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ABSTRACT

DEVELOPMENT OF NON-INVASIVE AND BIOCOMPATIBLE THIN
FILM MICRO-EXTRACTION CONTACT LENS-TYPE DEVICES
COMPATIBLE FOR IN VIVO METABOLOMICS INVESTIGATIONS
FROM EYE SURFACE

Nalbant, Atakan Arda
Master of Science, Chemistry
Supervisor: Assoc. Prof. Dr. Ezel Boyaci

September 2020, 153 pages

In this thesis, the aim was to develop biocompatible extractive thin films in contact
lens geometries with application potential for in vivo sampling of small molecules
from the eye surface with the ultimate goal of being suitable for untargeted
metabolomics and biomarker discoveries. For this purpose, polydimethylsiloxane
was functionalized with amine-containing groups using in situ modification
approach and thin films were characterized with Fourier transform infrared
spectroscopy, energy dispersive x-ray analysis, thermogravimetric analysis, and
contact angle measurements. To investigate the thin films under representative
conditions of eye surface contact lens geometries and in vitro agarose gel eye model
were prepared in 3D printed molds To investigate the extractive capabilities of the
thin films, various metabolites found on the eye surface such as representative lipids,
amino acids, neurotransmitters, and other metabolites were used. Extractive
capabilities of modified and unmodified polydimethylsiloxane thin films were
compared by extractions from aqueous solutions and in vitro eye models after
separation and detection of the analytes with liquid chromatography/mass
spectrometry. Extractions showed that modified extractive lenses had between 60 to
130% increased extractive capability towards polar analytes and similar extractive

capability =~ towards  non-polar  analytes compared to  unmodified



polydimethylsiloxane extractive lenses. Composition of the desorption solvent and
desorption time were optimized as ACN:MeOH:H>O (40:40:20, v/v/v/) and 30
minutes, respectively. Extractions using modified extractive lenses from the agarose
in vitro eye model showed good repeatability with RSD% values ranging between 5

to 18% and good linearity in the tested range of 50.0-500.0 ng mL™! for all analytes.

Keywords: thin-film microextraction, metabolomics, mass spectrometry,

biocompatible materials
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GOZ YUZEYINDEN IN VIVO METABOLOMIKS CALISMALARI iCIN
KULLANILABILECEK LENS SEKLINDE TASARLANMIS INVAZIF
OLMAYAN VE BiYO-UYUMLU MiKROEKSTRAKSIYON INCE
FILMLERININ GELiSTIRILMESI

Nalbant, Atakan Arda
Yiiksek Lisans, Kimya
Tez Yoneticisi: Dog. Dr. Ezel Boyact

Eyliil 2020, 153 sayfa

Bu c¢alismanin amaci, goz yiizeyinden kiiciik molekiillerin ekstraksiyonunda
kullanilabilecek ve kontakt lens geometrisine sahip ince filmlerin hazirlanmasi ve
incelenmesidir. Hazirlanan ince filmlerin nihai amaci hedefsiz metabolomiks ve
biyoisareyetlici kesfi galismalarinda kullanilmak tizere ve potansiyel olarak in vivo
calismalarinda  kullanilabilecek  6zellikleri  sahip olmalaridirg Kati  faz
mikroekstraksiyon (SPME), analitlerin ince bir fiber ucuna kaplanmis ekstraktif faz
ile numune arasinda dagilim dengesi gelistirmesine dayanan ornekleme ve ornek
hazirlama teknigidir. Bu amaglar dogrultusunda, polidimetilsiloksan bazli ince
filmler amin fonksiyonel gruplarina sahip olacak sekilde sentezlenmis ve 3B
baskilama ile hazirlanan kaliplar sayesinde kontakt lens sekline getirilmistir.
Hazirlanan ince filmler Fourier dontisiimlii kizilotesi spektroskopisi, enerji
doniisiimli x-1511 spektroskopisi, termogravimetrik analiz ve temas agis1 6l¢iimleri
ile karakterize edilmistir. Hazirlanan ince filmlerin ekstraksiyon becerilerinin
incelenmesi i¢gin goz yiizeyindeki ufak biyomolekiilleri temsil edecek sekilde secilen
analitler yiiksek performansl s1vi kromatografi ve kiitle spektrometresi kullanilarak
incelenmistir. Modifiye edilmis ince filmlerin ekstraksiyon becerileri farkli analit
derisimlerinde hazirlanmis su ¢ozeltileri ve 3B baskilama teknigiyle hazirlanmis in

vitro agaroz hidrojel g6z modellerinden gergeklestirilen ekstraksiyonlar ile

vii



incelenmistir. Yapilan deneyler sonucunda modifiye edilmis ince filmlerin, modifiye
edilmemis polidimetilsiloksan ince filmlere gore, polar analitleri %60 ila %130
arasinda daha iyi ekstrakte ettigi ve apolar analitleri benzer oranlarda ekstrakte ettigi
goriilmistlir. Desorpsiyon solventi ve desorpsiyon siiresi parametreleri incelenmis,
ACN:MeOH:H2O (40:40:20, v/v/v) ve 30 dakika olarak optimize edilmistir. /n vitro
g6z modeli kullanilarak yapilan deneylerde, modifiye edilmis ince filmlerin 1yi
tekrarlanabilirlige ve lineerlige sahip oldugu %5 ila %18 arasinda degisen RSD
degerleri ve 50.0 — 500.0 ng mL"! konsantrasyon araligindaki ekstraksiyonlar ile

gosterilmistir.

Anahtar Kelimeler: ince film mikroekstraksiyon, metabolomiks, kiitle

spektrometre, biyo-uyumlu malzeme
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“Don't Panic.”

— Douglas Adams, The Hitchhiker's Guide to the Galaxy

This thesis is dedicated to my mother, aunt and grandmother, they say it takes a

village to raise a child, but three women were enough to raise me.
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CHAPTER 1

INTRODUCTION

The human eye is a complex and intricate organ, developed from the forebrain of the
embryo, and made up of numerous layers of tissue, including all three embryological
tissues. Naturally, the development of the eye involves many genes, and nearly 25%
of all phenotypes linked to hereditary genetic disorders were associated with the eye
[1]. Excess of 200 human loci that involve genetic ocular diseases has been mapped,
including developmental eye disorders as well as disorders that involve other tissues
[2,3]. The fact that the human eye is composed of different types and layers of tissue
makes the eye susceptible to different types of diseases and disorders [4,5]. The
spatial relationship of the eye to the brain creates a unique metabolomic window that
can be used to peer into biomolecules related to diseases and disorders related to the
brain. A large number of capillary vessels to keep the eye well supplied with blood
also carry all types of metabolites that can be investigated for systemic disease and
disorders. Therefore, it is of paramount importance that reliable sampling techniques
that lead to reproducible results are employed while sampling from the human eye.
The golden standard in clinical research for investigating eye diseases and disorders
is tear sampling [6], and biopsies from patients (requires consent of patients during
regular biopsies) as well as organ donors. However, a 2018 survey with 407
participants have shown that 57% of scientists find it difficult to obtain eye samples
from local eye banks, 47% find it “difficult” or “very difficult” to find adequate
tissue samples for their research, 43% regularly limit the scope of their research due
to difficulty in obtaining samples that meet their study criteria and 43% reported to
question their findings due to the quality of tissue samples they have obtained [7].
This thesis aims to prepare, characterize, and investigate the extractive performance
of biocompatible and flexible thin films with contact lens geometries for extraction

of small molecules that have different polarities and with the future aim to potentially



be used for non-invasive in vivo sampling from the human eye. It should be noted
with an emphasis that actual in vivo investigations are outside the scope of this thesis,
and in vitro experiments using eye models prepared with agarose hydrogel are
carried out instead to compare the performances of prepared extractive lenses. In
order for the extractive lenses to be suitable for in vivo applications, a biocompatible
polymer, polydimethylsiloxane (PDMS) and its derivatives, were modified with
polar functional groups to increase its extractive capabilities towards polar,
hydrophilic analytes. Extracted analytes were analyzed using LC-MS to establish the

extractive capabilities of synthesized contact lens extractive devices.

1.1 Anatomy of the human eye

The anatomy of the eye, albeit much more complex and in need of a detailed
examination than the one offered in this thesis, can broadly be divided into two parts
as the anterior (outer) and the posterior (inner) segments. The anterior segment
includes the cornea, conjunctiva, aqueous humor, iris, ciliary body, and lens.
Meanwhile, the posterior segment is composed of the sclera, choroid, retina, and
vitreous [8]. Figure 1.1 shows the basic anatomy and of the human eye. The
biomarkers that are contained or circulated in the anterior segment are of interest in
this study, especially the integrated functional unit called as ‘lacrimal functional unit’
(LFU), which is comprised of the ocular surface (the cornea, conjunctiva, and
meibomian glands), the lacrimal glands and the sensory and motor nerves. Major
components of human tear come from secretory glands located in the eye, such as
the lacrimal glands. However, conjunctival vessels can carry biomolecules from
other parts of the body, which can pass to tears, allowing information on systemic

diseases in other body parts to be gathered from the eye surface.



Anterior chamber Cornea
(aqueous humour)

Posterior chamber

Suspensory
ligament
of lens

Sclera

Retinal
blood
vessels

Retina

Macula

Optic disc

Figure 1.1. Anatomy of the human eye.

(Rhcastilhos and Jmarchn. 2007. Diagram of the human eye in English. It shows the lower part of the
right eye after a central and horizontal section. Used under a Creative Commons Attribution-

ShareAlike license: http://creativecommons.org/licenses/by-sa/3.0/. File accessed on 16/06/2020

from https://commons.wikimedia.org/wiki/File:Schematic diagram of the human eye en.svg)

1.2 Chemical composition of human tears

Tear fluid has a complex composition of proteins, lipids, mucins, water, and salts,
and various small molecules; a 2015 proteomics study has identified 1526 proteins
present in the human tear fluid employing two-dimensional LC-MS/MS analysis
sampled via superior temporal sulcus (STS) [9], while other studies put the number

of proteins between 1800-2000 [10—12] using relatively new analysis techniques



such as MALDI-TOF/TOF (validation with ELISA) and LC-nanoESI-MS/MS. A
similar study identified and quantified over 200 lipids in tears extracted with
microcapillary tubes (MCT) and analyzed using nanoESI-MS/MS, belonging to
eight different lipid species such as cholesteryl esters, wax esters, fatty acids,
phospholipids as well as free cholesterol [13]. The number of proteins, lipids, and
other components of tears makes the tear matrix less complex compared to blood or
plasma [14]. The concentration of proteins and lipids in tear fluid depends on the
collection method and how the samples were processed and vary from mg-mL! level
to pg-mL-! level [15]. The relationship between proteins, lipids, and mucins in the
human tear fluid has been studied over the years. Models with increasing complexity
have been proposed. The current understanding is that the mucous layer formed by
mucins and some glycoproteins forms the first layer directly on the ocular surface.
This first layer is followed by an aqueous layer containing proteins, salts, and gel-
forming mucins (MUCSAC). Lastly, a thin lipid layer with non-polar lipids on the
outer surface and an inner surface made up of polar-lipids intercalated proteins [16—
18]. Alongside proteins, lipids, and mucins, some small biomolecules such as amino
acids and neurotransmitters can be found on the eye surface and in tear fluid [19—
23]. Concentrations of amino acids range from mg-mL™! to ng-mL"! level with
glutamic acid, glutamine, and taurine being the more dominant components
compared to other amino acids [24]. Figure 1.2 shows three different models of the
tear film, illustrating the thicknesses of the regions where different biomolecules can

be found.
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Figure 1.2 Three diagrams of different models of the tear film, A) a simplistic
model showing three layers of human tear film, B) a more complex model that
illustrates the proposed structure of the lipid layer, C) the interaction of proteins
and mucins in human tears. Reproduced with permission from [15] and Wiley.



1.3 Biomarkers in the human eye

The National Institute of Health (NIH) defines a biomarker as,

A characteristic that is objectively measured and evaluated as an
indicator of normal biological processes, pathogenic processes, or

pharmacologic responses to therapeutic intervention [25]

Biomarkers play a crucial role in the field of predictive and preventive medicine by
helping doctors and scientists to both discover and develop new drugs and to design
new diagnostic tools for monitoring treatments clinically. Biomarkers specifically
allow measurable ways of how a biological system changes when it is affected by a
disease, disorder, or toxic chemical substances as well as to treatment. In this context,
biomarkers act as indicators to detect disease risk and progression, predicting and

monitoring the course of treatments and therapies.

The idea of looking for biomarkers in human tears is not that new. The earliest cases
where tears were used for diagnosis go back to the 1950s. An article in 1951 used
mucin stains to detect aqueous tear deficiency [26]. Another article dated 1958
showcases an attempt to diagnose diabetes by detecting glucose levels in tears [27].
The search for biomarkers in eye-related diseases and disorders is an active research
field with the most effort being concentrated on examination and characterization of
biomarkers present in human tear fluid for both ocular and non-ocular diseases
[14,28-33]. Identifying and characterizing biomarkers associated with these diseases
is an active and ongoing endeavor that spans multiple omics fields. Figure 1.3
presents an effort to display eye-related diseases that are studied in different omics

fields [34].
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Figure 1.3 The number of untargeted, case-control omics studies performed for
multifunctional eye diseases up to date until 2017. Reproduced with permission
from [34] and ARVO.

1.3.1

Disease-specific biomarkers in the human eye and diagnostic

approaches

An in-depth review of efforts to identify and quantify ocular and non-ocular

biomarkers would be outside the scope of this thesis. However, in order to set the

stage for potential application areas of a new method for ocular sampling, a summary



of current trends in the ocular omics field is presented. Biomarkers of interest, as
well as sampling and analysis methods for some of the most common and well
investigated ocular and non-ocular diseases that the ocular surface can provide
information on, have been selected, a more comprehensive list of disease biomarkers

that were found in tears are given in Table 1.1.
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1.3.2 Techniques and technologies for biomarker identification in the

tear film

The search for disease biomarkers in human tears is mostly focused on tear proteins.
However, the dynamic concentration range and low sample volume present a
challenge that warrants the use of highly sensitive detection methods. High-
performance liquid chromatography (HPLC) and electrophoretical techniques are
two tools that are successful in overcoming this challenge in tear proteome studies
[124-128]. Although there are in-depth reviews [29,32] on the application of new
and novel techniques to biomarker discovery from tear fluid, a summary of the most

common and successful methods could provide a much-needed perspective.

