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ABSTRACT

LIQUID CRYSTAL-BASED MICROCAPILLARY SENSORS

Kurt, Elif
Master of Science, Chemical Engineering
Supervisor: Asst. Prof. Dr. Emre Biikiisoglu

January 2022, 73 pages

Stimuli-responsive properties of liquid crystals (LCs), when combined with their
optical properties, offer sensitive and rapid sensing applications. In the first part of
this thesis study, we propose and demonstrate a microcapillary-based method to be
applied for the online detection of amphiphilic species, which can be further used for
biological and chemical species in aqueous media. Specifically, we used
compartments (300-1400 um) of nematic 4-cyano-4’-pentylbiphenyl (5CB) that is
positioned into cylindrical shaped glass microcapillaries that promote homeotropic
anchoring. The flat surfaces of the cylindrical LC compartments were in contact with
an aqueous media. We characterized the equilibrium and nonequilibrium response
of LC upon a change in the anchoring of LCs at the LC-aqueous interfaces. Upon
anchoring transition, we observed a formation of a positively charged defect at the
proximity of the interface that moved to the center of the LC compartment and
reached equilibrium, four-petal configuration. This transition was observed to take
an average of 41£19 min., which was significantly larger than the time that would
take for diffusion and adsorption of the surface-active species at LC-water interfaces.
We concluded this to relate to the motion of the defect due to the imbalance of the

elastic forces. During the transition, we observed metastable states which could be



removed via thermal treatment. We showed that the capillary sensors to be more
advantageous over the flat film counterparts in terms of the ease of quantification.
We also show that the sensors are reversible that facilitates temporal and cumulative
quantification. In the second part of this thesis study, we developed aptasensors to
be used in both flat and microcapillary geometries. We sequentially functionalized
the glass surfaces first with mixed monolayer of (3-Aminopropyl)triethoxysilane
(APTES) and dimethyl octadecyl [3-(trimethoxysilyl) propyl] ammonium chloride
(DMOAP), then glutaraldehyde solution (GA) to immobilize neomycin aptamer via
glutaraldehyde linkage method. Through the binding of aptamer to its target
molecule, the conformation of aptamer was changed resulting in the LC
configuration transition from homeotropic to degenerate planar/tilted which we
visualized under polarized optical microscope. The detection limit for both
geometries was found to be in between 50-500 nM neomycin B concentrations. We
exposed sensors to different target solutions consisting of neomycin B and
ampicillin, and carried out qualitative and quantitative analyzes. The findings
reported in this thesis can further be used to develop sensors for specific purposes
that require continuous tracking of the chemical and biological species that is critical

for the health and safety of the individuals and society.
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SIVI KRISTAL BAZLI MiKROKAPILER SENSORLER

Kurt, Elif
Yiiksek Lisans, Kimya Miihendisligi
Tez Yoneticisi: Dr. Ogretim Uyesi Emre Biikiisoglu

Ocak 2022, 73 sayfa

S1v1 kristallerin uyaranlara duyarli 6zellikleri, optik 6zellikleriyle birlestirildiginde
hassas ve hizli algilama uygulamalari sunar. Tez ¢alismamizin ilk asamasinda, sulu
ortamdaki biyolojik ve kimyasal tiirler i¢in ayrica kullanilabilecek amfifilik tiirlerin
cevrimici tespiti i¢in uygulanacak mikro kilcal tabanli bir yontem Oneriyoruz ve
gosteriyoruz. Spesifik olarak, homeotropik ¢apalamayi destekleyen silindirik sekilli
cam mikro kapilerlere yerlestirilmis nematik 4-siyano-4'-pentilbifenil (5CB)
bolmeleri (300-1400 pm) kullandik. Silindirik sivi kristal boélmelerinin diiz
yiizeyleri, sulu bir ortam ile temas halindeydi. Sivi kristal-sulu arayiizlerde sivi
kristallerin sabitlenmesindeki bir degisiklik iizerine sivi kristalin denge ve
dengesizlik tepkisini karakterize ettik. Capalama gegisi lizerine, sivi Kkristal
bdlmesinin merkezine hareket eden ve dengeye, dort yaprakli konfigiirasyona ulasan
arayiizin yakininda pozitif yiikli bir kusur olusumunu goézlemledik. Bu gecisin
ortalama 41+19 dakika siirdiigii gézlemlendi; bu, yiizey aktif tiirlerin s1v1 kristal-su
araylizlerinde difiizyonu ve adsorpsiyonu i¢in gereken siireden énemli 6l¢iide daha
uzundu. Bunun, elastik kuvvetlerin dengesizliginden kaynaklanan kusurun
hareketiyle ilgili oldugu sonucuna vardik. Gegis sirasinda, 1s1l islemle giderilebilecek
yart kararli durumlar gozlemledik. Kapiler sensorlerin kantifikasyon kolayligi

