissue Granulation: Granulation tissue formation increases with the oxy-
gen concentration in the middle ear and the incidence of this complication increases

parallelly with the prolonged retention time of TT [11].

Tube Occlusion: After TT insertion operation, tubes can turn into a nonfunc-
tional state because of premature occlusion. T'T plug is the cause of tube occlusion,
and it is composed of mucoid middle ear effusion which is mostly caused by PTTO and
there are many studies to break up the plug with solvents, but their results are not
promising. In the long run, tube occlusion leads to additional procedures with general
anesthesia like replacement of the tube or tube extraction which drastically increases

the costs and risks of the cases [12],[13].

The design, surface, and material of the tube could make a difference in terms
of plugging it. According to Benjamin et al, the ion-bombarded silicone surface has
less occlusion from the untreated silicone tube, and this suggests that the alterations

to make the surface smooth can also work for the prevention of tube occlusion [12].

Tympanosclerosis: Tympanosclerosis is an abnormality that is characterized
by calcareous deposits on the tympanic membrane and tympanic cavity, and it is the
second most common complication seen after T'T insertion. In the case of removal and
replacement of TT, the appearance of the condition increases, and a couple of years
after the procedure, it progresses for 25% of the cases. After this time, its progress

stops, and in most cases, the scar becomes stable and permanent [14].

Cholesteatoma: Cholesteatoma is an unusual cyst formation behind the eardrum
because of unequal pressure caused by a nonworking eustachian tube. It is treated with
surgical operation under general anesthesia. It may cause hearing loss and additional
ear infections. The incidence of this complication is reported as 1.1% [14]and this

incidence is significantly higher in patients with poor eustachian tube function [15].

Persistent perforation: Persistent perforation of the eardrum is usually caused

by the operational removal of a long-term T'T. Chronic otorrhea, the presence of granu-



lation tissue, tube occlusion, tympanosclerosis, and cholesteatoma are the main indica-
tions for the need for a tube removal procedure. With the extraction of the long-term

TT, the incidence of the occurrence of persistent perforation increases from 10% to

47% [4].

As a result of persistent perforation, hearing loss, persistent middle ear infec-
tions, and cholesteatoma risks increase. If the persistent perforation remains, tym-
panoplasty which is a procedure that requires general anesthesia is needed to repair

the eardrum [4].

Extrusion and retention times: Extrusion time is commonly between 6 to 18
months for the TTs and normally it occurs spontaneously with the healing of the tym-
panic membrane but if T'T has not fallen in two years, it is considered as retained and
should be removed with an extra procedure. Persistent perforation, tissue granulation,
cholesteatoma, and otorrhea are the most common complications of retained T'T. The
removal of the retained TT is advised because of these complications, some of them
require surgical repairment and can cause hearing loss. As the retention of the TTs,
extrusion into the middle ear is another worrying complication and it is advised that
the tubes which are extruded through the middle ear side of the tympanic membrane

should be treated as a foreign body and removed even if the patient is asymptomatic

[16].

2.4 Materials for the Fabrication of Tympanostomy Tubes

The very first tube insertion on the eardrum was done by two doctors called
Martell Frank and Gustav Lincke, in 1845, with a gold tube that keep a perforation
open. The invention of new types of tympanostomy tubes continued but these tubes
had a very low success in treating otitis media because of pain, plugging of tubes, early
extrusion, and further infections. The popularity of the tympanostomy tubes came
back with the Armstrong in 1954 [2]. He used a polyethylene tube as a first-timer and

after that, it was understood that the fabrication material and the design of the tubes



are more important than it was thought for the fate of the treatment [1].

Tympanostomy tubes have been manufactured from many materials. The im-
portant point for a tympanostomy tube material is biocompatibility with the middle
ear tissue to prevent the side effects which lead to early extrusion. Because of their
compatibility with the body, many metals are suitable as fabrication materials such as

gold, titanium, and stainless steel [1].

Other common fabrication materials are fluoroplastic and silicone. The non-
adhesive and inert properties of fluoroplastic make the material convenient for medical
applications. On the other hand, due to its silicone-oxygen backbone, silicone has

excellent flexibility with nonpolar-hydrophobic surface characteristics [1],[17].