1D and 2D SDS-PAGE can be employed to separate tear proteins [129—135], which
can also be used for diagnostic purposes [136,137]. 2D electrophoresis, in which
proteins are first separated based on their isoelectric points (1D) and later based on
their molecular weights (2D), is a suitable separation method for developing tear film
protein maps [127,133,135,138]. SDS-PAGE data have been used to diagnose
diabetes [132], blepharitis [139], and dry eye disease [130,136,137] with
multivariate statistical analysis, comparing protein patterns of healthy and sick
patients. The main drawback of SDS-PAGE separation is low gel to gel

reproducibility and its large sample volume requirement [140].

Electrophoretic techniques can also be used for small molecule detection from the
eye when they are combined with a suitable sampling method. In a recent study,
phenol red threads were employed for collecting mice tear fluid samples, and small
molecules containing primary-amines were separated and identified using capillary
electrophoresis[141]. Fifteen small molecules were identified: arginine, histamine,
lysine, ornithine, citrulline, threonine, glutamine, asparagine, methionine, serine,

alanine, taurine, glycine, glutamic acid, and aspartic acid.
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Several HPLC techniques such as size exclusion HPLC [126,142], reverse phase
HPLC [143], ion exchange HPLC [143], and nano-LC [144] have been employed
for identification of tear protein analysis. HPLC has two crucial advantages, low
sample volume requirement and its compatibility with mass spectrometric
techniques. However, the complexity of the tear matrix is known to cause ion
suppression, where several biomolecules can coelute with the analyte of interest
[145—147]. This problem can sometimes be overcome by using an elution gradient

but still clean-up steps before LC-MS analysis is required.

Developments in the mass spectrometry field translated well into many omics fields,
tear composition has also been successfully analyzed with many MS approaches.
Methods like MALDI and ESI are increasingly employed in high-throughput protein
analyses [124,148—-151]. MALDI-MS and ESI-MS methods can also be coupled with
TOF and ion trap analyzer for enhanced sensitivity and resolution [152—154]. The
development of such sensitive techniques has allowed MS methods to overcome the
difficulties mentioned above, such as ion suppression, by analyzing specific
fractionation patterns [155]. Another development in MS techniques that have been
employed in proteomics studies is SELDI-TOF-MS, where surfaces with specific
chromatographic properties (i.e., H50 reverse phase, CM10 cation exchange, and
Q10 anion exchange), these so-called “ProteinChip”’s were used to develop protein
profiles for patients with dry eye disease [89,156] and breast cancer [150]. Aside
from proteins, mass spectrometry has also been employed in identifying amino acids
in human tear fluids. In a 2013 study, amino acid levels in tear fluids of 31 healthy
volunteers and 33 afflicted patients were investigated and profiles using HPLC and

ESI-MS [24].

Another commonly used analysis technique for the identification of eye-related
biomarkers is the microarray platforms. Microarrays are mainly used in proteomics
research, where protein-specific antibodies can be placed onto nitrocellulose-coated
slides. This highly specific and sensitive method can be employed for high-
throughput analyses and can also serve as a validation tool for MS-based proteomics

studies. The potential of this method can also be realized by coupling its high-
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throughput capacity with multivariate statistical tools to look for patterns in disease
biomarkers [92,157—159]. The limitations of the microarray method are due to its
specificity where only pre-selected proteins can be investigated, availability of
commercial antigen/antibodies, and the hydrophilic nature of the surface, which
makes investigating hydrophobic biomolecules such as protein-lipid interactions

difficult.

ELISA is another method for quantitative investigations and can be employed in
sensitive and reliable tear film analyses [160]. ELISA is also commonly used for
clinical studies and validation of global proteomics studies as a complementary
method [155]. ELISA has been employed in the determination of inflammatory
cytokine concentration in human tears [120] as well as analyzing changes to mucin
levels [161]. Recently, ELISA has also been used to measure and compare dopamine
levels in human tear fluids; samples were collected using Schirmer’s strips and
microcapillary tubes, and plasma [162]. Dopamine levels were reported as 97.2 +
11.8 pg'mL! in tear fluid using Schirmer’s strips, 279 + 14.8 pg-mL! using
microcapillary tubes, and 470.4 = 37.64 pg-mL"! in plasma. In another study, ELISA
was used to determine serotonin levels in 62 volunteers (control group included)
suffering from various degrees of dry eye syndrome, which showed a correlation

between dry eye syndrome and increased serotonin levels in human tear fluid [163].

It can be surmised from the summary above that the advent of sensitive analysis
techniques has allowed the identification of thousands of biomarkers and the
investigation of their role in many different diseases and disorders. As the sensitivity
of analytical instruments increases, it becomes possible to design less invasive
techniques as the sample size requirements become smaller. It becomes paramount,
then, to come up with new techniques that allow easy, fast, reliable sampling from
biological surfaces so that medical personnel can take full advantage of the

technological developments in these instruments.
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1.4 Sampling and sensing from the eye surface

Although there are many methods currently employed in the collection of human
tear samples and it is a relatively non- or low-invasive process, the complex nature
of the human tear as a biological fluid makes the sampling step crucial due to the
potentially unstable compounds it contains. The low volume of the samples makes it
difficult for detecting low concentration biomarkers [6]. Tear collection is usually a
straightforward process via either capillary tubes or adsorbent materials;
microcapillary tubes (MCT), Schirmer test strips (STS), or ophthalmic sponges are
three of the most common materials that can be employed to collect non-stimulated,
stimulated, or washout (flush) tears [6]. Each collection method has its advantages
and disadvantages; for example, STS has been found to cause irritation and
underestimate protein concentration due to increased tear flow during sampling [6].
MCT is considered a less invasive procedure than STS. However, sampling with
MCT often takes longer than the STS method since the tube has to be physically held
in/under the eye for the whole duration of the sampling, and the process can be
interrupted by blinking and cause discomfort to patients [6]. A 2008 comparing tear
samples collected with STS and MCT methods have detected 13 MCT specific, 54
STS specific, and 30 overlapping proteins using in-gel tryptic digestion followed by
liquid chromatography-tandem mass spectrometry [37]. In order to compensate for
the low sample volumes, several researchers employed the washout method, in
which an exogenous fluid, usually sterile physiological saline solutions are used to
force out tear samples. However, this has been found to dilute even the most
abundant biomolecules in the eye, even dropping some low concentration

biomarkers below LOD levels [6].

Over the last decade, wearable devices equipped with various sensors that can detect
a single or several analytes to gather information about specific diseases/disorders
have been a rapidly increasing area of research. Wearable devices operate in many
different ways and can be divided into four categories based on their mode of

operation; mechanical, electrical, chemical, and optical [ 164]. Such wearable devices
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have also been developed with contact lens geometries, as shown in Figure 1.4
below, employing chemical and electrochemical sensors and have been recently
reviewed [165]. Most contact lens biosensors were developed for glucose sensing
employing various detection methods such as fluorescence detection [166—171],
photodetectors [172—180], and electrochemical sensors [181-183]. A similar contact
lens biosensor was employed for monitoring L-lactate levels equipped with an
electrochemical sensor [184]. It can be expected that such wearable sensors will
continue to be developed for various diseases and their related biomarkers. Such
designs can be equipped with sensors to detect multiple biomarkers as well.
However, sensors inherently limit the amount of information that can be gathered
from the eye surface as they can only be used to detect a handful of biomolecules at

best, which limits their application.

Upper Lens Sensor

Lower Lens

Tear fluid

Figure 1.4 Conceptual illustration of a contact lens biosensor. Reproduced with
permission from [165] and MDPI.

Ocular related omics research needs new sampling techniques that allow the

researchers to take advantage of the analysis techniques and instruments that are
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available. Wearable sensors have been gathering interest, and it can be surmised that
they have not reached their full potential in terms of design and application areas.
However, in order to conduct an untargeted metabolomics survey, a new approach

that can work with a wide range of biomolecules is necessary.

1.5 Solid-phase microextraction

Solid-phase microextraction (SPME) is a non-exhaustive extraction method that is a
versatile tool that has been employed in the analyses of a wide range of compounds
in a variety of different fields since its inception by Pawliszyn and Belardi in 1989
[185-194]. SPME has many advantages over traditional extraction methods, solid-
phase extraction (SPE) and liquid-liquid extraction (LLE), such as applicability to
small and large sample volumes, ability to perform well in complex matrices due to
its proper matrix clean up procedures as well as its ability to be made selective
towards selected analytes, suitability to in vivo and on-site applications, adaptation
to automation processes and being environmentally friendly just to name a few [195].
SPME extractive phases can be prepared with different materials and modifications
to cover a wide range of analytes or target specific analytes and in different
geometries to better suit the unique problems posed by the system to be sampled
from [196-202]. Most conventional, and the first developed, SPME extractive phase
geometry is the so-called fiber coatings, in which a thin fiber or needle is coated with
a material that acts as the solid extractive phase. Different materials can be used for
both the coating as well as the core fiber based on the type of analytical instrument
to be used after extraction (GC-MS, LC-MS, direct injection to MS) and the
requirements dictated by the system. The second most common geometry is the thin
film microextraction (TFME), which employs similar extractive phase materials in
the shape of a thin film instead of coated on a fiber or needle. Although the thickness
of the extractive phase remains pretty much the same as SPME fiber coatings, by
increasing the volume of the extractive phase and the area that the analytes come into

contact with, better analytical sensitivity and faster extraction kinetics can be
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achieved with TFME compared to fiber coated geometries in SPME [203]. An in-
depth review of different coating materials, geometries, areas of application, and
coupling of SPME with new technologies has been reviewed extensively in the

literature [185-188,190-192,196-201,203-205].

1.5.1 Fundamentals of SPME (and TFME)

Most analytical instruments/devices require the analysis sample to be in a specific
form or shape; this requirement may also necessitate the analyte to be removed from
any matrix it may exist in. The process of isolating, cleaning, and pre-concentrating
an analyte from any type of matrix is the extraction step in which analytes are
exchanged between two phases with minimal matrix overlap. Traditionally,
extractive techniques employ liquid (LLE), or solid (SPE) phases to use relatively
large extraction phase volumes to ensure maximum recovery (exhaustive extraction)
of analytes from the sample matrix in order to achieve reproducible results,
employing preconcentration methods for high sensitivity as needed. In order to
quantify the analyte present in the extract, traditional extraction methods usually
employ straightforward calibration methods where stock solutions of analytes with
different concentrations are used to determine concentrations of analytes in the
extract. However, analytes may behave differently in complex sample matrices, and
recovery percentages could vary from matrix to matrix. The modus operandi of
SPME is based on a partition equilibrium between the sample matrix and the
extractive phase, and a mass balance equation can be written to relate the amount of

extracted analyte as follows [193]:

ed _ K,V V.C2 Equation I
¢ KoV + Vs
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where n.7 is the mass of the extracted analyte at equilibrium, K, (= C;?/C?) is the
distribution coefficient of the analyte between the sample matrix and extractive
phase, I/, is the volume of the extractive phase, V; is the volume of the sample matrix,
and C? is the initial concentration of the analyte in the sample matrix, and C;? is the
concentration of the analyte in the extractive phase at equilibrium. In cases where
sample matrix volume, V, is much larger than extractive phase volume, V,, the term
in the denominator, K,;V, + V;, can be approximated as K¢V, < V; which would

simplify the equation to be [193]:

n? = Ky, CO Equation II

e

This simplification means that in cases where the assumption K,,V, < V; holds, the
amount of extracted, n, is independent of sample volume. This fundamental principle
is one of the most vital aspects of SPME and makes extraction from relatively small
and large sample matrix volumes possible and reliable. Continuing, another essential
description that is fundamental for SPME methods is the recovery (R) and
enrichment factor (E). Recovery (R) can be defined by the ratio of the amount of

extracted analyte (n.?) to the original concentration of analyte (n?) in the sample:

nd
R(%) = neo x 100

S

Equation III

Combining equations I and III and defining the phase ratio of the extractive phase

volume to the sample volume as ¢ =V, /V; gives us:

Kes Equation IV
[0) - -
ROG) = =3 % 100
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Enrichment factor (E), relating the amount of analyte that ends up in the desorption

solvent to the amount of analyte in the sample matrix, is defined as:

c;? ngt Equation V

e b
S T,

Combining equations IV and V enables us to relate the enrichment factor, E, to the

recovery rate over the phase ratio, ¢ (V,/V;):

Equation VI

S| =

Equation IV directly indicates that as long as phase ratio ¢ is relatively small, which
in most cases with SPME, ¢~! will be a large number compared to Kes and R(%)
will be small. Low recoveries of analytes in SPME should not be a problem as long
as instruments with good sensitivity are used for analysis (such as any MS method).
In cases where high recovery is necessary, increasing phase ratio, ¢, or finding (or
modifying) extractive phases to have large K., values can be a solution [206].
Moreover, when the SPME recovery rates are lower than 5%, they can be considered
non-depletive, and it can be assumed that the analyte concentrations in the sample
will remain almost the same after the extraction. The non-depletive sampling ability
of SPME allows it to be employed in biologically active systems without disturbing
the existing equilibrium in the system (homeostasis), thus eliminating any possible

biological responses due to sampling that could alter analyte concentrations.