acisindan diiz film muadillerine gore daha avantajli oldugunu gosterdik. Ayrica,
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sensorlerin zamansal ve kiimiilatif nicelemeyi kolaylastiran tersine c¢evrilebilir
oldugunu da gosterdik. Bu tez ¢alismasinin ikinci boliimiinde hem diiz hem de
mikrokapiler geometrilerde kullanilmak {izere aptasensorler gelistirdik. Cam
ylizeyleri ilk 6nce (3-Aminopropil)trietoksisilan (APTES) ve dimetil oktadesil [3-
(trimetoksisilil) propil] amonyum kloriir (DMOAP) karisik tek katmani , ardindan
neomisin aptameri glutaraldehit bag yontemi ile immobilize etmek i¢in glutaraldehit
(GA) soliisyonu ile fonksiyonladik. Aptamerin hedef molekiiliine baglanmasi
yoluyla, aptamerin konformasyonu degistirilir, bu da siv1 kristal konfigiirasyonunun
polarize optik mikroskop altinda gorsellestirdigimiz homeotropikten dejenere
diizlemsel/egiklige gecisiyle sonuclanir. Her iki geometri i¢in de algilama sinirinin
50-500 nM neomisin konsantrasyonlar1 arasinda oldugu bulunmustur. Sensorleri
neomisin ve ampisilin igeren farkli hedef karigimlara maruz biraktik ve nitel ve nicel
analizler ger¢eklestirdik. Bu tezde bildirilen bulgular ayrica, bireylerin ve toplumun
saglig1 ve giivenligi i¢in kritik olan kimyasal ve biyolojik tiirlerin siirekli izlenmesini

gerektiren belirli amaglar i¢in sensdrler gelistirmek i¢in kullanilabilir.

Anahtar Kelimeler: Sivi Kristaller, Mikrokapiler, Aptamer, Optik Sensor,

Biyosensor
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micrographs of LCs confined in microcapillaries after immobilization of aptamer
inner walls functionalized with 10:1 (v/v)% APTES/DMOAP aqueous solution, 1%
(v/v) GA aqueous solution and 500 nM DNA aptamer. Scale bars: 100 pm. (D)
Percentages of four-petal LC compartments within microcapillaries for 2 uM, 1 uM
and 500 nM DNA aptamer COnCentrations. ..........ccveeerveeerueeesveesseeessneeessseeessseeenns 55
Figure 4.25 Polarized optical micrographs of LCs confined in microcapillaries after
incubation with various neomycin B concentrations in PBS buffer: (A) 50 uM, (B)
5 uM, (C) 0.5 uM, (D) 0.05 uM, (E) 0.005 uM, and (F) 0 uM. Scale bar: 100 pm.
(G) Percentages of planar LC compartments (denoted as positive result) within
microcapillaries after incubation with various neomycin B concentrations in PBS
buffCige, ........ W ... A A R eeerreennee 57
Figure 4.26 Polarized optical micrographs of LCs confined in microcapillaries after
incubation with various target solution concentrations in PBS buffer: (A) 5 uM
neomycin B + 5 uM ampicillin, (B) 5 uM neomycin B + 0.5 pM ampicillin, (C) 5
UM neomycin B + 0.05 uM ampicillin, (D) 5 pM neomycin B +0.005 uM ampicillin,
and (E) 5 uM ampicillin. (F) Representative negative response of the microcapillary-
based sensor, capillaries were incubated in 5 uM ampicillin solution. Scale bars: 100
LLITL. ettt ettt ettt ettt et e et e et e et e e et e e eatb e e e a bt e e e n bt e e e ab e e e e nbeeeenbee e nbeeenbeeennbeeennneeeanee 58
Figure 4.27 Percentages of planar LC compartments (denoted as positive result)
within microcapillaries after incubation with various target solutions in PBS buffer.
Target solutions: Mixture of 5 uM neomycin B + ampicillin concentrations varying
in between 5-0.005 uM (purple bars) and, 5 pM ampicillin concentration (orange
D). ottt e e e etb e e e ta e e et e e e raeeeraeeearaeeearaeas 59
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CHAPTER 1