However, neither of these materials allows biodegradability. The ideal tube
should stand on the eardrum for a required time interval and when the treatment
ends, it should not leave scar or tissue damage behind it. These requirements can be
met by using a biodegradable polymer as a raw material that can be the solution for

wrong-timed falls, surgery requirements for extrusion, and persistent perforation cases.

2.5 DBiodegradable Materials for Tympanostomy Tubes

The studies about biodegradable T'T fabrication were started with F. Barry Bays
in 1987 with a patented PLGA tympanostomy tube [18]|. Although the effectiveness of
PLGA TT of Bays was proved with an animal study and it is approved by FDA, the
biodegradable T'T has not been marketed.

Massey et al studied T'Ts made by PLA and PLGA mixtures in different percent-
ages, their animal study showed that PLA tubes have been resorbed in 86.6 days and
the PLGA ones stayed for 19.6 days on average. The result of biocompatibility studies
also showed that no inflammation and tissue damage occurred with these materials or

their byproducts from the degradation process [19].
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One of the other studies that used biodegradable polymer as a fabrication mate-
rial is Gan et al. They compared commercial TT, PLA-PCL copolymer, and PLA-PCL
copolymer with ofloxacin in the guinea pig. It is concluded that the PLA-PCL tube
has a smoother surface and could degrade in a predictable period which may prevent

the second surgical operation to extract TT in the future [20].

Ludwick et al [21] used PLA as fabrication material for the tympanostomy
tube. They fabricated tubes from solid pieces of PLA, and they compared them with
the Fluoroplastic tympanostomy tubes in terms of bacterial attachment. They claimed
that because of acidic output of degradation reaction, less biofilm formation occurred

on them.

2.6 Physical and Chemical Properties of PDLLA

Kulkarni et al. [22]| used polylactic acid as material for surgical implant because
of its degradation process occurs with hydrolytic de-esterification and the result product
of the process is lactic acid which is a compound that found in animal body naturally.
This study is first suggest for PLA use as a fabrication material for inter body devices

and their idea relied on nontoxic and non-tissue reacting nature of the polymer [5].

L-lactic acid and D-lactic acids are two isomers of lactic acid and shown in
Figure 6.1. The homopolymer of lactic acid has glass temperature (Tg) equals to 55°C
and melting temperature (Tm) 175°C. Lactic acid polymer can have pure L-Lactic acid
isomer (PLLA) or D-Lactic acid isomer (PDLA), with the structure of hemicrsytalline
and crystalline, respectively. On the other hand, with the combination of both isomers
in different ratios, the poly (D, L-lactic acid) (PDLLA) can be produced as amorphous
polymer. PLLA, PDLA and PDLLA has common solvents as benzene, chloroform,
dioxane etc. And all of them degraded by hydrolysis of ester bonds without require
any hydrolase. PLA has a half-life for degradation from 6 months to 2 years that
change according to environmental conditions. Experiments show PDLLA has about

3 months degradation half-life in 37°C normal saline [5].
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Figure 2.3 L- and D- isomers of lactic acid [5].

2.7 Three-Dimensional Printing Technique and Fabrication of

Tympanostomy Tubes

A growing trend towards to meet the anatomical needs of patient drives atten-
tion to tailored medical devices and, with the discoveries in engineering and technology,
the three-dimensional printing (3D-printing) technique became the most revolutionary
and powerful one in terms of being a versatile tool to manufacture patient centered de-
vices. The International Standard Organization (ISO) defines three-dimensional print-
ing as ’fabrication of objects through the deposition of material using a print head,

nozzle or another printing technology’ [23].

The fabrication process relies on layer-by-layer deposition of the material accord-
ing to a computer aided design (CAD) and different solidification techniques according
to specific printability characteristics of the materials. Firstly, the extrusion-based 3D
printing methods typically use cartilage and a pneumatic actuator to feed the nozzle
with material. The materials that can be used with this type of system has extensive
range and one should choose the right one. Some materials are extensively charac-
terized for medical use and perform better. For example, polycaprolactone may be
an excellent candidate for usage in bone cartilage tissue because of its mechanical
strength similarity with native tissue and low melting point ( 60°C). However, if the
printing goal is fabrication of a scaffold out of specific cell types, cell embedded hy-

drogels are good options as bio-inks. After choosing right material, the planned object
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should be designed with CAD software. Design of the device is important in terms of
compatibility with living tissue and its needs according to where and when it will be
used. Finally, the model should be sliced into layers. The material viscosity, printer
head speed, nozzle temperature, extrusion rate, and nozzle diameter effects the slicing
process in terms of need of layer spacing, rotation in fiber orientations and material

deposition in unsupported regions [23],[24].
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3. MATERIALS AND METHODS

3.1 TT Fabrication with 3D Printing Technique

The fabrication of the samples was done with the Envisiontec 3D-Bioplotter
Manufacturer printer thanks to generosity of the Prof. Dr. Vasif Hasirci and Dr.