One drawback of low recovery rates is that SPME extractive phases, such as PDMS,
have low K., values for polar analytes. Instead of coating the extractive phase on a
supporting structure as in the case with SPME fibers, preparing thin films with larger

extractive phase volumes for microextraction was introduced as a solution to this
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issue [206]. As described before, TFME employs a sheet of thin-film as the extractive
phase with a high surface-to-volume ratio, meaning that the volume of the extraction
phase can be increased while its thickness increases very slowly or even remains the
same. Increasing the thickness of the extractive phase could lead to higher

equilibrium times, as described in the kinetic theory of extraction as:

6K.s(b—a) Equation VII

tosg, = 3 X D

where tgs50, 1s the equilibrium time, b — a is the thickness of the extraction phase, §
is the boundary layer, and D is the diffusion coefficient of the analyte. Furthermore,
it was experimentally demonstrated that extraction efficiency increases in thin-film

extractions with a high surface-to-volume ratio; its relationship is given as [207]:

d_n _(D4) c Equation VIII
a5 °°

where 7 is the amount of extracted analyte, and C; is the analyte concentration in the
sample matrix. Equation VIII shows that the extraction rate is initially linearly
proportional to the area of the thin film, and it was experimentally shown that as
extraction time increased, the extracted analyte amount by thin films with different
sizes approached the ratios of the thin film volumes [206]. Thin films also come in
different geometries; the extractive phase can be coated on 96 blade format and
employed with 96 well-plates for high throughput analysis. Extractive phases can
also be coated on magnetic stir bars for kinetically controlled extractions, or just
prepared as thin films to be directly placed on top of surfaces. The geometry of the
thin film makes TFME a prime candidate for sampling from biological surfaces such

as skin, and, as the case in this study, eye.
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1.5.2 Applications of SPME (and TFME)

SPME has been employed in a wide range of studies over the years with applications
in numerous fields, as shown in Table 1.2 reproduced from a recent review [203]
that summarizes significant developments employing SPME sample preparation
methods in bioanalytical, food, and environmental studies. An in-depth review of
various applications of SPME would be outside of the scope of this thesis. Since in
vivo applications are of interest, the review of significant and recent studies has been

limited to in vivo sampling, especially sampling from biological surfaces.

Fundamentals and underlying principles of SPME make it a prime candidate for in
vivo, indirectly sampling from a biological system, and ex vivo, extraction from
samples collected from living biological systems. Suitability of SPME for such
extractions schemes was realized when biocompatible extractive phases such as
polyacrylonitrile (PAN), polyacrylate (PA), polypyrrole (PPY), polyethylene glycol
(PEG), and polydimethylsiloxane (PDMS), commercial products have also been
developed such as PDMS tips functionalized with C18 suitable for SPME and LC
analysis [203,208]. These materials, which were already in use with various
medicinal applications, have allowed sampling from living systems without any
adverse effects for reasons a) SPME does not disturb the homeostasis since minimal
amounts of analytes are extracted and b) materials used as extractive phases are
biocompatible by their nature. One of the widely used geometries for in vivo SPME
applications is biocompatible fiber probes (nitinol wires are commonly used) coated
with suitable extractive phases. These fibers allow high-throughput analysis to be
performed in 96-well plates can be employed for desorption after sampling [209—
211], or can be coupled with an MS instrument for direct ionization without any

separation of analytes [208,212,213].
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Similar to SPME, TFME has excellent potential for in vivo and ex vivo studies,
especially from biological surfaces, mainly for skin sampling, with some emerging
applications for ocular and oral sampling that have been reviewed recently. [205]
Sampling from such biological surfaces has the advantage of providing an easily
accessible source for biomolecules that can provide valuable information about the
underlying biological systems. Such sampling methods are often less invasive than
taking blood or tissue samples and can be designed to be wearable for extended
periods. Profiling skin metabolites has been a topic of interest in the last decade
[236-239] with applications in fields such as toxicology [240-242], medicinal
diagnosis [243,244], and environmental exposomics [245-247]. PDMS thin films
have also been used for in vivo studies by sampling from the sebum [248] via sorptive
tape extraction and analyzed with thermal desorption GC-MS. The oily layer
secreted by the body’s sebaceous glands that coat the skin, and for sampling volatile
compounds from human skin by employing GC-MS analysis [249,250]. In a more
recent study, PDMS was used as an extractive phase employing headspace sampling
as well as direct sampling methods and analysis by GC-MS [251]. Another in vivo
study that showcases the potential of TFME for clinical approaches involved PDMS
patches placed inside the ears of rabbit test subjects to investigate histological
evidence of early-stage ulcer formation by metabolomics screening via GC-MS
analysis [252]. Figure 1.5 shows the diagrams of the TFME patches used as
extractive phases for skin volatiles [251] and metabolomics screening of sheep
subjects [252]. Table 1.3 summarizes some of the recent applications of TFME for

skin sampling.
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Figure 1.5 (a ) Schematic diagram of the “membrane sandwich” headspace
sampling for skin volatiles sampling. ( b ) Polydimethylsiloxane (PDMS) patches
placed over the ventral ear surface for direct sampling. These were then covered
with PTFE (polytetrafluoroethylene) and Tegaderm ® (not shown). Reproduced
from [251,252], with permission from Elsevier and IOP Publishing.
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1.6 Aim of the study

The aim of this thesis was to develop a contact lens type extractive device suitable
for possible in vivo applications for sampling small biomolecules from the eye
surface, see Figure 1.6. In order for the extractive device to be suitable for future in
vivo studies, a biocompatible, flexible, (semi-)transparent material with a good
affinity towards polar and non-polar analytes was necessary. A suitable material that
boasted these properties was found to be polydimethylsiloxane (PDMS). In order to
increase the affinity of PDMS towards polar molecules, the functionalization of thin
films with amine functional groups was proposed. In order to investigate the success
of the proposed methods of synthesis, thin films were characterized using FTIR,
TGA, EDX3D printed molds were prepared in order to shape the synthesized thin
films in contact lens geometry. Afterward, synthesized thin films were planned to be
investigated in order to compare their extractive capabilities with thin films prepared
using unmodified PDMS. Extractions were planned to be performed with analytes
selected to represent the small biomolecules present on the eye surface to be
separated and detected via LC-MS. Phosphate buffered saline solutions buffered to
pH 7.4 and from in vitro eye models prepared with agarose hydrogels in 3D printed
molds that were designed to be similar to the anatomical structure of the human eye
spiked with chosen analytes were planned to be used for extractions. After
investigating the extractive capability of the synthesized thin films, extraction
parameters were planned to be investigated in order to optimize the extraction
process, and figures of merit were proposed for the optimized extraction with the

best performing extractive contact lens device.
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eye surface lens air

Figure 1.6 Schematic representation of the proposed extraction of analytes with the
contact lens type devices from the eye surface
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CHAPTER 2

EXPERIMENTAL

2.1 Reagents and Materials

Reagents wused in the preparation of contact lens type thin films:
polydimethylsiloxane (Dowsil 184 elastomer kit), hydroxyl-terminated PDMS
(18,000-22,000 c¢St), polymethylhydrosiloxane (PMHS, 15-40 mPa-5s),
aminopropyltriethoxysilane (APTES), acetic acid (reagent grade), toluene (HPLC
grade) and triethoxy-3-(2-imidazolin-1-yl)propylsilane (IZPES) were bought from
Sigma-Aldrich. Trifluoroacetic acid (TFA, HPLC grade) was bought from Merck.

Reagents used in in vitro eye model: agarose (Type II) was bought from Sigma-

Aldrich.

Analytical standards: phenylalanine, proline, citrulline, docosahexaenoic acid,
acetylcholine, creatine, y-aminobutyric acid, acetylcarnitine, and adenosine were
purchased from Sigma-Aldrich. Glutamine and tryptophan were purchased from

BioChemika. Retinoic acid was purchased from Acros Organics.

LC mobile phases: acetonitrile (HPLC grade), methanol (HPLC grade), and

ammonium formate (HPLC grade) were purchased from Merck.

Isopropyl alcohol (IPA) (HPLC grade) and ethanol (both HPLC and reagent grades)
were purchased from Sigma Aldrich. Only ultrapure (18.2 MQ.cm, MilliPore) water

was used in all experiments.

Solvents: reagent grade dichloromethane (DCM) Sigma-Aldrich, reagent grade
dimethylformamide (DMF) Sigma-Aldrich, reagent grade methanol Merck, reagent

grade ethanol Sigma-Aldrich were used for clean-up purposes.
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2.2 Instruments

Molds for in vitro eye model and contact lens type thin films were designed using
CAD software and printed with an SLA (resin printing) 3D printer using FormLabs
Form 2 White and Black resins.

Infrared (IR) spectroscopic characterization of contact lens type thin films were done
using Thermo Fisher Smart iTR ATR-FTIR instrument, and contact angle
measurements were performed with Biolin Scientific Attention Theta Goniometer
instrument. Thermogravimetric analysis was performed on Hi-Res TGA 2050
Thermogravimetric Analyzer. SEM and EDX analysis were performed on QUANTA
400F Field Emission SEM.

LC-MS instruments used in the experiments were located in Hacettepe University
Chemistry Department in the Mass Spectrometry Laboratory of Prof. Dr. Bekir Salih.
Instruments used were Agilent 1200 HPLC system equipped with Merck SeQuant
ZIC-HILIC (column dimensions: 100 x 2.1 mm, 3.5 um, 200 A) for polar analytes,
and Supelco Ascentis Express F5 (column dimensions: 50 x 2.1 mm, 2.7 um) for

non-polar analytes, coupled to Agilent 6530 Q-TOF mass spectrometer.

23 Design of extractive thin film molds

In order for the extractive thin films to be as non-invasive as possible, their thickness
and geometry were modeled after commercial contact lenses. Thickness and radius
of contact lenses range between 0.050 — 0.260 mm in the central region and 0.080 —
0.240 mm in the peripheral region with a radius between 8.0 — 10.0 mm [263], and
the thickness and radius of contact lens type thin films for chosen as 0.150 mm and
10 mm, respectively. Dimensions of the contact lenses were chosen with the
limitations of the 3D printer in mind, as details smaller than 0.010 mm could not be

printed with the instruments available.
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Figure 2.1 3D printed mold for contact lens type extractive thin films, part A (on
the left) is made up of a convex half-sphere, and part B (on the right) is made up of
a concave half-sphere

The design is relatively straightforward; the mold is made up of two separate parts,
part A (on the left) has a convex half-sphere with a radius of 10.0 mm, while the
concave half-sphere on part B (on the right) has a radius of 9.85 mm, as can be seen
in Figure 2.1 above. When the two parts are connected, as shown in Figure 2.2, using
four guidance rods located in part B, the radius difference between spheres in
different parts creates a gap of 0.15 mm. A hole located at the center of part A allows
the sol-gel mixture to be injected into the mold directly and also serves as an exhaust
from which gases produced during the polymerization reaction can escape. The
injected sol-gel mixture takes the shape of the gap, and after polymerization, a thin
film with contact lens geometry with a thickness of 0.15 mm and a radius of 10.0

mm is produced.
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—— 0.15 mm gap

Hole to inject sol-
gel mixture, also
serves as  an
exhaust

Figure 2.2 The conjoined form of the mold for contact lens type thin films, the hole
on the top of part B allows the sol-gel mixture to be directly injected into the mold
and also serves as a gas exhaust

2.4  Design of the in vitro eye model mold

In order to evaluate the potential of thin films for in vivo applications, an in vitro
model of the human eye had to be developed for conducting static extraction
experiments. The dimensions and geometry of the human eye vary from person to
person, and its radius is considered to be 24.4 + 3.0 mm on average [264]. A realistic
model of the human eye was designed using CAD software, and molds were prepared

using a 3D printing technique.
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Part A

Part B

Figure 2.3 Molds of the eye model designed for in vitro extraction experiments,
part A (upper part of the figure) features a hole to inject the agarose mixture
(similar to the contact lens type thin film mold), two parts of the mold combined
via an interlocking mechanism

The in vitro eye model consists of two parts, see Figure 2.3, part A features a small
hole in which the agarose mixture can be injected into and also serves as a
gas/cooling exhaust. Part B is designed to have a rectangular base to provide a level
foundation for the mold to rest on safely. Two parts can be conjoined by interlocking

the grooves on parts A and B.

2.5  Synthesis of contact lens type thin films

Traditionally, the earliest materials for contact lenses was poly(2-
hydroxyethyl)methacrylate (pHEMA) for “soft” lenses and polymethyl methacrylate
(PMMA) for “hard” lenses [265]. Since the 1960s and 1970s, silicone-based
hydrogels have been used increasingly, and more recently, copolymers of
siloxymethacrylates and fluoromethacrylates with silicone monomers alongside
more hydrophilic hydrogels such as polyvinyl alcohol (PVA) [265]. Since the

ultimate goal of this thesis is in vivo applicability, the most important criteria for
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material selection was biocompatibility. One of the most commonly used silicone-
based hydrogels routinely used in implants is polydimethylsiloxane (PDMS). PDMS
is an optically transparent, non-toxic, biocompatible, inert, and flexible
biocompatible material [266]. PDMS is a relatively hydrophobic polymer and widely
used for the extraction of relatively non-polar analytes [207,267] but does not show
similar sensitivity for the extraction of polar analytes [268]. Therefore, a
modification either to the surface or bulk properties of PDMS is necessary to cover
a wide range of analytes in terms of polarity. Surface and bulk functionalization of
PDMS is an active research field with many different reaction schemes and methods
documented in the literature [269-275]. These properties of PDMS make it the best
candidate material for the contact lens type thin films as it satisfies the requirements

to develop in vivo extractive thin film for sampling from the eye surface.

Two most commonly used PDMS functionalization techniques are the so-called
“post-modification” method and in sifu modification. In the post-modification
technique, PDMS is modified after polymerization reactions take place, and the thin
film is given its final shape. On the other hand, in situ modification technique directly

modifies the siloxane backbone of PDMS before polymerization.

2.5.1 Post-modification method

In the post-modification technique as reported in the literature by Boyaci and Liu as
a surface modification technique for silica particles [270,276], siloxane groups on a
0.50 g thin-film PDMS surface were converted to silanol via treatment with 2.0 mL
0.010 M acetic acid for one hour and rinsed with ultrapure water until the acidic
medium is washed away. Afterward, activated PDMS was dried for 24 hours at 120
°C and placed in a pre-dried two-neck 25 mL flask with 0.30 mL APTES and 0.90
mL toluene. The reaction flask was connected to a condenser equipped with a drying
tube filled with anhydrous CaClz and flushed with N> gas continually through its
sidearm. The flask was heated in an oil bath at 110 °C for 24 hours and stirred at 200

rpm under constant reflux. After the modification reaction was completed, amine-
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modified PDMS is washed with acetone and toluene and dried overnight. Figure 2.4
shows the proposed surface functionalization of the PDMS surface with APTES
functional groups[277].

Anchod AFTES
[

" H

PDMS PDMS POMS PDMS

(a) (b) (©) C)

Figure 2.4 Proposed schematic representation of PDMS surface functionalization
(a) vertical (b) horizontal (c) upright (d) tilted. Reproduced with permission from
[277] and SBAOL

2.5.2 In situ modification method

In situ modification of PDMS thin films were thoroughly investigated by conducting
modification experiments with different ratios and with different starting materials.
In the initial experiments, APTES precursor was hydrolyzed under acidic conditions
(95% TFA) and coupled with -OH terminated PDMS and finally polymerized by
employing a PDMS backbone (DOWSIL 194 Elastomer Kit).