INTRODUCTION

Sensing and the quantification of chemical and biological species have been studied
for many years. For these purposes, there are standard, reliable and conventional
analytical methods like high-performance liquid chromatography (HPLC), gas
chromatography-mass spectrometry (GC-MS), Enzyme-Linked Immunosorbent
Assay (ELISA) and etc.; however, most of these methods require long times for
detection, bulky and expensive instrumentation and do not allow label-free detection

of samples. !

To make a sensing method preferrable among other techniques, there are
requirements that need to be fulfilled. The most wanted feature of a sensor is rapid
responses to decrease the waiting time. Easy sampling is also needed to make the
preparation part easier and less time consuming. Easy fabrication is desirable for
minimizing errors from materials and production. High stability and sensitivity are
desired for consistency, durability and obtaining sensitive sensors. Finally, label-free
detection and reusability are required to decrease the operation and material costs as

much as possible for continuous measurements.

Liquid crystal (LC)-based sensors are one of the strong candidates owing to their
sensitive response and optical properties. They offer simpler, inexpensive, and
passive sensing platforms that take advantage of optical reporting of the events
occurring at their interfaces.* Also, optical responses obtained from the interfacial
interactions between the LC mesogens and the targeted species makes them

promising platforms for specific biosensing applications. !>~



LCs are phases of matters between crystalline solids and isotropic liquids, which
show both long-range orientation ordering and mobility. If the phase behavior
changes with respect to temperature, LCs are named as thermotropic where the
mobility of LC mesogens increase with increasing temperature (See Figure 1.1). In
nematics, which is the simplest phase of LCs, molecules have an average
orientational order in the same direction which is called as nematic director; but they

do not show long-range positional order.!%!!

Thermotropic liquid crystals

Crystalline solid Nematic Isotropic liquid

M0
tT;Ld

Increasing temperature fraction

Y

Long-range order/ Long-range disorder/
low mobility high mobility

Figure 1.1 Schematic illustration of the phase behavior of thermotropic liquid
crystals from crystalline solid to isotropic liquid with the increasing temperature. !!

There are three key concepts apply to LCs which are surface anchoring, elasticity
and the formation of topological defects (Figure 1.2).!! Intermolecular interactions
between the LCs and the confining medium give an order to LCs which can be
explained with the surface anchoring phenomenon. Easy axis is the lowest free
energy orientation of LC director which is observed when no external field is applied.
Deviation of the director from easy axis resulting from an applied external field leads

to an increase in the free energy of the interface, which can be described as;
F,=F,+ %Wasin2 (0s —6,) (Equation 1)

where W, represent the surface anchoring energy, 6, is the angle defining the surface

director orientation while 6, is the angle defining the easy axis orientation, and F;



and F, are the free energy of the interface and free energy of the interface which

corresponds to the easy axis, respectively.

Elastic properties of LCs provide the long-range orientational ordering property to
LCs. Splay, twist and bend are the three main modes of strain observed in LCs which
give the LCs elasticity. Free energy density of the LCs can be described by the Frank-
Oseen equation below, where K;, K, and K3 are the elastic constants for splay, twist

and bend strain modes;
F; = %Kl(V ‘n)? + %Kz(n -V xn)?+ %Kg,(n x (V xn))? (Equation 2)

The final key concept relevant to LCs is the formation of topological defects. When
confined in defined geometries, LC locally melts because of the highly strained
regions within LC phase. Thus, topological defects are formed to maintain surface-
induced ordering and alignment. With these characteristics, LCs take advantage of
optical reporting of the events occurring at their interfaces. By means of this, they
can be integrated in stimuli-responsive sensing applications where they are used as

optical amplifiers.