Menekse Ermig in Middle East Technical University, BIOMATEN.

Poly (D,L Lactic Acid) (PDLLA)(Purasorb PDL 20, Corbion, Netherland) was
chosen according to its biocompatibility, degradation time in body which is more than

6 months based on previous studies, and printability with the 3D-printer [25].

Sample geometry and measures were designed according to industrial tympa-
nostomy tube types. The collar button type has optimum geometry for the printing
process without using any support material. Figure 3.1 shows the measures of the 3D-
printed PDLLA TT CAD design. The inner diameter was 1.27 mm, the shaft length
between the flanges was 1.55 mm, the total length was 2mm and the flange diameter
was 2.8 mm. Also, all the dimensions of the sample were consulted by the ear nose and

throat specialist.

1.27 mm

Figure 3.1 Design of the 3D-printed collar bottom type tympanostomy tube with the measures via
CAD.
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The material was stored at 4 °C as manufacturer advised. Prior to printing
the cartridge was heated to the preheating temperature which is independent from the
polymer than 2.5 g of polymer added in the cartridge and heated for a few minutes to
melted out. Based on the pilot study with PDLLA and the design, the PDLLA samples
printed at a temperature of 190 °C for nozzle with a 0.3 mm tip and a printing speed
of 0.1 mm/min with the 7.9 bar pressure. Fan or any other cooling effect for the bed
was not used to not to prevent adhesion between the fabrication layers. The results of
the fabrication process is shown in the Figure 3.2 and Figure 3.3. In the Figure 3.2,the
left one is Fluoroplastic and the right one is 3D-printed PDLLA TT. The metal pin on

the Fluoroplastic one is used for holding of the tube during the surgery procedure.

-
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Figure 3.2 The result of fabrication process. The right one is 3D-printed PDLLA tympanostomy
tube and the left one is Fluoroplastic tympanostomy tube (Medtronic, Shepard Grommet). Each gap
between scale bars represents 1 mm.
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Figure 3.3 The diameter differences of cylindrical hole between 3D-printed PDLLA and Fluoroplastic
tympanostomy tube. The black one is Fluoroplastic one, and the white is PDLLA sample.

3.2 Degradation and Swelling Behavior of 3D Printed PDLLA
TTs

The degradation and swelling characteristics of the 3D printed PDLLA tympa-
nostomy tubes are analyzed for five weeks with four measurement time points (week

0, 1, 3, and 5), each has six samples.

After time initial weighting (W1i) of samples, PDLLA tubes were put into PBS
(pH 7.55) at 37 °C as three groups for measurement time points; one is for week 1,
one is for week three, and the last one is for week 5. After each time point, they were
removed and slightly wiped with tissue paper to measure their wet weights. After the
weight measurement of the wet samples (Ww), they were dried for 24 h at 37 °C in
the incubator to take their final weights (Wf) and determine degradation percentage

calculated their mass loss and water uptake in percentage [26].

Swelling percentage calculation was done according to the equation of [26],[27]:
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%W aterUptake = 1OOM

W (3.1)

Mass loss percentage calculation was done according to the equation of [26],[27]:

Wi — Wy

%MassLoss = 100 W

3.3 pH Change

pH measurements of the samples (n=6) incubated in PBS were measured twice
a week for 21 days via pH meter (Thermo Scientific-Orion Star A211). The pH values

were recorded once in three days.