A typical in situ modification reaction would start with the hydrolysis of 0.050 g of
APTES precursor and 1.00 g of OH terminated PDMS in 0.050 g of 95% TFA for 6
hours at room temperature and constant stirring at 800 rpm. Afterward, 2.50 g of
DOWSIL 184 Elastomer Kit A, containing PDMS base, was added to the sol-gel
mixture and stirred at 800 rpm for 1 hour at room temperature, when homogeneous
mixing was achieved 0.25 g of DOWSIL 184 Elastomer Kit B, containing

polymerization catalyzer, was added and the mixture was stirred at 800 rpm for 30
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minutes. The mixture was then transferred to the 3D printed mold via an injector for
polymerization at room temperature and left overnight. After polymerization was
completed, the mold was carefully parted and the contact lens thin film was removed
to be washed with 5.0 mL portions of DMF, DCM, and methanol consecutively for
removal of any excess reagents, afterward thin films were conditioned in 70%
ethanol solution overnight. Figure 2.5 outlines the scheme of a typical in situ -OH
terminated PDMS modification reaction. The extractive thin films prepared with this

scheme will be referred to as type I thin films for convenience throughout the thesis.

TFA Sylgard Sylgard
(95%) PDMS KIT PDMS KIT
A B

7 @800 rpm @300 rpm @800 rpm

-(.)H Injection of the
. terminated . .
terminated PDMS mixture into
PDMS + the mold
+ APTES
+
APTES PDMSKIT A

Figure 2.5 Preparation of type I thin films

Figure 2.6 below outlines the hydrolysis of APTES molecule and its coupling
reaction to -OH terminated PDMS; after the coupling reaction was completed
DOWSIL 184 Elastomer Kit was used for adding the PDMS backbone and for
initiating the polymerization reaction. In order to prepare a thin film that satisfies the
physical requirements laid out above, i.e., optical transparency, flexibility, different
ratios of starting materials and different polymerization schemes were experimented
with. Table 2.1 includes the parameters for modification of -OH terminated PDMS
with APTES and its consequent polymerization with DOWSIL 184 Elastomer Kit.
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(a) Hydrolysis of the precursor (APTES)

% %

. _O TFA i ~OH N
/\O/S\' ~ 4 H,0 ———— o~ \' + OHI e

o) OH e OH

<

(b) Reaction between hydrolyzed product and —OH terminated PDMS

CH3 (|3H3 (|3H3 CHj CHjy CH, CHj
~OH 4 T I
HO/S< H-(O Slﬁ»O Sl O—("SI O-)-—Sl 0 Sl O—(-SI O—)‘—SI O-H
OH CH3 CH3 CH3 CH3 CH3 CH3
A
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CH CH CHj CH3j CHs; /O CH, CHs mCH3
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/SI
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Figure 2.6 Reaction scheme for modification of -OH terminated PDMS with
APTES precursor
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Table 2.1 Parameters for -OH terminated PDMS modification reactions (continued
on the next page).

-OH DOWSIL

TFA:H,0O Reaction
APTES terminated Elastomer
Sample # (95%) temperature

() PDMS Kit A

(2) and time

(2 (®

1 0 0 0 2.50
2 0.90 0 0 2.50
3 0.50 0 0 2.50
4 0.25 0 0 2.50

80°C,2h
5 0.50 0.50 0 2.50
6 0.50 0 0.50 2.50
7 0.50 0 0.25 2.50
8 0.50 0.25 0.50 2.50
9 0.75 0.25 0.75 2.50

10 1.00 0.25 1.00 2.50 60°C,2h
11 0.50 0.25 0.50 2.50
12 0.75 0.25 0.75 2.50
13 1.00 0.25 1.00 2.50
14 0.50 1.00 0.50 2.50

15 0.50 1.50 0.50 2.50 Room
temperature,
16 0.50 2.00 0.50 2.50
~6h

17 0.50 1.00 1.00 2.50
18 0.25 1.00 1.00 2.50
19 0.10 0.10 1.00 2.50
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-OH DOWSIL

TFA:H,0O Reaction
APTES terminated Elastomer
Sample # (95%) temperature
(g) PDMS Kit A
(2) and time
(e (@
20 0.050 0.050 1.00 2.50 Room
temperature,
21 0.010 0.010 1.00 2.50 6h

As can be surmised from the reaction scheme shown in Figure 2.6 -OH terminated
PDMS has limited available sites for APTES modification. However, in order to
increase the extraction capabilities of the extractive thin films, it was hypothesized
that more polar functional groups have to be introduced. Polymethylhydrosiloxane
(PMHS) has a similar molecular structure to PDMS, see Figure 2.7, with one
distinctive feature, instead of two methyl groups as in PDMS, PMHS has one methyl
group attached to the central Si atom and an H atom attached instead of the second
methyl group. Another modification scheme was investigated to increase the amount
of amine functional groups by attaching more APTES molecules to the PMHS
backbone. Figure 2.8 outlines the modification scheme of PMHS with APTES, and
it can be seen that it was virtually identical to the modification scheme of -OH
terminated PDMS with one crucial exception, which was the amount of APTES that

ends up in the final polymer thin film.

CHs CHs

|
8i—0 Si-0
CHy | H n

PDMS PMHS

Figure 2.7 Molecular structures of PDMS (on the left) and PMHS (on the right)
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Figure 2.8 Reaction scheme for modification of PMHS with hydrolyzed APTES
(hydrolysis of APTES is identical to one shown in Figure 2.6)

A typical in situ modification of PMHS with APTES begins with the hydrolysis of
1.5 g of APTES precursor and 1.0 g of PMHS with 0.10 g of 95% TFA stirred at 800
rpm for 6 hours at room temperature. Afterward, 2.5 g of DOWSIL 184 Elastomer
Kit A, containing PDMS base, is added and stirred at 800 rpm for 1-hour room
temperature. When a homogeneous mixture is observed, 0.5 g of DOWSIL 184 Kit
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B, containing the catalyzer for polymerization reaction, is added and stirred at 800
rpm for 30 minutes at room temperature. Afterward, the mixture is transferred to the
3D printed mold via an injector and left at room temperature for 24 hours. After the
polymerization is complete, the mold is carefully parted and the extractive thin film
is washed with 5.0 mL portions of DMF, DCM, and methanol consecutively for
removal of any leftover from the modification or polymerization reaction. Finally,
the thin films are left overnight in 70% ethanol solution for conditioning which also
sterilizes the lenses. Figure 2.9 outlines the scheme of a typical in situ PMHS
modification reaction. The contact lens-type extractive thin films prepared with this
scheme will be referred to as type II thin films for convenience throughout the thesis.
Table 4 includes the amount of starting material used in type II thin film

modification, and all modification reactions were carried on at room temperature.

TFA Sylgard Sylgard
(95%) PDMS KIT PDMS KIT
A
@800 rpm @800 rpm
PMHS PMHS PN*I_HS Sol-gel mixture Injection of the
+ + APTES mixtu::oilr:jto the
APTES APTES +

PDMS KIT A

Figure 2.9 Preparation of type II thin films
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Table 2.2 Parameters for -OH terminated PMHS (type II thin films) modification
reactions

DOWSIL
TFA:H,O DOWSIL
APTES PMHS Elastomer
Sample # 95%) ) Elastomer
(@ (® Kit A )
(@ Kit B (g)
(@
23 2.00 0.05 1.00 1.75 0.20
24 2.00 0.05 1.00 2.20 0.25
25 1.00 0.05 1.00 2.50 0.50
26 0.50 0.05 1.00 3.00 0.50
27 1.00 0.10 1.00 2.50 0.50
28 2.00 0.25 1.00 2.50 0.50
29 1.50 0.10 1.00 2.50 0.50

As a part of in situ modification investigation, PDMS, -OH terminated PDMS and
PMHS thin films modified with triethoxy-3-(2-imidazolin-1-yl)propylsilane
(IZPES) were also attempted. However, no suitable thin film was able to be

synthesized and IZPES modification scheme was eventually abandoned.

2.6 Characterization of extractive thin films

Extractive lenses were characterized using ATR-FTIR spectroscopy, contact angle
measurements, and thermogravimetric analysis. ATR-FTIR spectra of thin films
were investigated before and after being first submerged in DCM for 3 hours and in
70% ethanol for 24 hours. Since DCM is known to penetrate PDMS and cause
swelling [278], the solvents would carry out any reaction leftovers or aggravated

molecules. All samples were also cleaned with small portions of reagent grade
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ethanol before ATR-FTIR measurements by gentle rinsing and dried at room

temperature.

Contact angle measurements were carried out with ultrapure water (18.2 MQ.cm)
before and after thin films were washed with the same procedure laid out above for
ATR-FTIR measurements. The principle behind setting contact angle measurements
was the same with ATR-FTIR measurements. If any reaction leftovers or aggravated
molecules (polymer oligomers) carried out during DCM and ethanol treatment, the
surface properties of the thin films would change, affecting their surface

hydrophilicity.

TGA was conducted after synthesized thin films were conditioned with 5.0 mL of
DCM and left overnight in 70% ethanol solution. In order to drive out any water
molecules on the surface or embedded inside the thin films, the samples were parked

at 200 °C for 10 minutes and cooled down to RT before analysis.

SEM images and EDX analysis of the thin films were carried out after washing with
DCM and 70% ethanol, identically as the procedures laid out above. Thin films were
not coated with Au nanoparticles to increase the quality of SEM images as EDX

analysis was carried out simultaneously. SEM magnification was set to 500x.

2.7  Preparation of in vitro eye model

In order to test the extractive thin films in an environment as similar to the human
eye as possible, an eye model was designed with the same anatomical dimensions as
the human eye. However, it is a Herculean task to build a model to mimic the
complex physiological environment of the human eye closely. Therefore, the aim
was for the eye model to represent the type of extraction that would be performed by
the lens type thin films, i.e., static extraction, and it was not intended for the eye
model to closely replicate the biological environment of the human eye. Agarose was

chosen as a promising media for building the eye model as recent literature has
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shown its potential as a biomimetic tissue-like material [279,280], and it was even

used to build an in vitro test platform for contact lenses [281].

Agarose eye model preparation is relatively straightforward, to prepare a 2% gel, 0.1
g of agarose is thoroughly mixed in 5.0 mL of water and heated for 20 seconds at
100 kW power in a commercial microwave. Afterward, the mixture is left to cool
down to 40 °C in order to prevent any damage to analyte standards. Then, standards
analytes are added while continuously stirring the mixture at 1200 rpm and 40 °C to
prevent gelation. After a homogeneous mixture is achieved, agarose is quickly

poured in the 3D printed mold to cool down further and given its final shape.

o —— T I e

Figure 2.10 a) 3D printed mold (conjoined) b) two separate parts of the mold c) the
in vitro eye model before being removed from the mold d) in vitro eye model after
removed from the mold

In vitro eye models were prepared with different agarose contents, i.e., 0.5%, 1%,
and 2% agarose, in order to evaluate their physical similarity to the human eye,
shown in Figure 2.10. These eye models with different agarose content were also
used to determine the water loss of agarose due to evaporation. Five replicate eye
models were prepared for each agarose ratio and weighed for every 5 minutes for 2
hours to determine the rate of water loss. Since the concentration of analytes in the
agarose eye models would change with water loss, which could also affect the
dynamics of extraction, it was crucial to find out whether evaporation would reach

equilibrium or at least occur at a predictable rate. Figure 2.11 shows that for all three

50



gel concentrations, loss of gel mass due to water evaporation stops at around 30

minutes.
I
O I arss,
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Figure 2.11 Relative mass loss of in vitro eye models prepared with agarose
hydrogels with different gel concentrations

2.8  Development of LC-MS methods

Two separate LC-MS methods were developed for polar and non-polar analytes.
Merck SeQuant ZIC-HILIC (100 x 2.1 mm, 3.5 um, 200 A) HPLC column was used
for chromatographic separation of polar analytes. In order to achieve the best
sensitivity and lowest LOQ values as possible as well as adequate separation and
retention of analytes, various ratios of mobile phases and additives were investigated.
After initial experiments where flow rate, additive concentration, the composition of
mobile phases, column temperature, injection volume were investigated, it was
concluded that the best chromatographic separation was achieved using gradient

elution with two mobile phases at 0.40 mL-min’!. Solvent A was 0.15% formic acid
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and 25 mM ammonium formate buffered to pH 4.5 in ACN:H>O (80:20, v/v), and
Solvent B was 0.15% formic acid and 25 mM ammonium formate buffered to pH
4.5. The gradient started at 100% Solvent A and kept for 5 min at this composition,
then changed to 80% A and 20% B in 10 min linearly (2.5% per minute), resulting
in final solvent composition of ACN:H>O (65:35, v/v). Next, the gradient was
changed to initial condition 100%A and kept at this composition for 3 min before
the next injection. The injection volume of samples was set to 50 pL with a column
temperature of 40 °C and the total run time was 15 minutes. Table 2.3 shows LC

parameters for the HILIC method.

Table 2.3 LC parameters for HILIC method (polar analytes)

Mobile phase
Mobile phase ratio Flow rate

(A:B, v/v)

A: 25 mM ammonium formate buffered to 0 —5 min: 100:0

pH 4.5 in ACN:H>O (80:20, v/v)
0.20

sa-1
5—15 min: 80:20 mL-min

(2% -min")

B: 25 mM ammonium formate in 0.15%

formic acid buffered to pH 4.5 15 -18 min: 100:0

MS parameters for polar analytes were also investigated for best sensitivity and were

determined as follows:
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Table 2.4 MS parameters used in HILIC LC-MS method for polar analytes

MS parameters

Ion polarity Positive
Nebulizer pressure 45 psi
Nebulizer temperature 350 °C
Nozzle voltage 1.50 kV
Capillary potential 3.50 kV

In the case of non-polar analytes, Supelco Ascentis Express F5 HPLC column was
used. Various ratios of mobile phases were investigated in order to achieve the best
sensitivity, lowest LOQ, and good separation/retention times. After initial
experiments, the best chromatographic separation was achieved with 8 min isocratic
method with a mobile phase flow velocity of 0.20 mL-min"'. The mobile phase
consisted of a mixture of Solvent A (60%) and Solvent B (40%) where Solvent A
was MeOH:H>O (50:50, v/v), and Solvent B was 5.0 mM ammonium formate in
ACN:H20 (90:10, v/v). The injection volume of samples was set to 50 puL with a
column temperature of 40 °C. Table 2.5 shows the LC parameters for the reverse

phase method.
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Table 2.5 LC parameters for reverse phase method (non-polar analytes)

Mobile phase ratio

Mobile phase Flow rate
(A:B, v/v)
0 — 6 min: 60:40
A: MeOH:H>O (50:50, v/v)
0.20 mL -
min’!