(A) Surface anchoring (B) Elasticity

z

n, (Surface director)

F, %K,(\-n)- ' %K_tn-\ xn)? + %KA(NA/\‘ xn))2

n, (Easy axis)
n

Splay Twist Bend
NN/ - - —
X N\ 7 ‘ Ll | TN
N I | /// O
K~10°"'N
W,"10-3-102 mJ)/m? LK/W, "1 pm

(C) Topological defects

Figure 1.2 Schematic illustration of three key concepts of LCs. (A) Anchoring of the
director and the easy axis of LC at the surface, (B) the three main modes of strain of
LC and (C) three types of topological defects that can form in LC: (left) a point defect
located at the center of a radially converging director field, and (center, right) cross-
sections of line defects (disclinations). !



Having long-range orientational ordering makes LCs optically anisotropic materials.
They show optical birefringence property, possessing two different refractive
indices, which allows to determine the orientation of LCs under crossed polarizers
by affecting the polarization of transmitted light. '®!! Interaction of LC mesogens
with chemical or biological species can induce an ordering transition of the LC phase
due to the long-range ordering property of the LCs and it can be viewed through
polarized optical microscope (POM). Having mobility, which is generally
interrelated with isotropic liquids, provides reorganization and communication

within the LC phase.

Past studies investigated the use of solid and aqueous interfaces for the sensing and
characterization of analytes in various environments where LCs were used in
different forms. To date, LC-based sensors have been successfully applied to detect

12-14 15,16

a range of species including glucose'> !, metal ions'>'®, surfactants!’2,

21,22 24,25 26,27

proteins?!?2, enzymes?®, phospholopids®*?* cholesterol®, viruses**?’, and living
cells?®. The detection limit of some of these LC-based sensors can reach up to
picogram per milliliter levels.”?® So far, the initial and final configurations and
characterizations were studied. Most recently, acquiring time-dependent information

of transition states gained importance.’* 2

Lately, for the specific recognition purposes, aptamer-based biosensors have been
developed. Aptamers are single stranded DNA or RNA molecules that selectively
bind to its target with high sensitivity and affinity. They can be used several times
after regeneration without major loss of activity. Also, they are stable molecules and

can be synthesized inexpensively with high purity and reproducibility.>*3¢

Here in the first part of this thesis study, we seek to develop a portable sensing system
to be used for the online detection and characterization of chemical and biological
species, observe the defect motion within LC phase and obtain fundamental
information of transition states. For this purpose, we used microcapillary-based
system where we benefit from the interfacial interactions between the order of

hundred microns-sized, pre-formed LC compartments and aqueous media. We show



that the LC compartments respond to the changes occurring at their interfaces
resulted from the interactions with analytes. We performed optical characterizations
and measured the response with respect to various model analyte concentrations and
time. The proposed system offers reversibility and two separate, independent LC-
aqueous interfaces that could be used for analytical purposes and online
measurements. Also, understanding of transition states with time-dependent defect
motion can further be used for image processing-machine learning purposes. For the
second part of the thesis study, we wanted to develop a LC-based aptasensor to be
used both in flat and microcapillary geometries. After successive surface
functionalization and aptamer immobilization, we created reactive sites on the glass
surfaces for target molecules to bind specifically its aptamer. The limit of detection
of proposed aptasensor reached up to nanogram per milliliter levels for both
geometries. We exposed sensors to different target solutions consisting and carried
out qualitative and quantitative analyzes. Overall, the LC microcapillary-based
sensors offer easy quantification, label-free and affordable platforms to be widely

used in tracking of chemical and biological species.






CHAPTER 2

LITERATURE REVIEW

Stimuli-responsive properties of LCs makes them promising materials for sensing
applications. To date, there have been successful studies proposed regarding LC-
based sensors for detection of various species like surfactants, lipids, bacteria and
viruses without the need for a labeling agent or heavy and complex instrumentation.
Within these studies, chemically functionalized solid surfaces or LC-aqueous
interfaces allowing adsorption of analytes from different environments used for the