3.4 Surface Characterization and Comparison with Fluoroplas-

tic TT via SEM

The surface morphology of samples that are not subjected to any other experi-
ment was studied via scanning electron microscopy (Philips XL.30) at Bogazigi Univer-
sity to observe the surface and structural differences between fluoroplastic industrial
TT and 3D printed PDLLA TT. Samples were coated with platinum and examined
under 150X, 500X, 1500x, and 200X magnification.
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3.5 Quantitative Biofilm Analysis

3.5.1 Bacterial Preparation

Because Pseudomonas aeruginosa infections are one of the most common rea-
sons for otitis media, it was used in this experiment. The cryopreserved bacteria ( Pseu-
domonas aeruginosa ATCC 27853) were streaked out onto tryptic soy agar plate, and
they were incubated overnight at 37°C. After incubation overnight, colonies were se-
lected and suspended in TSB and incubated overnight with constant agitation at 37°C.
After these two preparation steps, the bacteria were transferred to fresh TSB and were
grown to the early log phase (optical density of about 0.2 at 640 nm), approximately
1-2x108 CFU/mL L [28],[29].

3.5.2 TT Preparation

For each test group total of 10 TT is used (5 from fluoroplastic T'Ts and 5 from
3D printed PDLLA TTs), and three separate trials were conducted to evaluate the
reproducibility of the protocol and form each trial samples from tubes were inoculated

on the agar plate as duplicates [21].

Table 3.1
Experimental Groups of Agar Plates.

Pseudomonas aeruginosa
Trial Fluoroplastic | PDLLA | Total
1 5 5 10
2 5 5 10
3 5 5 10
Total TT 15 15 30
Total Plate 30 30 60

TTs were sterilized with EtOH and UV then transferred into 48 well plates,
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with the order of one TT for each well. Wells were filled with 600 L of TSB in 1x108
CFU/mL. After the organization of the wells, TT is incubated at 37 °C for four days

with the TSB that was changed every they to prevent nutrient depletion [28],[29].

After four days of incubation, the TSB in the wells was changed with the TSB
containing Gentamicin Sulfate 20 pg/mL which is ten times stronger than and incu-

bated for another 24 hours to kill the planktonic bacteria [28],[29].
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Figure 3.4 The experimental setup after 24 hours incubation with Gentamicin Sulfate 20 pg/mL.

3.5.3 Quantitative Assessment of Biofilm Development

Each group of the tube were taken out from the wells and washed four times for
10 min by adding 150 ul. of 1 M PBS. After washing with PBS, each one was placed
in 15 mL conical tubes containing 5mL fresh PBS and placed into the water bath at
37 °C and sonicated for 5 min with serial sonication for 1 min exposures separated by
1 min of rest. After sonication, tubes are vortexed in setting 8 for 15 seconds. The

supernatants are serially diluted and plated on TSA plates as duplicates [28],[29].

After inoculation on the agar plates, tubes were incubated for 18-24 hours, and

colonies were manually counted to determine CFU/mL for Pseudomonas aeruginosa

[28],[29].
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Figure 3.5 Culture plates that are ready for colony counting after 18-24 hours incubation at 37 °C.

3.6 Statistical Analysis

The statistical evaluation of results was performed applying one-way ANOVA
analysis with Tukey’s post-hoc test for degradation and swelling behavior measurement
part and student t-test for quantitative biofilm assessment via SPSS for Windows

software, and p < 0.05 was considered as statistically significant and signed with (*).
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4. RESULTS

4.1 Degradation and Swelling Study

Figure 4.1 and Figure 4.2 shows respectively the degradation and swelling char-
acteristics of 3D-printed PDLLA tympanostomy tube samples of incubation for 5 weeks
in PBS at 37 °C.

According to statistical analysis, there were significant changes in mass of the
experiment groups in 5 weeks (p < 0.01). The mass loss followed an increasing trend
through the experiment. The average weight loss in one week is about 1.734+0.47 %
and significantly different from the weight loss of week 5 which is about 4.4740.65 %
(p < 0.01). Also, there is a particular difference in weight loss percentages of week 3
and week 5 that are 2.34+0.29 % and 4.47+0.65 % respectively (p < 0.05). However,
there is no significant difference between week 1 (1.73+£0.47 %) and week 3 (2.3440.29
%) (p>0.05).

*k

Weight Loss (%)
w

Week

Figure 4.1 Weight loss in percentage through 5-week degradation experiment in PBS. Results are
represented with standard errors.
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According to statistical analysis, total swelling is around 39.32+4.58 % in 5
weeks. Also, it has increasing trend to swell more with time. Statistically, there is a

significant difference between weeks (p < 0.01).

The average swelling percentage is about 18.25+1.70 % in week 1 and it is
significantly different from the week 5 that is about 39.32+4.58 % (p < 0.01). On the
other hand, neither week 1 nor week 5 have the swelling percentage which is significantly

different from week 3 (29.07+3.75 %) (p > 0.05).