B: 5 mM ammonium formate in 6 — 8 min: 100:0

ACN:H>0 (90:10, v/v)

MS parameters were investigated to give the best sensitivity for non-polar analytes

and were determined as follows:

Table 2.6 MS parameters used in reverse phase LC-MS method for non-polar
analytes

MS parameters

Ion polarity Negative
Nebulizer pressure 45 psi
Nebulizer temperature 350 °C
Nozzle voltage 1.50 kV
Capillary potential 3.50 kV
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29 Optimization of extraction parameters

In order to evaluate the extractive capabilities of modified thin films, a series of
extraction experiments with unmodified PDMS, type I, and type II thin films were
designed. PBS buffered (pH 7.4, 1X) solutions and in vitro eye models were spiked
with various concentrations of polar and non-polar analytes using stock solutions
prepared with analyte standards. Extraction time for in vitro eye models, desorption
time, and desorption solvents were also investigated to increase the overall
sensitivity and reproducibility of the method. All extractions were performed at room

temperature with three replicates unless stated otherwise.

2.9.1 Optimization of extractions from PBS buffer solutions

In a typical extraction, outlined in Figure 2.12 below, 4.0 mL of PBS solution was
spiked with analyte concentrations ranging from 5.0 ng'mL"!' to 250.0 ng'mL! in
different 10 mL vials, and circular thin films with 2.0 mm diameter were submerged
with a nitinol wire into the solution and continuously stirred at 1200 rpm for 2 hours.
In order to quantitatively compare the thin films, each thin film was weighed before
extractions, and extracted analyte amounts were corrected using thin films’ weight
(at no point weight difference exceeded 5%). Afterward, the thin films were gently
rinsed with few drops of water to drive away any PBS droplets that may cling to its
surface before the desorption step. Desorption was achieved by submerging the thin
films with a nitinol wire into 0.40 mL of ACN:MeOH:H>O (40:40:20, v/v/v) for 30
minutes and continuously stirred at 1200 rpm. The extraction scheme outlined above
and shown in Figure 2.12 was used to determine the extraction capabilities of PDMS,
type I, and type II thin films. After the best performing lens type thin film was
determined with the extraction scheme described above, desorption parameters were

optimized as shown in Table 2.7 below.
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Analytes

Type | Type 11 PDMS Type I Type I
Extraction: 2 h @ 1200 rpm (RT) Desorption: 30 mins @ 1200 rpm (RT)
PBS buffer (pH 7.2) ACN:MeOH:H,0

(40:40:20) (v/v/v)

Figure 2.12 A typical extraction from PBS solutions spiked with analytes by
extractive thin films

Table 2.7 Optimization of desorption parameters for extractive thin films
(Extraction conditions; extraction time: 120 mins, extraction volume: 4.0 mL,
extraction agitation: 1200 rpm)

Investigated

Desorption Analyte Desorption Desorption Desorption
desorption
solvent concentration volume agitation time
parameter
ACN:MeOH:H20
(40:40:20, v/v/Iv/)
Desorption ACN:MeOH
100.0 ng'mL! 0.40 mL 1200 rpm 30 min
solvent (50:50, v/v)
ACN:IPA:H.0
(40:40:20, v/v/v)
5 min®
Desorption ACN:MeOH:H>0 15 min®
] 100.0 ng'mL! 0.40 mL 1200 rpm
time (40:40:20, v/v/Iv/) 30 min®
60 min*

a) Another round of desorptions was carried out for 30 minutes with constant stirring at 1200 rpm to
determine the amount of carryover

Table 2.7 above follows the order of experiments to determine the optimal desorption

parameter following extractions with the thin films. First, three different desorption

56



solvents were investigated to determine which solvent would lead to the most amount
of analyte desorbed from the thin films with no carryover. Thin films were
submerged into 4.0 mL of PBS solution spiked with 100.0 ng'-mL"! of analytes and
extraction was carried out for 2 hours at 1200 rpm. After the extractions, thin films
were rinsed with water and submerged in different desorption solvents for 30
minutes. After the first round of desorptions were completed, the thin films were
rinsed with water for a second time, and the second round of desorptions was carried
out at 1200 rpm 30 minutes to determine whether all analytes were completely

desorbed from the thin films in the first desorption round (a carryover experiment).

The second parameter to be investigated was the desorption time after the best
desorption solvent was determined, extractions were performed from 4.0 mL of PBS
solutions spiked with 100.0 ng-mL-! of analytes for 2 hours at 1200 rpm. Afterward,
thin films were rinsed with a few drops of water to drive away any solvent, and
desorptions were carried out at 1200 rpm for 5, 15, 30, and 60 minutes in order to
determine the least amount of time necessary for complete desorption of analytes

from the thin films.

2.9.2 Optimization of extractions from in vitro eye model

In order to evaluate the extractive capabilities of lens type thin films from an
environment similar to the human eye, extractions from the in vitro eye model were
carried out, shown in Figure 2.13 below. These extractions were also more similar
to in vivo conditions as extractions from PBS solutions were carried out under
constant stirring. First, in tandem with the PBS solution extractions as laid out above,
the best performing thin film was determined with the following extraction
experiment. Agarose eye models were prepared and spiked with 250.0 ng-mL-! of
analytes and unmodified PDMS, type I, and type II thin films with lens shapes were
used for extraction. The thin films were placed directly on top of the eye models,

ensuring full contact at all times. The extractions were carried out for 2 hours with
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no agitation, under static conditions. After extraction, thin films were rinsed with

water and desorbed in ACN:MeOH:H»O (40:40:20, v/v/v/) for 30 minutes.

; : : — II II —  LC-MS analysis
Analytes PDMS Type I Type IT

PDMS Type I Type I

Extraction: 2 h (RT)

. X . Desorption: 30 mins @ 1200 rpm
(no agitation / static extraction)

ACN:MeOH:H,0
(40:40:20) (v/v/v)

Figure 2.13 A typical extraction and desorption scheme from in vitro eye models
spiked with analytes by extractive lens type thin films

After the best performing thin film was determined, the extraction time profile for
sampling from the in vitro eye model was built. Lens type thin films (type II) were
placed directly on top of agarose eye models spiked with 250.0 ng'-mL-! of analytes
for 15, 30, 60, and 120 minutes in order to determine if an extraction could be carried
out with sufficient sensitivity in a lesser amount of time. After extractions were
complete, the thin films were rinsed with portions of ethanol and water gently before
moving onto the desorption step in 0.40 mL of ACN:MeOH:H>O (40:40:20, v/v/v/)
for 30 minutes at 1200 rpm.

After extraction time profiles were built using the most optimal parameters for
extraction and desorption, a calibration line for extracted analyte amounts from in
vitro eye model was built. Agarose eye models were prepared and spiked with 25.0,
50.0, 100.0, 250.0, and 500.0 ng'mL! of analytes. Lens type thin films (type IT) were
placed on top of the eye models, ensuring total contact and extraction was carried

out under static conditions for 120 minutes. After the extractions were complete, the
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thin films were gently rinsed with portions of ethanol and water before the desorption
step was carried out. The thin films were directly submerged with nitinol wires into
0.40 mL of ACN:MeOH:H>O (40:40:20, v/v/v/) for 30 minutes at 1200 rpm for

desorption.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Evaluation of optimization of synthesis of extractive thin films

The first step of choosing a suitable thin film for characterization and extraction
experiments was its physical attributes. As it was mentioned numerous times
throughout the thesis, optical transparency, flexibility, and surface homogeneity
were three crucial physical characteristics of any potential extractive thin film.
Before any type of characterization, thin films were evaluated by these three
properties. Table 3.1 and Table 3.2 lists some of the extractive thin films based on
their physical properties. The thin films that had physical properties that satisfy the
requirements previously laid out were selected for further characterization and
extraction experiments. Evaluation of the physical properties of extractive thin films
was based on an out of 10-point system. Unmodified PDMS was selected as to have
10 points out of 10 in flexibility, surface homogeneity, and optical transparency.
Modified thin films were evaluated based on the similarity of their physical

properties to those of unmodified PDMS thin films.

Evaluation of type I (APTES modified -OH terminated PDMS) thin films are given
in Table 3.1 below. Modification parameters for the following samples can be found
in Table 2.1 (in 2.5.2). Physical evaluation of synthesized thin films was not based
on any instrumental analysis but an “eye test” comparing the flexibility, surface
homogeneity, and optical transparency of the modified thin films to unmodified
PDMS thin film. The most prevalent shortcoming of the modified thin films was the
lack of surface homogeneity. It was observed that elevated temperatures cause the
coupling reaction to take place too quickly, which traps the gases that evolve during
polymerization reactions in bubbles, as can be seen in sample #4. Optical

transparency was observed to be directly related to APTES amount, and flexibility
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was found to change with controlling the ratio of -OH terminated PDMS to PDMS
base (DOWSIL elastomer kit A). Consideration of these parameters showed that
sample #21 demonstrated the best overall physical properties and was chosen for

further characterization and investigation.

Table 3.1 Physical and visual evaluation of type I thin films

Physical
Sample # Pictures of representative thin films
properties

Flexibility:
10/10

. Surface

(Unmodified
PDMS)

homogeneity:
10/10
Optical
transparency:
10/10
Flexibility:
2/10

Surface
2 homogeneity: No image available
2/10
Optical
transparency:
1/10
Flexibility:
1/10

Surface
homogeneity: ) )
3 No image available

2/10

Optical

transparency:

2/10
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Sample #

Physical

properties

Pictures of representative thin films

Flexibility:
1/10

Surface

homogeneity:

2/10
Optical

transparency:

2/10

Flexibility:
2/10

Surface

homogeneity:

2/10
Optical

transparency:

2/10

No image available

Flexibility:
3/10

Surface

homogeneity:

3/10
Optical

transparency:

2/10

No image available

Flexibility:
2/10

Surface

homogeneity:

3/10
Optical

transparency:

3/10:
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Sample #

Physical

properties

Pictures of representative thin films

Flexibility:
3/10

Surface

homogeneity:

3/10
Optical

transparency:

4/10

No image available

Flexibility:
3/10

Surface

homogeneity:

3/10
Optical

transparency:

3/10

No image available

10

Flexibility:
4/10

Surface

homogeneity:

4/10
Optical

transparency:

4/10

11

Flexibility:
4/10

Surface

homogeneity:

5/10
Optical

transparency:

3/10

No image available
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Sample #

Physical

properties

Pictures of representative thin films

12

Flexibility:
4/10

Surface

homogeneity:

5/10
Optical

transparency:

4/10

No image available

13

Flexibility:
5/10

Surface

homogeneity:

6/10
Optical

transparency:

7/10

14

Flexibility:
5/10

Surface

homogeneity:

6/10
Optical

transparency:

6/10

No image available

15

Flexibility:
6/10

Surface

homogeneity:

7/10
Optical

transparency:

6/10

No image available
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Sample #

Physical

properties

Pictures of representative thin films

16

Flexibility:
6/10
Surface
homogeneity:
6/10
Optical
transparency:
7/10

No image available

17

Flexibility:
6/10
Surface
homogeneity:
6/10
Optical
transparency:
6/10

No image available

18

Flexibility:
7/10
Surface
homogeneity:
7/10
Optical
transparency:
9/10

19

Flexibility:
8/10
Surface
homogeneity:
6/10
Optical
transparency:
7/10

No image available
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Physical
Sample # Pictures of representative thin films
properties

Flexibility:
7/10
Surface
homogeneity: . )
20 No image available
8/10
Optical
transparency:

6/10

Flexibility: %

9/10

Surface
homogeneity:
10/10

21

Optical
transparency: (The dark area in the picture is caused by the removal of
8/10 the square-shaped part of the membrane for ATR-FTIR

and contact angle measurements)

Evaluation of type II (APTES modified PMHS thin films) are given in Table 3.2
below. Modification parameters for type II thin films can be found in Table 2.2 (in
2.5.2). Evaluation of type II thin films was based on unmodified PDMS as described
for type I thin films above. As it was the case for type I thin films, and type II thin
films were also evaluated based on an “eye test”. Optical transparency, flexibility,
and surface homogeneity of modified thin films were compared to those of
unmodified PDMS thin film. Since reaction temperature and reaction time were
optimized for type I films, surface homogeneity of the type II films was very similar
to each other. It was observed that starting with PMHS instead of -OH terminated
PDMS allowed for more APTES molecules to be incorporated into the final polymer

while retaining optical transparency and flexibility to an acceptable degree. Sample
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#28 demonstrated the best physical properties, most similar to unmodified PDMS

thin film and was chosen for further characterization and investigation.