detection and quantification purposes. #>*37

Formerly, LC-based sensing platforms have been developed for the detection of

156263842 Ty these methods,

various species utilizing LC-solid interfaces.
functionalization of the surfaces with analytes like proteins®®, polymers*’, peptides*!
among others and the incubation are the crucial steps. In a study, Bai et al.
investigated the LC behavior on dipeptide-decorated gold surfaces supported with
glass slides. *. With the formation of monolayers of L-cysteine-L-tyrosine, L-
cysteine-L-phenylalanine, or L-cysteine- L-phosphotyrosine, they observed that
patterns of hydrogen bonding specific to the tyrosine monolayers orient the LCs as
well as the phosphorylation of tyrosine. Also, they reported that stereoisomerism
plays a role since it influences the chemical group patterning of dipeptides forming
monolayers. As an another example for sensors utilizing LC-solid interfaces, Chen
et al. reported a LC-based method to detect surface-immobilized DNA with a limit
of detection approximately 4 ug/mL by using 10 nL of DNA solution. ** In a recent
study, Ren et al. proposed a LC-based biosensor for the detection of bisphenol A
(BPA) by using sequentially functionalized glass surfaces. ! They modified the glass

surfaces with mixture of silane groups (dimethyl octadecyl [3-(trimethoxysilyl)



propyl] ammonium chloride (DMOAP) and (3-aminopropyl)triethoxysilane
(APTES)) and immobilized the BPA aptamer on the glass surfaces via
glutaraldehyde linkage. Until the immobilization of aptamer, they observed dark
appearance under polarized optical microscope (POM) which indicates the
homeotropic orientation of LCs at the glass surfaces. With the specific binding of
BPA aptamer to its target, they observed a bright appearance under POM which is
the indicative of orientation transition from homeotropic to planar as shown in Figure

2.1.
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Figure 2.1 Schematic illustration of LC-based biosensor for the detection of BPA.
(A) piranha-treated glass slide, (B) surface functionalization with APTES/DMOAP
mixture, (C) immobilization of BPA aptamer via glutaraldehyde linkage, (D)
homeotropic alignment of LC at the inner surfaces of optical cells in the absence of
BPA, (E) incubation of glass slides with BPA solution and (F) random orientation of
LC in optical cells after surface treatment with BPA. !

This method is widely used; however, it is challenging to implement to the online

measurements or applications that require fast response. Also, although they form



useful systems, LC-solid interfaces have some disadvantages compared to LC-
aqueous interface counterparts. First, LC-aqueous interfaces offer higher mobility of
the molecules which allow the molecules to reorganize laterally upon adsorption to
the interface. Influenced by the elastic properties of LC molecules, interfacial phase
states of the molecules can be observed with the organization of the molecules at the
LC-aqueous interfaces. Second, LC-aqueous interfaces are soft and deformable
contrary to LC-solid interfaces.* Based upon these advantageous characteristics, LC-
aqueous interfaces are promising for the LC-based sensing applications. One of the
form of LC-based sensors where LC-aqueous interface can be obtained is LC on
solid surface in contact with a fluid media. 121416234446 Ope of the most
advantageous feature of this method is providing time-dependent ordering transition
analysis.?>*%3! Park et al. reported a method to conjugate the oligopeptides LC-
aqueous interface.?® They used a gold electron microscopy grid to confine LC on the
octyltrichlorosilane (OTS)-functionalized glass slides to give homeotropic
orientation to LCs at solid surface and immersed it in aqueous media to obtain LC-
aqueous interface. 17-amino-acid oligopeptides are conjugated to a mixed
monolayer of tetra(ethylene glycol)- containing lipid (CH2(CH2)13(OCH2CH2)sOH)
and a carboxylic acid-terminated lipid (CH2(CH2)13(OCH2CH2)sOCH>CO-H)
through N-hydroxysuccinimide (NHS)-activation of carboxylic acid groups. After
the formation of lipid domains at the interface, dark images were obtained under
POM which indicates the homeotropic anchoring of LC mesogens at the LC-aqueous
interface, while they assume planar anchoring when there is no lipid present in
aqueous media. With the immobilization of 17-amino-acid oligopeptides, orientation
transition from planar to homeotropic was observed. They later used trypsin to cleave
the oligopeptides which resulted in again homeotropic alignment of LCs at the
interface (Figure 2.2). With the conjugation of oligopeptides to the interface and the
cleavage, they investigated optically the real-time responses of interfacial enzymatic

interactions.