50

sk

40

30

Water Absorbance%)

20

Week

Figure 4.2 Swelling behavior of 3D printed PDLLA Tympanostomy tubes in 5 weeks in PBS. Results
are represented with standard errors.

4.2 pH Studies

The measured pH levels for 21 days as 1 in 3 days row are shown in Figure 4.3.

According to statistical analysis, there is no significant difference between time

points (p > 0.05) and at the end of the 5 weeks, the pH level is still around 6.62+0.081.
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pH

Day

Figure 4.3 pH measurement results of samples after 1,4,7,10,14,17, and 21 days of incubation.
Results are represented with standard errors.

4.3 Surface Characterization and Comparison with Fluoroplas-

tic TT via SEM

SEM images of the Fluoroplastic and PDLLA ones are represented with Figure
4.4, Figure 4.5, Figure 4.6, and Figure 4.7.

Figure 4.4 shows us general appearance differences between the two tubes under
150x magnification with scale bar 500 pum. Despite their dimensions are the same,
differences between their structures can be seen. The layer-by-layer structure of the
3D printed PDLLA TT is sourced from the fabrication technique. The diameter of the
layers is 300 microns, and this is the lower limit for the filament diameter that can

handle the physical limits of the PDLLA and structure of the design. (B)
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Figure 4.4 (A) Fluoroplastic tympanostomy tube and (B) PDLLA tympanostomy tube under 150x
magnification (scale bar: 500um).

Figure 4.5 shows samples under 500x magnification. It can be seen that there
is no gap between the layers of 3D printed PDLLA TT (B). Also, some marks and

scratches on the Fluoroplastic one (A) can be seen.

Figure 4.5 (A) Fluoroplastic Tympanostomy tube and (B) PDLLA tympanostomy tube under 500x
magnification with the scale bar 100 pm.

Figure 4.6 shows us how layers of the 3D printed PDLLA (B) sample stick to

eachother by comparing Fluoroplastic tympanostomy tube.
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Figure 4.6 Fluoroplastic (A) and PDLLA (B) tympanostomy tubes under 1500x magnification (scale
bar: 50 pm).

The surface differences could be easily seen in Figure 4.7. The Fluoroplastic
tympanostomy tube has scratches, marks, and material residues on the surface (A).

On the other hand, 3D printed PDLLA one (B) has smoother surface with no marks

or residues.

Figure 4.7 Fluoroplastic (A) and PDLLA (B) tympanostomy tubes under 2000x magnification (scale
bar: 20 pm).

When we looked at Figure 4.8 with SEM at 10000X magnification results for
Fluoroplastic samples, we could see the grooves smaller than the 5.0 micron. However,
because the PDLLA samples started to melt in this magnification, we could not observe

them in that magnification.
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Figure 4.8 The melting on PDLLA samples (A) and grooves on the surface of Fluoroplastic samples
(B) in 10000X magnification.

4.4 Quantitative Bacterial Biofilm Analysis

For the comparison of bacterial attachment on fluoroplastic and 3D-printed
tympanostomy tubes, the quantitative biofilm assesment with Pseudomonas aeruginosa

was done.
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Table 4.1
Colony counts of fluoroplastic and PDLLA tympanostomy tube samples at the end of the 4 days of
biofilm formation assessment with Pseudomonas aeruginosa.

Sample | Sample | Sample | Sample | Sample
Material Run | Plate P P P P P Average
1 2 3 4 5
1 88 244 100 50 32 102.8
Fluoroplastic 1 105.3
2 72 220 152 45 50 107.8
1 56 64 57 56 98 66.2
PDLLA 1 74.5
2 47 56 189 54 68 82.8
1 35 43 249 172 48 109.4
Fluoroplastic | 2 108.5
2 46 49 259 149 35 107.6
1 37 57 56 45 270 93
PDLLA 2 84.3
2 41 56 67 47 167 75.6
1 35 257 76 38 85 98.2
Fluoroplastic | 3 94.1
2 33 219 88 32 78 90
1 57 44 240 76 40 91.4
PDLLA 3 86.6
2 70 40 198 63 38 81.8

The Colony-Formation Unit/ml calculation was done according to formula which

is given in materials and methods part.

experimental group and their summary of statistics.