Table 3.2 Physical and visual evaluation of type Il thin films

Sample #

Physical properties

Pictures of representative thin films

22

Flexibility: 6/10
Surface homogeneity: 9/10
Optical transparency: 7/10

23

Flexibility: 6/10
Surface homogeneity: 9/10
Optical transparency: 7/10

24

Flexibility: 7/10
Surface homogeneity: 9/10
Optical transparency: 8/10

25

Flexibility: 6/10
Surface homogeneity: 9/10
Optical transparency: 8/10

26

Flexibility: 6/10
Surface homogeneity: 3/10
Optical transparency: 7/10

27

Flexibility: 5/10
Surface homogeneity: 3/10
Optical transparency: 5/10

28

Flexibility: 8/10
Surface homogeneity: 9/10
Optical transparency: 9.5/10:
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3.2 Characterization of extractive thin films

3.2.1 FTIR characterization of thin films

FTIR spectra of PDMS show characteristic peaks for -CHj rocking at 786 cm™!, -CH3
deformation in Si-CH3z at 1256 cm™!, asymmetric -CH3 stretching in Si-CHj3 at 2962
cm’!, asymmetric Si-O-Si stretching at 1010 cm! [282,283]. Figure 3.1 below clearly
shows there is no discernable difference between spectra of unmodified PDMS
before and after washing with DCM and 70% ethanol. Both spectra are normalized
with respect to wavelengths that show100% transparency in order to demonstrate
that washing does not affect absorbance values of characteristic PDMS peaks,

meaning that crosslinking of polymer chains is not affected by washing.
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PDMS (After washing)
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Figure 3.1 FTIR spectra of unmodified PDMS thin films before (upper spectrum)
and after (lower spectrum) washing with DCM and 70% ethanol, both spectra are
normalized to demonstrate transparency values clearly

ATR-FTIR measurements of type I thin films (APTES modified -OH terminated
PDMS), shown in Figure 3.2 below, shows all the characteristic PDMS peaks
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described above. Moreover, it can be observed that a distinct peak has appeared at
1674 cm! characteristic of -N-H bend of primary amines, which the amine group of
APTES is. More intricate differences indicating APTES modification is the
broadening around 3000 cm™!, assigned to vO-H stretch superimposing with vN-H
stretching modes since both -OH terminated PDMS and APTES are present in type
I thin films. It can also be observed that -CHj3 rocking at 786 cm™!, -CH3 deformation
in Si-CH3 at 1256 c¢cm’!, and asymmetric Si-O-Si stretching at 1010 cm™ have
decreased absorbance (increased T% values) due to obstruction of APTES-PDMS
modification [282]. It can be noticed that APTES related peaks have decreased
absorbance, and obstruction caused by APTES modification decreases after washing.
This decrease is believed to be an indication that some unreacted starting materials
that have been aggravated inside the PDMS polymer are leaching out during
washing. However, these are believed to be low in amount since absorbance values
only show a 12% decrease at most. Washed thin films continue to show strong
APTES related peaks, and obstruction of characteristic PDMS peaks can still be

observed.

3

1674——

'“'|— Type I thin film (Before washing)
Type I thin film (After washing)

2962
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Wavenumbers [1/cm]

Figure 3.2 FTIR spectra of type I (APTES modified -OH terminated PDMS) thin
films before (upper spectrum) and after (lower spectrum) washing with DCM and
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70% ethanol, both spectra are normalized to demonstrate transparency values
clearly

FTIR spectra of type II (APTES modified PMHS) thin films, given in Figure 3.3
below, also show the characteristic PDMS peaks described in detail above. Spectra
for type II thin films also show a drastic increase in peaks attributed to vO-H stretch
and vN-H stretching modes around 3000 cm™" causing a broadening effect around -
CHj stretching in Si-CH3 at 2962 cml. Moreover, it can be observed that the N-H
bending indicating the presence of primary amines at 1674 cm™ has an increased
absorbance value and is much more pronounced. Peaks that indicate obstruction due
to the presence of APTES such as -CH3 rocking at 786 ¢cm!, -CH3 deformation in
Si-CH3 at 1256 c¢cm!, and asymmetric Si-O-Si stretching at 1010 cm™! also have
further decreased absorbance when compared to type I thin films. FTIR spectrum of
type II thin films show a decrease in absorbance after washing similar to type I thin
film. This trend is again believed to be caused by some starting materials leaching
out of the polymer during washing by DCM and 70% ethanol solution. Increased
absorbance values for peaks related to APTES molecule also indicate that there is an
increase in the amount of APTES molecules that were successfully coupled to the

PMHS structure
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Figure 3.3 FTIR spectra of type Il (APTES modified PMHS) thin films before
(upper spectrum) and after (lower spectrum) washing with DCM and 70% ethanol,
both spectra are normalized to demonstrate transparency values clearly

3.2.2 Contact angle measurements of thin films

After showing that successful coupling was achieved by chemical bonding with
FTIR spectra, contact angle measurements with ultrapure (18.2 MQ.cm) water were
taken. As the number of polar groups introduced by the addition of APTES and -OH
groups due to oxidation of PMHS backbone increases, the surface hydrophilicity of

the thin films is expected to increase.
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Before washing

After washing

PDMS Type | Type ll
(amino — PDMS) (PDMS/PMHS-APTES)

Figure 3.4 Contact angle measurements for unmodified PDMS, type 1, and type 11
thin films. Type II thin films show a surface with drastically increased
hydrophilicity.

It can easily be observed from Figure 3.4 that type I and especially type II thin films
have a much more polar surface, as evidenced by their increased surface
hydrophilicity. Contact angle measurements show that unmodified PDMS thin film
has an average contact angle of 87.9 ° £+ 1.2° type I thin film has an average contact
angle of 83.2° + 0.9°. In contrast, type II thin film has an average contact angle of
66.5° & 1.0°. The contact angle usually denoted 6, is used to quantitate the wettability
of a surface by a liquid. In the case presented above, the surfaces of the thin films
are wetted by ultrapure water droplets, and the contact angle 8 directly measures the
hydrophilicity of the surface. Since hydrophilicity is directly related to polarity, it
can be surmised that type I thin film has a more polar surface than unmodified PDMS
thin film, and type II thin film has a more polar surface than both type I and PDMS
thin films. The high degree of hydrophilicity exhibited by type II thin film is believed
to be a direct correlation of its larger number of polar groups, i.e., -NH>2 and -OH,

that was shown in the reaction outlined in Figure 2.8 (in Section 2.5.2).
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On the other hand, -OH terminated PDMS used in type I films has a drastically lower
number of sites where APTES modification takes place, which is why type I films
are believed to have a considerably smaller contact angle as its surface is much less
hydrophilic. The average contact angle for type II thin films also agrees with the
contact angle measurements of APTES modified PDMS surfaces reported in the
literature (68.7 ©) [284]. However, it is worth mentioning that although similar
contact angle results were obtained by the modification strategy used in the reported
literature, it would not be appropriate for this study. The approach reported in the
literature employs a surface modification in which a large number of silanol groups
are created only on the surface of PDMS using an oxygen plasma before its
modification. This activation method ensures the binding of a large number of
APTES molecules to the surface of PDMS and results in similar surface
hydrophilicity to our type II thin films. However, during the extraction from complex
biological samples, as intended in this study, amino groups' presence only on the
surface may result in the thin films' saturation and erroneous conclusions. On the
other hand, modification of the entire PDMS (as performed in this thesis) will

eliminate this possibility.

3.23 Thermogravimetric analysis of thin films

Thermogravimetric analysis (TGA) of unmodified PDMS, given in Figure 3.5, has
shown that there is no discernible weight loss until ~400 °C and can be considered
thermally stable, exhibiting very slow and around 5% weight loss starting at 400 °C
until 450 °C. Starting at around ~500 °C, unmodified PDMS thin film shows rapid
thermal degradation. Modified PDMS thin films, on the other hand, exhibit no
discernible weight loss until ~220 °C and can only be considered thermally stable
until then. At 460 °C, modified PDMS thin films start very rapid thermal degradation,
which agrees with values reported recently in literature with PDMS films modified
with similar APTES ratios [285]. Lower thermal stability of the modified extractive

films can be explained by the fact that aminopropyl groups overall have much lower
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thermal stability and should start decomposing sooner. It should also be considered
that the modification of PDMS also lowers its crosslinking to a considerable degree,
which further explains the significant weight loss that starts around 500 °C. Although
any GC-MS method was not necessary for the analytes chosen in this thesis, the
thermal stability of extractive thin films until ~200 °C indicates that they could be
suitable for GC analysis can also be used for sampling of volatile
biomolecules/metabolites. Further investigations are necessary for testing their final

suitability for such methods.
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Figure 3.5 TGA curves of extractive thin films

Thermogravimetric analysis (TGA), given in Figure 3.5 above, of extractive thin
films, shows that modified PDMS films are stable until around 220 °C. Lower
thermal stability of the modified extractive films can be explained by the fact that
aminopropyl groups overall have much lower thermal stability and should start
decomposing sooner. It should also be considered that the modification of PDMS

also lowers its crosslinking to a considerable degree, which further explains the
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significant weight loss that starts around 500 °C. Although any GC-MS method was
not necessary for the analytes chosen in this thesis, the thermal stability of extractive
thin films until ~200 °C indicates that they could be suitable for GC analysis can also
be used for sampling of volatile biomolecules/metabolites. Further investigations are

necessary for testing their final suitability for such methods.

3.24 Scanning electron microscopy and energy dispersive x-ray analysis

Scanning electron microscopy of unmodified PDMS, type I and type II thin films
show very few characteristic features. The surface of unmodified PDMS has a very
smooth and homogenized appearance, while surfaces of type I and type II films show
a less homogenized and porous structure. However, it should be underlined that since
the thin film samples were not coated with Au nanoparticles (since it would interfere

with EDX measurements), any SEM images shown below should not be taken as

conclusive findings regarding the surface morphology of thin films.

PDMS Type | Type Il

Figure 3.6 SEM images of (a) unmodified PDMS ,(b) type I, and (c¢) type II thin
films, 500x magnification

EDX analysis of all three thin films show increased N at% and O at %for type I and
type II films compared to unmodified PDMS (which has no N content). Table 3.3
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shows that N at% and O at% for type II thin films are considerably larger than for
unmodified PDMS and type I thin films, as was expected since the proposed
modification mechanism leads to a large number of APTES and -OH functional

groups.

Table 3.3 EDX analysis for unmodified PDMS, type I and type II thin films

Thin film C at% O at% Si at% N at%
PDMS 69.7 £ 0.5 27.6 £0.7 27+03

Type I 68.6 £ 1.6 254104 55+14 05+02
Type 11 57.5 +£4.32 309+ 2.6 57128 59+27

3.3  LC-MS analysis

In order to accurately represent the different classes of biomolecules that exist in the
human eye, analytes with a wide range of polarities and functional groups were
selected to test the extraction capabilities of the thin films. Before any extraction
could be carried out, a suitable chromatographic separation method and examination
of analytes with mass spectrometry must be investigated. The physicochemical
properties and molecular structures of analytes given in Table 3.4 were used as the

basis to develop suitable chromatographic methods.
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Table 3.4 Physicochemical properties of analytes

Molecular weight

Analyte log P pKa
(g.mol!)
Polar analytes
Phenylalanine 165.08 -1.38 2.34
Glutamine 146.14 -3.1 2.17
Proline 115.13 -2.54 1.99
Citrulline 175.19 -4.3 243
Tryptophan 204.22 -1.05 2.83
Acetylcholine 146.21 -0.2 -7
Creatin 131.13 -1.2 34
y-aminobutyric acid
103.12 -3.2 4.03
(GABA)
Acetylcarnitine 203.24 -0.4 4.2
Adenosine 247.24 -1.1 3.6
Non-polar analytes
Docosahexaenoic
. 328.2 6.75 4.89
acid (DHA)
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Molecular weight

Analyte log P pKa
(g.mol")

Cholesterol 387.6 7.06 -1.4

Retinoic acid 300.4 6.3 4.76

In Table 3.3 above, analytes were grouped in either polar or non-polar categories
based on their log P values. In order to achieve a good separation with satisfactory
sensitivity, different chromatographic methods were used for polar and non-polar

analytes.

3.3.1 HILIC LC-MS method: chromatographic separation of polar

analytes

Polar analytes were first investigated with MS methods in a series of concentrations
ranging from 5.0 ng'mL™! to 250.0 ng'mL"! in order to find the sensitivity of the
instruments and to build instrumental calibration curves for all analytes, shown in
Figure B.. Based on the instrumental response, the following LOQ values were
calculated for polar analytes, given in Table 3.5. LOQ values were determined by
finding the signal that gives a value of S/N = 10 for each analyte and inserting the
signal to the calibration curve for calculating the LOQ value in terms of
concentration. Similarly, LOD values were calculated by finding the signal that gives

a value of S/N = 3 for each analyte.
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Table 3.5 Observed m/z and calculated LOQ and LOD values for polar analytes

LOQ LOD
Analyte log P pKa Observed m/z
(ng mL') (ng mL™)
Tryptophan -1.05 2.83 205.28 [M+H]* 2.74+1.1 09+ 1.1
Proline -2.54 1.99 116.07 [M+H]* 7.0+1.0 2.7+ 1.0
Glutamine -3.1 2.17 147.12 [M+H]* 29+1.6 1.0+1.6
Phenyalanine -1.38 2.34 183.04 [M+NH4]" 34+09 1.1+09
Acetylcarnitine -0.4 4.2 204.13 [M+H]" 26+13 09+13
Citrulline -4.3 2.43 176.28 [M+H]* 34405 1.1+0.5
Creatine -1.2 34 132.08 [M+H]* 9.0+1.1 3.0+1.1
y-aminobutyric
. -3.2 4.03 104.07 [M+H]* 6.1 +13 2.0+1.3
acid (GABA)
Acetylcholine -0.2 -7 146.21 [M]* 20+1.8 07+1.8
Adenosine -1.1 3.6 268.11 [M+H]* 1.8+14 06+ 1.4
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3.3.2 Reverse phase LC-MS method chromatographic separation of non-

polar analytes

Non-polar analytes were first investigated with MS/MS methods in a series of
concentrations ranging from 5.0 ng'mL' to 250.0 ng'mL' to establish an
instrumental curve and to determine the instrumental sensitivity, given in Figure B..
Based on the instrumental calibration curves, the following LOQ and LOD values
were calculated for non-polar analytes exactly as described above for polar analytes

and given in Table 3.6 below.