Figure 2.2 Optical images of nematic 5CB (A) in contact with PBS buffer (pH=7.6),
(B) after incubation with aqueous lipid mixture in PBS buffer (pH=7.6), (C) after
immobilization with aqueous solution of the 17-amino-acid oligopeptide in PBS
(pH=7.6), (D) after contact of the oligopeptide-decorated interface with trypsin. 2

Despite the fact that the method of LC on solid surface contacting with fluid media
allows time-dependent analysis, they are not suitable for flexible and long-term use
due to the changes observed on the reference surface under some circumstances as
Yang et al. reported in their study. 4’ They reported the observations of water droplets
formation depending on the surface charge density and the electrolyte concentration.
When they used OTS-treated glass slides to support the gold grid filled with nematic
LC and immersed it in water, they observed spontaneous nucleation and growth of
water droplets at the solid-LC interface which directly affects the optical response as
can be seen in Figure 2.3. However, there are no water droplets formed on mixed
alkanethiol monolayers (C10SH and Ci¢SH) on gold film which possess positive (-
potential values in water whereas OTS-treated surfaces possess negative {-potential.
They also reported that the formation of water droplets can be minimized with high
solute concentrations, yet, this will have a great effect on sensor response. Because
of these reasons, they may not be useful for every system. In addition, these solid-
LC interface-based methods do not provide free interfaces at both sides of LC for
analyte exchange between the LC interface and the bulk which limits their

application for analytical purposes.

10



Figure 2.3 Optical images of LC in gold grids supported on OTS-treated glass slides
in contact with water for 7 days at high magnification. The top row belongs to the
polarized light images (crossed polars), and the bottom row belongs to bright field
: 47

images.

LC-in-water emulsions are another most preferred applications of LC-aqueous
interfaces. In a study, Gupta et al. examined monodisperse LC droplets to
characterize the ordering transitions induced by the adsorption of amphiphiles at the
LC-aqueous interface. *® They used silica templated poly(styrene sulfonate) (PSS)
and poly(allyamine hydrochloride) (PAH) polymeric multilayer shells to produce
predetermined sizes of monodisperse LC droplets and sodium dodecylsulfate (SDS)
as the amphiphile (Figure 2.4). The PSS/PAH-encapsulated LC droplets showed
bipolar configuration in the absence of SDS molecules. As the SDS concentration
increases, they observed continuous orientation transition from planar to
homeotropic which results in final radial configuration. They identified six
equilibrium configuration states of LC droplets as a function of increasing SDS

concentration.
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Figure 2.4 (A) Schematic illustration of preparation procedure of polymer-
encapsulated LC droplets, (B) Schematic illustration and optical images of
equilibrium states of LC droplet with increasing concentration of SDS solution from
0.0 mM to 1.0 mM. #®

Sensing methods based on LC droplets offer good sensor applications. They are
highly mobile, and due to the spherical geometry, sensitivity of droplet-based LC
sensors is high. However, droplets are in motion leading to be not easy to follow.
Also, characterizations in these methods are not easy as the number of the droplets
counted should be high for robust and reliable results. Lately, Miller et al.
investigated the use of flow cytometry for automated characterization of the LC
droplets.** Compared to use of optical microscopy, results are satisfactory for
obtaining faster and robust analyses. However, the translational and rotational
thermal motion of the droplets usually prevents fast quantification in an economical
way, it requires an additional instrumentation which is not desired for developing

simple and affordable sensor applications.

More recently, LC-based microcapillary sensors are being studied.’*! Since the
aspect ratio of the microcapillary is high, they can be taken as enclosed materials.
Owing to this, environmental changes can be minimized leading to rather easier

technique for sensing applications. Also, microcapillary-based methods provide both

12



solid-LC and aqueous-LC interfaces to be used for the sensing of different analytes
from various environments. In a recent study, Zhong et al. reported an experimental
system for confining LC in microcapillaries for the development of an optical
sensor.’! They used glass microcapillaries whose inner surfaces were functionalized
with OTS to give homeotropic anchoring to LC mesogens. In this system, SCB is
used as LC phase and siphoned into the capillary by the use of capillary effect. Under
these circumstances, an escaped radial configuration within LC compartment was
observed. With a needle connected to a pipe, the solution of interest syringed inside
the capillary and divided the LC phase into compartments without control over their
sizes and locations. When they used a surfactant solution as the aqueous phase, they
observed a characteristic four-petal appearance which indicates homeotropic
anchoring of LC mesogens at both sides of the LC compartment. In contrast to, when
the solution was free of surfactant, they observed no change on the configuration
within LC phase which indicates the planar anchoring at both sides of LC phase.
They inserted a full wave retardation plate to determine the ordering configuration
within LC phase. The schematic illustration of experimental system and the optical
responses and schematics of LC phases when in contact with non-surfactant and
surfactant solutions can be seen in Figure 2.5. They carried out experiments to
evaluate the sensitivity, stability and reusability of their developed system and found
out that this microcapillary-based optical sensor was stable for 120 h long and could
be used at least 10 times without the sensitivity loss. Also, they observed that their