Table 4.2 shows us the CFU/ml of each



Table 4.2
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Summary of CFU/ml values of each experimental groups and their statistics.

Material Group CFU Mean Standard Deviation | Standard Error
1 1.06E-+07
Fluoroplastic 2 1.09E+07 | 1.03E+07 7.56E4-05 4.37TE+05
3 9.41E+06
7.45E+06
PDLLA 2 8.43E+06 | 8.18E+06 6.43E+05 3.71E+05
3 8.66E4-06

As a result of quantitative biofilm analysis assessment, the average colony forma-

tion unit for each ml for fluoroplastic TT’s is around 1.03x107+4.37x10° and 8.18 x10°

+3.71x10° for 3D-printed PDLLA ones. According to statistical analysis 3D-printed

PDLLA tympanostomy tubes has less bacterial biofilm formation on them (p<0.01)
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Figure 4.9 Mean colony-formation unit per ml in fluoroplastic and 3D-printed PDLLA tubes for
4-day of biofilm formation assessment with Pseudomonas aeruginosa.
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5. DISCUSSION

3D printing of a biodegradable tympanostomy tube is the novel part of this
thesis, and there is not enough research about samples in the same dimensions as
our one in literature to compare. The closest study is a cardiac stent study with
PCL/PLA composite, but the printing technique is use of 3D tubular printer with a

melted material deposition on a rotating platform [30].

Since 3D printing has some constraints about the temperature and dimensions
of the product, there are some structural and fabrication process-related problems.
The first problem is requiring a very long time to melt down the polymer and 3D
print the scaffolds. Polymer melting in the cartridge before printing takes around 20
minutes and each tympanostomy tube printing with a 200 gm nozzle takes around 13
minutes which is a very long time to prevent temperature exposure caused material
degradation [7]. Because high temperature increases the degradation and breaking of
structural chains, the viscosity of the material decreases during the printing procedure
due to the heat exposure to melt down the polymer. Decreased viscosity increases the
fluidity of the polymer during the process, and the time requirement for solidifying

increases, which may affect the layer-by-layer structure as mentioned before |7].

The first printing was completed with the 200pum nozzle diameter, and the
procedure took a very long time, as mentioned before; although the design improves
with fine layers, their structures were not identical to each other because of viscosity
change since the degradation of PDLLA inside the cartridge. After that, fabrication
continued with a 300 ym nozzle, and the process took 9 minutes rather than 13. The

structures of samples were very close to each other, nearly identical.

To prevent the cooling problem mentioned before, the bed temperature may
be arranged to cooler temperatures, but, for our samples, it does not work correctly.

Because dimensions are tiny (2mm in length), layers solidified too quickly, and the



31

fast-cooling situation affected proper adhering between layers. To prevent both fast
solidification and collapsing of the structure, printing was done at room temperature,
and less material was filled out in the cartridge for each printing process as soon as
possible to prevent the degradation caused by temperature exposure. The adhering be-
tween layers is represented in SEM results, which demonstrated that the layers adhered

well to each other.

Also, the printing procedure was done in three steps by cutting the design into
three parts as flanges and shaft which are apart from each other. The time passed

between each part allowed some cooling and solidification before the next layered on.

From the final product, we could see that the hole inside the cylindrical struc-
ture of the PDLLA sample shrank. Through the middle of the cylinder, the hole is
getting narrower than upper and lower parts, and a collapsing situation might cause
this problem through the printing process. This narrowing situation may cause occlu-
sion of the tube. Figure 5.1 shows the structural differences in terms of hole diameter
between Fluoroplastic and 3D-printed PDLLA samples. This narrowing situation may

cause occlusion of the tube.

For the degradation results of our samples, they were compared with the lit-
crature. Yanfeng et al. [31] studied different polymerization reaction techniques on
PDLLA, and for the melt-opening ring, polymerized polylactic acid equals our PDLLA
degrade around 5% in five weeks at 37 °C in PBS solution, and it is parallel with our
result. For the swelling part, Li et al. [32] had 40% water uptake for five weeks at 37

°C in water, and our one has a swelling of about 39.3% in PBS at the end of 5 weeks.