Table 3.6 Observed m/z and calculated LOQ values for non-polar analytes

LOQ LOD
Analyte logP pKa Observed m/z
(ng mL') (ng mL™)

Docosahexaenoic acid  6.75 4.89 327.231 [M-H] 23+13 0.8+1.3

Retinoic acid 7.06 -1.4 299.200 [M-H]" 3.0+1.0 1.0+0.8

Cholesterol 63 476 386413 [M-H" 82+22 27+1.1

3.4  Extraction of selected analytes with synthesized thin films

3.4.1 Comparison of extraction performances of thin films

The first extractions were performed to determine the extraction performance of

PDMS, type I, and type II thin films. Extraction results, given in Figure 3.8, for each
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analyte clearly show the trend that type I and type II thin films had increased
extraction capabilities towards polar analytes compared to unmodified PDMS thin
film. For non-polar analyte extraction, all three thin films appear to have similar
extraction capabilities. PDMS is known to be an excellent extractive phase for non-
polar analytes [286]. Although type I and type II thin films are modified to include
some polar functional groups into their polymer chains, the bulk of the polymer is
still made up of PDMS chains. As laid out in 2.5.2, PDMS is added after modification
of -OH terminated PDMS or PMHS by APTES is completed and therefore is
unaffected by any coupling reactions. The similar extraction capabilities of all three
thin films towards non-polar analytes indicate that these molecules are extracted in

PDMS-rich moieties of thin films.
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Figure 3.7 Comparison of PDMS, Type I, and Type II thin films from PBS
solutions spiked with 5.0, 10.0, 25.0, 50.0, 100.0, and 250.0 ng-mL-! analytes
(Extraction conditions; extraction time: 120 mins, sample volume: 4.0 mL,
agitation speed: 1200 rpm, extraction temperature: RT, analyte concentrations: 5.0,
10.0, 25.0, 50.0, 100, 250.0 ng-mL"!. Desorption conditions; desorption solvent:
ACN:MeOH:HO0 (40:40:20, v/v/v), desorption volume: 0.40 mL, desorption time:
30 mins, desorption speed: 1200 rpm) (continued)
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Figure 3.7 Comparison of PDMS, Type I, and Type II thin films from PBS
solutions (Extraction conditions; extraction time: 120 mins, sample volume: 4.0
mL, agitation speed: 1200 rpm, extraction temperature: RT, analyte concentrations:
5.0, 10.0, 25.0, 50.0, 100.0, 250.0 ng'mL"!. Desorption conditions; desorption
solvent: ACN:MeOH:HO (40:40:20, v/v/v), desorption volume: 0.40 mL,
desorption time: 30 mins, desorption speed: 1200 rpm) (continued)
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Figure 3.7 Comparison extraction performances of PDMS, type I, and type II thin
films from PBS solutions (Extraction conditions; extraction time: 120 mins, sample
volume: 4.0 mL, agitation speed: 1200 rpm, extraction temperature: RT, analyte
concentrations: 5.0, 10.0, 25.0, 50.0, 100.0, 250.0 ng'mL-!. Desorption conditions;
desorption solvent: ACN:MeOH:H>O (40:40:20, v/v/v), desorption volume: 0.40
mL, desorption time: 30 mins, desorption speed: 1200 rpm)

3.4.2 Optimization of desorption solvent

After the best performing thin film was determined as type II thin films, optimization
of extraction parameters was carried out as described in Table 2.7 (in 2.9.1). The first
parameter to be optimized was the desorption solvent. Three solvents were
investigated: ACN:MeOH:H,O (40:40:20, v/v/v), ACN:MeOH (50:50, v/v), and
ACN:IPA:H>O (40:40:20, v/v/v). Results obtained for polar analytes (Figure 3.8)
indicate that ACN:MeOH:H,O (40:40:20, v/v/v/) has performed better in all
concentrations. Increased performance of this mixture of desorption solvents is
believed to be a mixture of its polar/non-polar solvent ratio and excellent hydrogen
bond breaking ability of MeOH. For non-polar analytes, all three desorption solvents

resulted in similar amounts of desorbed analyte, as can be seen in Figure 3.9. In order
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to check whether there was a significant difference between desorption solvents for
non-polar analytes a simple t-test for comparing two means can be used [287]. In the
form of t-test in which two means can be compared to see if they are statistically
different or not, X; and X, are the means that are being compared, Sp,pieq is the
pooled standard deviation of two means, N; and N, are the number of measurements,

which are 3 in our case as three parallel desorptions were conducted.

t _ x1 - fz
- N, + N, Equation IX
Spooled N1N2
w (Ny — D)sf + (N, — D)s3 Equation X
oole
p N1 + NZ - 2

Using equations IX and X above, we can apply a t-test for all analytes to determine
if desorption solvents statistically differs from each other or not. If the
experimentally calculated ¢ value is smaller than zciica (2.78 for 95% confidence
level and 4 degrees of freedom), then statistically there is no difference between
desorption solvents. Results of the t-test for desorption solvents can be found below
in Table 3.7, Table 3.8, and Table 3.9 and show that there is no significant difference
in extracted non-polar analyte amounts for different desorption solvents. Therefore,
ACN:MeOH:H>O (40:40:20, v/v/v) was selected as the best desorption solvent for

both polar and non-polar analytes.
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Table 3.7 Calculated fexperimental values for non-polar analyte desorptions with
ACN:MeOH:H;0 and ACN:MeOH (% iicar= 2.78)

Analytes Lexperimental
DHA 1.95
Retinoic acid 1.86
Cholesterol 1.44

Table 3.8 Calculated fexperimental values for non-polar analyte desorptions with
ACN:MeOH and ACN:IPA:H2O (tcriicar= 2.78)

Analytes Lexperimental
DHA 2.28
Retinoic acid 1.88
Cholesterol 1.63

Table 3.9 Calculated fexperimental values for non-polar analyte desorptions with
ACN:MeOH:H20 and ACN:IPA:H20 (Zcriticar= 2.78)

Analytes Lexperimental
DHA 1.33
Retinoic acid 1.03
Cholesterol 1.20

Overall, ACN:MeOH:H>O (40:40:20, v/v/v) as a desorption solvent was found to
perform best for polar analytes while performing statistically the same for non-polar

analytes (with 95% confidence level).
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Figure 3.8 Comparison of desorption solvent effectiveness for polar analytes
(Extraction conditions; extraction time: 120 mins, sample volume: 4.0 mL,
agitation speed: 1200 rpm, extraction temperature: RT, analyte concentrations: 100
ng-mL!. Desorption conditions; desorption solvent: ACN:MeOH:H>O (40:40:20,
v/v/v), ACN:MeOH (50:50, v/v), ACN:IPA:H>O (40:40:20, v/v/v/), desorption
volume: 0.40 mL, desorption time: 30 mins, desorption speed: 1200 rpm)
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Figure 3.9 Comparison of desorption solvent effectiveness for non-polar analytes
(Extraction conditions; extraction time: 120 mins, sample volume: 4.0 mL,
agitation speed: 1200 rpm, extraction temperature: RT, analyte concentrations: 100
ng-mL!. Desorption conditions; desorption solvent: ACN:MeOH:H>O (40:40:20,
v/v/v), ACN:MeOH (50:50, v/v), ACN:IPA:H>O (40:40:20, v/v/v/), desorption
volume: 0.40 mL, desorption time: 30 mins, desorption speed: 1200 rpm)

343 Optimization of desorption time

The next optimization parameter was desorption time, in order to ascertain that there
were no analytes left on the thin films, all thin films were desorbed a second time
with the same solvents for 30 minutes after the first desorption ended. The optimal
desorption time that leads to the highest analyte recovery in the least amount of time
while causing no carryover of analytes between consecutive desorptions was found
to be 30 minutes. Figure 3.10 and Figure 3.11 show that 5 and 15-min desorptions
failed to quantitatively desorb both polar and non-polar analytes. As expected, the
amount of analyte carryover was found higher for 5 minute desorptions compared to
15 minute desorptions. The amount of carryover from previous desorptions was

found to be higher than 120% for some analytes with shorter desorption times.
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Furthermore, for the first desorptions, there was no significant difference in desorbed
amounts of analytes between desorption times of 30 minutes and 60 minutes, which
was again shown using a t-test following the same protocol as laid out above. Results
of the t-test comparing desorption times of 30 and 60 minutes can be found below in

Table 3.10

Table 3.10 Calculated fexperimenar values for amount of extracted analytes from 30
and 60-minute desorptions (Zcrisicar= 2.78)

Analytes Lexperimental
Tryptophan 0.97
Proline 1.99
Glutamine 1.40

Phenylalanine 2.28
Acetylcarnitine 2.73

Citrulline 1.36
Adenosine 1.90
Creatine 1.99
Acetylcholine 1.46
GABA 1.84
DHA 2.61
Retinoic acid 2.00
Cholesterol 2.63

Table 3.10 shows that fexperimeniat Values of all analytes for 30 minute and 60-minute
desorptions fall below the fcriicas value of 2.78. Therefore, there is no statistically
discernible difference between 30 minute and 60-minute desorptions, as 5 and 15-
minute desorptions clearly show carryover in subsequent desorption experiments, 30

minutes were chosen as the best performing desorption time.
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Figure 3.10 (a) Comparison of the effect of desorption times on extracted amount
of polar analytes (Extraction conditions; extraction time: 120 mins, sample volume:
4.0 mL, agitation speed: 1200 rpm, extraction temperature: RT, analyte
concentrations: 100 ng-mL"!. Desorption conditions; desorption solvent:
ACN:MeOH:HO (40:40:20, v/v/v), desorption volume: 0.40 mL, desorption time:
5, 15, 30, 60 mins, desorption speed: 1200 rpm) (b) Second desorptions for 5 and
15-min desorptions (Desorption conditions; same as above)
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Figure 3.11 (a) Comparison of the effect of desorption times on extracted amount
of non-polar analytes (Extraction conditions; extraction time: 120 mins, sample
volume: 4.0 mL, agitation speed: 1200 rpm, extraction temperature: RT, analyte
concentrations: 100.0 ng-mL"!. Desorption conditions; desorption solvent:
ACN:MeOH:HO0 (40:40:20, v/v/v), desorption volume: 0.40 mL, desorption time:
5, 15, 30, 60 mins, desorption speed: 1200 rpm) (b) Second desorptions for 5 and
15-min desorptions (Desorption conditions; same as above)
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To sum up, desorption solvent and desorption time experiments have shown that the
best performing solvent was found to be ACN:MeOH:H>O (40:40:20, v/v/v) and best

performing desorption time was concluded as 30 minutes.

3.4.4 Extractions from in vitro eye model

3.44.1 Comparison of extraction performances of thin films

In order to determine the best performing extractive lens, extractions from agarose
eye models were conducted, as described in 2.9.2. Extractions from agarose eye
models spiked to contain 250.0 ng-mL! of polar analytes have shown that the best
performing extractive lens was type II thin films (see Figure 3.12), as was the case

in extractions from PBS solutions (see Figure 3.7).
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Figure 3.12 Comparison of extractive thin films for polar analytes by extractions
from in vitro eye model (Extraction conditions; extraction time: 120 mins, sample
volume: 4.0 mL, agitation speed: static extraction, extraction temperature: RT,
analyte concentrations: 250.0 ng-mL-!. Desorption conditions; desorption solvent:
ACN:MeOH:HO (40:40:20, v/v/v), desorption volume: 0.40 mL, desorption time:
30 mins desorption speed: 1200 rpm)
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Figure 3.13 Comparison of extractive thin films for non-polar analytes by
extractions from in vitro eye model (Extraction conditions; extraction time: 120
mins, sample volume: 4.0 mL, agitation speed: static extraction, extraction
temperature: RT, analyte concentrations: 250.0 ng'mL™!. Desorption conditions;
desorption solvent: ACN:MeOH:H>O (40:40:20, v/v/v), desorption volume: 0.40
mL, desorption time: 30 mins desorption speed: 1200 rpm)

The extractions used to compare the extractive capabilities of three thin films for
both polar and non-polar analytes, given in Figure 3.12 and Figure 3.13, were used
to calculate the recovery (R%) of all analytes for all three extractive contact lenses
under the experimental conditions. Looking at Table 3.11, it can be seen that type 11
thin films boast increased recovery rates for polar analytes while showing similar
recovery rates for non-polar analytes compared to unmodified PDMS and type I thin

films.
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Table 3.11 Recovery, (R%), values of all analytes for extractive contact lenses

Analytes PDMS Type I Type 11
Recovery (R%) Recovery (R%) Recovery (R%)

Tryptophan 0.97 + 0.08 1.34 £ 0.11 2.82+0.24
Proline 0.84 £ 0.07 1.22 £ 0.08 3.10 £ 0.21
Glutamine 1.19 £ 0.09 1.60 + 0.16 235+ 0.14
Phenylalanine 0.82 £ 0.12 1.54 £ 0.10 2.66 + 0.19
Acetylcarnitine 1.46 £ 0.15 1.58 £ 0.14 1.66 + 0.15
Citrulline 0.55 £ 0.10 1.31+0.11 248 +0.17
Adenosine 0.86 + 0.14 1.27 +0.12 2.55+0.20
Creatine 0.77 £ 0.09 1.12 £ 0.08 2371021
Acetylcholine 0.64 + 0.08 1.23 £ 0.13 1.87 +0.19
GABA 0.74 £ 0.09 1.00 +£0.12 1.87 +0.20
DHA 6.79 + 0.51 5.89 £ 0.71 5.50 £ 0.52
Retinoic acid 5.66 = 0.60 5.11 £ 0.48 532+ 0.44
Cholesterol 4.46 £+ 0.50 4.01 +£0.43 3.86 + 0.39

However, it should be kept in mind that the extractions from the agarose eye model
has different mechanics than extraction from PBS solutions, the most important
being that there is no agitation. This type of extraction is called static extraction, and
longer time for equilibrium is required compared to an extraction where agitation is
applied. Therefore, if under the extraction equilibrium is not established under
working conditions, the extractive phase makes contact with only a small portion of
analytes present in the sample. If the extracted amount of analytes from agarose eye
models are compared with those extracted from PBS solutions with the same
concentration (250.0 ng-mL""), it can be readily observed that there are around 2 to
5 fold difference for most analytes. Even though both matrices have the same

concentration, the amount of extracted analytes are much smaller in static extractions
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performed from gel surface as the equilibrium was not reached and the extraction is
based on passive diffusion through a large boundary layer. In order to better describe
this situation, calculating the longest distance that a molecule can travel to reach the
extractive phase in a given time interval. The diffusion path for a molecule can be
roughly calculated with a diffusion-based model, employing Fick’s law to account
for diffusion in agarose eye model. Fick’s law states that the mean squared
displacement, <x>2, is related to the rate of molecular diffusion, D, and time, 7, and

dimensionality of the system, d, this relationship is expressed as:

< x >?=2dDt Equation XI

Diffusion rates for small molecules are estimated as 5.8 X 107° cm? - s~1, which
decreases by 5% in 2% agarose gels [288]. Under the circumstances, in a 3D system,
and for an extraction time of 2 hours, only molecules that are located just under 3mm

from the agarose eye model’s surface will come into contact with the lens surface.