In terms of the bacterial attachment and biofilm formation minimizing goal,
3D-printed PDLLA samples have significantly less bacterial attachment than the Flu-
oroplastic tympanostomy tubes, which may result from the surface pattern, surface

charge, and hydrophilic/hydrophobic state of the materials [33].
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The aim of minimizing bacterial attachment on surfaces and even on tympa-
nostomy tubes have a long history. Ion bombardment, antimicrobial coatings, or
antibiotic-loaded material usages all had the same goal as preventing bacterial infec-
tions post-operatively [4]. Bacteria infections are occured on medical implants because
of two reasons. One is the compromised immune system of patients due to foreign
particles on the implant, and the second is the intrinsic tendency of bacteria to attach
solid surfaces [33|. Bacterial attachment and biofilm formation have more advantages
than the sessile lifestyle in terms of metabolic needs and survival [34]. The initiation
of bacterial attachment starts with a few planktonic bacteria that behave like primary
colonizers, and with the following others, biofilm formation occurs [33]. To prevent
this process, ion bombardment, nitinol coating, and silver oxide usage as antimicrobial
coating are successful strategies to decrease bacterial attachment. However, they do
not solve the problems about cholesteatoma, persistent perforation, early and late re-
tention times, and extra surgery to take of the tube [35],[36],[37],[38]. Also, antibiotic
loading of the tubes is another way to prevent microorganism attachment, but their use
increases antibiotic resistance and, as a result, expands the burden on the health sys-
tem [20]. Turning face to biodegradable materials that have degradation time parallel

with the needed time for recovery can be the solution for the problem.

The surface topography in different scales affects the bacterial attachment, but
it is not clear that its mechanism is a complex process that requires a strong interplay
between bacteria, the surface, and the surrounding medium [34]. More recently, micro-
scale surface roughness is more effective in studies with Pseudomonas aeruginosa and
Staphylococcus aureus than the nano-scale ones because of the more air-water interface
that prevents bacteria from forming stable anchors the surface of the material and
the high surface tension of the water stops bacteria from penetrating the air-liquid
interface [39]. Because of this reason, surface topographies capable of stabilizing air-
liquid surface interphase, which is much larger than the bacteria size, have a more
antifouling effect on the bacteria than the smaller sized topographies [38],[39]. Also,
the surface topography near the dimensions of bacteria (1-2 pm) was recognized as
a positive contributor to the bacterial attachment process [38],[40]. One study done

with silica samples with a defined surface topography shows that bacteria attachment
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and contact area are positively correlated. However, when the topographic features
are more significant than the dimensions of bacteria, attachment and contract area
become independent from each other. After that point, bacterial attachment is not
affected by groove width because it seems primarily flat from the point of bacteria.
However, there is a difference between motile and non-motile bacteria; whereas non-

motile bacteria cannot find and reach the larger grooves, the motile ones can [41].

To comment on the surface topography of our samples, there should be AFM
analysis, but we could not do any surface analysis with AFM because of the small
dimensions of the samples. From this perspective, we have only SEM analysis to
observe the surface topography of the materials. From the images of SEM, we can say
that the material has minor roughness on a microscale which is close to bacteria size
(1.5 to 3.0 pm) than the Fluoroplastic one. However, it has more microscale roughness
sourced from the layered structure that came from the fabrication process, and this type
of roughness is bigger than the bacterial size and may contribute to forming air-liquid

surface barriers to prevent bacterial attachment, as mentioned before [39].

When we looked at Figure 4.8 10000X magnification in SEM for Fluoroplastic
samples, we could see the grooves smaller than the 5.0 micron. However, because the
PDLLA samples started to melt in this magnification, we could not compare them with
the Fluoroplastic ones but in any way the grooves dimensioned around 2-5 micron may

be the reason for more bacterial attachment on fluoroplastic samples.

Also, because of the collapsing situation in the hole structure of the middle of
the cylindrical structure of the 3D-printed PDLLA sample, which can be seen in Figure
3.3, the surface area of the samples might be decreased number of attached bacteria

on the surface reduced.

Surface charge is another crucial factor for bacterial attachment on the surfaces,
and it also affects biofilm formation. Most bacteria cells are negatively charged, and
positively charged surfaces are more prone to attachment than negatively charged ones.