Moving on, after type II thin films were established as the best performing thin films
for extraction from agarose eye models as well as PBS solutions, the extraction time
profiles were investigated. Extraction times of 15, 30, 60, and 120 minutes were

investigated for both polar and non-polar analytes.
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Figure 3.14 Extraction time profile for polar analyte extractions from in vitro eye
model (Extraction conditions; extraction time: 15, 30, 60, 120 mins, sample
volume: 4.0 mL, agitation speed: static extraction, extraction temperature: RT,
analyte concentrations: 250.0 ng-mL-!. Desorption conditions; desorption solvent:
ACN:MeOH:HO (40:40:20, v/v/v), desorption volume: 0.40 mL, desorption time:
30 mins desorption speed: 1200 rpm)
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Figure 3.15 Extraction time profile for non-polar analyte extractions from in vitro
eye model (Extraction conditions; extraction time: 15, 30, 60, 120 mins, sample
volume: 4.0 mL, agitation speed: static extraction, extraction temperature: RT,
analyte concentrations: 250.0 ng-mL-!. Desorption conditions; desorption solvent:
ACN:MeOH:HO (40:40:20, v/v/v), desorption volume: 0.40 mL, desorption time:
30 mins desorption speed: 1200 rpm)

Extraction time profiles for both polar and non-polar analytes, see Figure 3.14 and
Figure 3.15 above, show that as extraction time is increased, the extracted analyte
amount also increases. While 120 minutes of extraction provides the best sensitivity
and highest number of extracted analytes, 60 minutes of extraction also provide
sufficient information on analyte concentrations. For polar analytes, 15 and 30-
minute extractions failed to provide enough extraction for some analytes that had
higher LOQ values compared to others such as proline, creatine, and GABA.
However, it should be noted that 15 and 30-minute extractions provided sensitive
enough results for all other polar and non-polar analytes. With more sensitive
analytical methods for proline, creatine, and GABA, shorter extraction times could

also have provided sensitive enough extractions.
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120-minute extraction was established as the highest sensitive extraction time
amongst the investigated extraction times, however it should be noted that
equilibrium was not reached at 120 minutes, and reaching equilibrium was not
expected for investigated extraction times since the amount of analytes available for
extraction were limited by the 3 mm band as mentioned above and there were no
agitation conditions to hasten the equilibrium process. After extraction time profiles
for both polar and non-polar analytes were constructed, as shown in Figure 3.16
below, extraction calibration plots for every polar and non-polar analyte were built.
Extraction parameters for extraction calibration curves were chosen using
optimization investigations laid out above. Type II thin films were used for
extractions as they have been shown as the best performing extractive lenses, see
Figure , extraction was carried out for 120 minutes as it was the extraction time with
the highest sensitivity, desorption solvent was chosen as ACN:MeOH:H,O
(40:40:20, v/v/v )since it was the best performing solvent and desorption time was
set to 30 minutes to provide quantitative desorption of extracted analytes. For
extraction calibration curves, 50.0, 100.0, 250.0, and 500.0 ng-mL-!' concentration
range was chosen as extractions from the agarose eye model fall below LOQ levels
when spiked with lower analyte concentrations, and some analytes even fall below
LOQ levels at 50.0 ng'mL"! concentration. In order to have better LOQ values, some
measures can be taken such as using more sensitive equipment (e.g. MS/MS),
desorption to even smaller volume or evaporation of desorption solvent for
increasing preconcentration ratios. In order to represent the repeatabilities of
extractions performed by type II thin films, RSD (%) of extraction calibrations, given

in Table 3.12 below, were calculated as follows:

s .
RSD (%) = z x 100 Equation XII

where s is the standard deviation of the peak area signal and X is the average of the

peak area signal of the particular analyte concentration. Extraction calibration curves
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were built with 5 extraction replicates instead of 3 as in other experiments. RSD
values for type II thin films were found between 9 — 18% for lowest analyte
concentration (50.0 ng-mL"), and between 5- 12% for highest analyte concentration
(500.0 ng'mL"). For type II thin films, recovery rates of polar analytes were found
to be between 1.6 and 30.1% and between 3.9 and 5.5% for non-polar analytes.
Reported RSD values were found to be within acceptable limits to warrant further

investigations using type II thin films for ex vivo and ultimately in vivo studies.
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Table 3.12 Repeatabilites of extraction of selected analytes by type II thin films

n=3) RSDso mg-mr.” RSD100 mg-mr.” RSDs00 mg-mr.”
(%) (%) (%)
Polar Analytes
Tryptophan 18.8 13.2 11.7
Proline 13.9 8.5 6.6
Glutamine 10.0 7.9 5.7
Phenyalanine 18.4 15.1 12.4
Acetylcarnitine 16.6 10.4 9.0
Citrulline 12.9 10.0 8.6
Creatine 15.3 12.4 11.9
y-aminobutyric acid 12.3
(GABA) 17.1 14.0
Acetylcholine 16.1 13.7 12.3
Adenosine 16.4 12.5 9.1
Non-polar Analytes
DHA 9.8 6.2 52
Retinoic acid 9.6 9.0 7.4
Cholesterol 12.7 11.2 9.2
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Figure 3.16 Extraction calibration curves for type II lenses (Extraction conditions;
extraction time: 120 mins, sample volume: 4.0 mL, agitation speed: static
extraction, extraction temperature: RT, analyte concentrations: 50.0, 100.0, 250.0,
500.0 ng'mL"!. Desorption conditions; desorption solvent: ACN:MeOH:H,O
(40:40:20, v/v/v), desorption volume: 0.40 mL, desorption time: 30 mins

desorption speed: 1200 rpm) (continued)
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Figure 3.16 Extraction calibration curves for type II lenses (Extraction conditions;
extraction time: 120 mins, sample volume: 4.0 mL, agitation speed: static
extraction, extraction temperature: RT, analyte concentrations: 50.0, 100.0, 250.0,
500.0 ng'mL"!. Desorption conditions; desorption solvent: ACN:MeOH:H,O
(40:40:20, v/v/v), desorption volume: 0.40 mL, desorption time: 30 mins

desorption speed: 1200 rpm)
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CHAPTER 4

SUMMARY AND CONCLUSION

The human eye presents a window into the biomolecules that are related to ocular
and systemic diseases and disorders. The high number of capillary blood vessels
carries biomolecules that are related to systemic diseases via the circulatory system,
while the spatial relationship of the eye and the brain provide an easily accessible
surface that can be used to investigate biomolecules related to neurodegenerative
diseases. Although eye surface has a plethora of biological information and massive
potential for diagnostic investigations, only limited studies have been conducted to
develop analytical tools applicable for its in vivo investigations. In this study,
extractive thin films in contact lens geometry that can potentially be used for
sampling from the human eye were designed with PDMS as a starting material. The
non-polar structure of PDMS is known to perform poorly for the extraction of polar
molecules and was modified by APTES, which has amine functional groups to

increase the polar extraction capability of thin films.

In order to modify PDMS thin films with amine functional groups, two modification
techniques were investigated. Post-modification technique where PDMS thin films
are prepared in the desired geometry and its surface is then modified. Thin films
prepared with this technique were prepared to be brittle and non-transparent, and this
technique was ultimately abandoned. The second modification technique was the in
situ modification method, where APTES molecules are hydrolyzed and coupled to -
OH terminated PDMS oligomers before polymerization. Following this modification
technique, starting reagents and modification conditions were optimized, and type I
thin films were synthesized as follows: 0.010 g APTES was hydrolyzed using 0.010
g of TFA:H>O (90:10, v/v) and reacted with 1.00 g of -OH terminated PDMS for 6
h at 800 rpm under room temperature. Afterward, this sol-gel mixture was reacted

with 2.50 g of PDMS base (DOWSIL PDMS Kit A) for 1 h at 800 rpm at room
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temperature. After the sol-gel mixture was thoroughly mixed, 0.25 g of
polymerization catalyst (DOWSIL PDMS Kit B) was added and mixed for 30 mins
at 800 rpm at room temperature. The final mixture was directly injected into the 3D
printed lens mold, and the contact lens geometry is achieved. After preliminary
investigations of type I thin films, a new modification using in situ technique was
proposed. Type II thin films were prepared with a different starting reagent, PMHS,
which was proposed to be modified to have more sites that APTES molecules could
potentially bind to. Starting reagents and modification conditions were optimized,
and type II thin films were synthesized as follows: 1.00 g of APTES was hydrolyzed
using 0.10 g of TFA:H>O (90:10, v/v) and reacted with 1.50 PMHS for 8 hours at
800 rpm at room temperature. Afterward, the resulting sol-gel mixture is reacted with
2.50 g of PDMS base (DOWSIL PDMS Kit A) for 1 h at 800 rpm at room
temperature. After the mixture is thoroughly mixed, 0.25 g of polymerization catalyst
(DOWSIL PDMS Kit B) is reacted for 30 minutes at 800 rpm at room temperature.
The final sol-gel mixture was then directly injected into the 3D printed lens mold,
and the contact lens geometry was achieved. A third in sifu modification scheme was
also investigated using IZPES instead of APTES as the functional group. However,
the resulting mixtures with IZPES could not be polymerized completely, and the
contact lens geometry could not be achieved. The modification scheme with IZPES

was ultimately abandoned as a result.

After modification, synthesized thin films were characterized with (a) ATR-FTIR
spectroscopy, which showed peaks indicating the presence of amine and hydroxyl
functional groups in modified thin films, (b) contact angle measurements, which
showed increased surface hydrophilicity of modified thin films, (c) TGA, which
showed that thermal stability of modified thin films had decreased compared to
unmodified PDMS thin films and that modified thin films were thermally stable
around 220 °C which indicated modified thin films could be used for extraction of
more volatile analytes and detected using thermodesorption GC-MS, (d) SEM

imaging and EDX analysis, which showed the presence of nitrogen atom in modified

106



thin films and an increase in oxygen atom ratio in modified thin films compared to

unmodified PDMS thin films.

Using 3D printed molds, prepared thin films were given contact lens geometry, and
thin films with different modification schemes were investigated to determine the
thin film with the best extraction capability. In order to mimic the extraction
conditions of the human eye, in vitro agarose eye models were prepared by using 3D
printed molds to shape agarose hydrogel to represent the anatomical structure and
diffusive properties of the human eye. Analytes were chosen to represent the wide

range of small biomolecules present in the human eye.

Two different (HILIC method for polar analytes and reverse-phase method for non-
polar analytes) LC-MS methods were developed and optimized for the chosen
analytes. PDMS, type I, and type II thin films were compared in terms of their
extractive performances for both polar and non-polar analytes with extractions from
PBS solutions and in vitro agarose eye model. Type II thin films were found to have
better extractive capacity towards polar analytes while retaining a similar extractive
capacity towards non-polar analytes, compared to PDMS and type I thin films. Type
II films were found to perform better than non-modified PDMS thin films in terms
of extractive capability towards polar molecules (between 60 — 130%) while
retaining their affinity towards non-polar molecules (at 95% CL). This result was a
complete fulfillment of the main goal of the study, which was to develop an
extractive phase with good extractive performance towards polar and non-polar
small biomolecule. A series of extractions from PBS solutions were carried out to
optimize desorption parameters such as desorption solvent, desorption time. Out of
the three solvents investigated for desorption solvent, ACN:MeOH:H,O (40:40:20,
v/v/v) was found to perform best in terms of quantitative desorption of both polar
and non-polar analytes. Out of the four desorption times investigated, 30 minutes
was found to be the shortest desorption times without any indication for leftover
analytes in the extractive phase. After the desorption parameters were optimized,
extraction time profiles were built with extractions from the in vitro eye model.

Investigations of extraction time showed that equilibrium extraction conditions were
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not met after 120 minutes. Constructed extraction time profiles also showed that an
extraction time as low as 15 minutes led enough extracted analyte amount for
quantitative determination. Lastly, linearity and repeatability of the thin films were
investigated with the optimized parameters with 120-minute extractions from the in
vitro agarose eye model. Developed LC-MS methods were found to show good
linearities between the lowest analyte concentration (50.0 ng-mL-") and the highest
analyte concentration (500.0 ng-mL-"). LOQ values were calculated using S/N ratios
and found to be between 1.8 ng-mL"!and 9.0 ng-mL-!. Synthesized type II thin films
also showed good repeatability for in vitro eye model extractions, between 9 — 18%
for lowest analyte concentration (50.0 ng'-mL-!), and between 5- 12% for highest
analyte concentration (500.0 ng'-mL"). Considering that internal standards could not
be used for correction, achieving repeatability values below 20% was considered a
significant success. For type II thin films, recovery rates of polar analytes were found

to be between 1.6 and 30.1% and between 3.9 and 5.5% for non-polar analytes.

Modified thin films show promising results, but further investigations are necessary
to determine their in vivo potential. One of the crucial investigations to determine in
vivo applicability of the contact lens type extractive devices prepared in this study is
determining whether the extractive capability remains the same in ex vivo samples.
Ex vivo samples have a much more complex sample matrix, and interfering analytes
could potentially reduce the extraction capability of extractive contact lenses towards
small molecules. Another essential investigation for in vivo applicability is whether
the dynamic extraction conditions of the human eye changes the extraction dynamics
of the synthesized thin films. Concentrations of analytes in the eye are not constant
as the biological processes continue during sampling. It should also be underlined
that even though contact lens geometry of the thin films is proposed to be low
invasive, their contact with the eye surface could affect the concentration of some
biomolecules present in the eye. As stated throughout the text, the synthesized thin
films are prepared to be biocompatible. However, the toxicity of the final product

has to be investigated before any in vivo studies can be carried out.
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Figure A.1 Mass spectrum of acetylcarnitine
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Figure A.2 Mass spectrum of acetylcholine
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Figure A.3 Mass spectrum of adenosine
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Figure A.5 Mass spectrum of citrulline
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Figure A.7 Mass spectrum of DHA
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Figure A.8 Mass spectrum of GABA
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Figure A.11 Mass spectrum of proline
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Figure A.12 Mass spectrum of retinoic acid
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Figure A.13 Mass spectrum of tryptophan
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B. Instrumental calibration curves for analytes
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Figure B.1 Instrumental calibration curves for polar analytes (continued)
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Figure B.1 Instrumental calibration curves for polar analytes (continued)
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Figure B.2 Instrumental calibration curves for non-polar analytes
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