Practically, this antifouling approach does not work in static systems because dead cell
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accumulation on the surface may change the negative charge barrier. Also, some re-
cent studies showed that the surface charge of the material might affect the biofilm
structure in the long term [42]. The study which explored the biofilm formation differ-
ence between PLA and PLA-Mg samples claims that both samples have negative zeta
potential, but PLA-Mg samples have more negatively charged according to measure-
ments, and it is expected that it is helpful to prevent early biofilm formation. However,
the free M¢*2 ions temporarily make the surface positively charged and facilitate the
bacteria’s early colonization on the surface [43]. In our study, the negatively charged
surface characteristic of the PLA may affect the bacterial attachment on the 3D-printed
samples and this might be the reason of less amount of biofilm formation during the
short time incubation period because of decreased tendency of bacteria to attach on
the negative charged surfaces since its surface also negative. However, because of the
static environment effect, as mentioned before, the preventing effect of negative charge
may be a temporary situation. The middle ear with effusion creates mainly a static

environment.

Recent studies showed that superhydrophobic and superhydrophilic surfaces
might both prevent biofilm formation. Francolini et al. 2015 [44] suggest that the
antifouling activity is shown, especially when the materials are hydrophilic, electri-
cally neutral, and accept hydrogen bonds. PEG is the most well-known one, and its
antifouling characteristic is related to the ability to produce tight bound with water
molecules and create a physical barrier on the surface that prevents protein adsorption
(conditioning layer) and bacterial attachment. From this idea, polymers usually offer
the best performances with good surface wettability and high-water swelling ability.
Their study used double-phased materials with PU on one side (the hard part) and
PCL, POO, and PLA on the other side (the soft part) to verify the surface wettability
and hydrophilicity to check their antifouling characteristics. Mainly, PLA swelled up to
40% in 24 h, and the best antifouling results came from PLA samples. For our samples,
PDLLA is a very hydrophobic and amorphous polymer; and the high swelling amounts
are also seen from the swelling examination. Despite the hydrophobic character of the

material, the high swelling ability might reduce the attachment of the bacteria.
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The other way to prevent bacterial attachment is by adjusting the pH [33].
Because the degradation process of PDLLA samples has lactic acid as the output of
the chemical reaction, the pH level starts to decrease after a short time. Although the
pH measurement results from our experiment had no statistically significant difference
at the end of the 21 days, the little amount of change in pH may affect the bacterial
metabolism. The Ludwick et al. 2005 [21| quantitatively compared Fluoroplastic
and PDLLA (70/30 DL racemic mixture) tympanostomy tubes in terms of bacterial
attachment and found PLA ones more successful in preventing bacterial attachment
parallel with our result. They discussed the result in terms of the acidic nature of PLA

that may prevent biofilm formation [21].
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6. CONCLUSION AND FUTURE WORK

Tympanostomy tubes fabricated from biodegradable materials are a new con-
cept, especially fabrication via the 3D-printing technique. There were some holdbacks
in terms of 3D printing because of the dimensions of the tympanostomy tubes, heat-
related degradation of fabrication material, and the layer-by-layer structure of the final

product.

The structural problems of the product, such as shrinking in the middle of
the cylindrical structure and layered surface, might create further problems in vivo
usage. Also, the pH decrease because of the formation of lactic acid since material
degradation may stimulate an immune response. The bacterial attachment in the long
term is also unpredictable from four days experiment because of the static environment

effect, which is discussed in the discussion part.

The ideal tympanostomy tube should be easily fabricated according to the pa-
tient’s need with a biodegradable material with proper degradation time to prevent
extrusion and persistent perforation problems. Moreover, the bacterial attachment on
the surface of the tube is another critical issue for producing an ideal tympanostomy
tube because nearly all post-operative problems are caused by bacterial contamination

and biofilm formation on the surface.

In conclusion, despite several problems about the fabrication process and un-
knowns about bacterial behavior on the material surface, this study has importance
in its novelty. No study worked about the 3D-printing technique in this dimensional
range. In addition, no research worked on tympanostomy tubes about bacterial attach-
ment and printing techniques. Because 3D printing creates a layer-by-layer structure

on the product, it should be studied in this aspect.
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Our 3D-printed PDLLA samples need to be improved to be studied in vivo in the
future. The layered structure may affect the attachment mechanism of the bacteria in
either positive or negative way. It is expected that the layers may increase the biofilm
formation because of expanding in the surface area. However, bacterial attachment
results give hope that layers may affect attachment in a negative way. Because layered
structure seems to affect less than we expected in biofilm formation, this study can be
the first step to fabricate an ideal tympanostomy tube if the fabrication technique may

be developed into a more precise method.
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