microcapillary-based sensor is more sensitive than LC-solid interface counterparts.
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Figure 2.5 (A) Schematic representation of microcapillary-based experimental
system, (B) Optical images (A-B and D-E) and schematic illustrations (C and F) of
LC contacting with non-surfactant and surfactant solutions. Left columns belong to
the polarized optical images while middle columns belong to the full wave
retardation plate. 5!

More recently, Nguyen et al. developed a microcapillary-based biosensor for the
detection of pesticides.’” They used several mixtures of acetylcholinesterase (AChE),
myristoylcholine chloride (Myr), and fenobucarb and malathion as pesticides to
observe the response of the system. By treating the inner walls of microcapillaries
with OTS, they give homeotropic alignment to LC mesogens on the glass surface.
With the formation of Myr, a cationic surfactant, monolayer at the LC-aqueous
interface, four-petal appearance was observed since LC assume homeotropic
orientation when in contact with Myr. When the AChE meets the Myr molecules,
hydrolysis takes place, choline and myristic acid are formed which disrupts the Myr
monolayer at the interface. As a result, orientation transition from homeotropic to

planar was observed at LC-aqueous interface. However, since the pesticides inhibit
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the activity of AChE enzyme, when fenobucarb and malathion were present in the
aqueous solution, LC orientation remains homeotropic at the aqueous interface
which again leads to the four-petal appearance within LC compartment. The
detection limits were reported as 5 pg/mL and 2.5 pg/mL for fenobucarb and
malathion, respectively. Schematic illustration and the optical micrographs for the

system was given below in Figure 2.6.
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Figure 2.6 Schematic illustration of LC-based sensor for the detection of pesticides
in aqueous environment. (A) Preparation of LC compartments within OTS-treated
microcapillary. Schematic representation (top) and optical micrographs (bottom) of
LC compartments contacting with (B) pure PBS solution (pH=7.4), (C) Myr
aqueous solution, and (D) a mixed solution of Myr and AChE. ’

The proposed microcapillary-based sensors in past examples are promising.”->%3!

However, these past examples do not offer a control over the LC compartment sizes,
the LC-solution interface, and do not offer free interfaces for species exchange. Also,
although the initial and final configurations and characterizations were given in these
studies, there is limited information provided for transition states. However, recent
studies have shown that the time-dependent information of LC ordering transitions
to gain importance.’*322 Sengiil et al. investigated the LC droplet configurations
which are induced by the adsorption of nanoparticles.’” They used 100 nm-in-

diameter silica nanoparticles whose surfaces were functionalized with either
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DMOAP or DMOAP/COOH mixed monolayer to promote either homeotropic or
planar LC anchoring, respectively. They showed that the adsorption of surface-
functionalized nanoparticles depends on the pH of the system and the nanoparticle
concentration. Also, they highlighted the time-dependent configuration distribution
of LC droplets as they were incubated in DMOAP/COOH mixed-monolayer-coated
nanoparticles at pH=5.9, whereas they did not observe this behavior at pH=3 as can
be seen in Figure 2.7. They stated that one can get the information of the
physicochemical properties of the nanoparticles based upon the configuration

distributions in the means of hydrophobicity or the surface charges of the particles.

Figure 2.7 Scanning electron micrographs of the polymerized LC droplets after
contacting with suspensions of silica nanoparticles functionalized with mixed
monolayers of COOH-terminated silanes and DMOAP at (A, B) pH=3, and (C, D)
pH=5.9. The images were collected from polymerized droplets of 25 %wt
RM257/5CB mixture after equilibration for (A, C) 10 mins, and (B, D) 90 mins in
the suspensions. Inset in (C) shows the magnified image of the are indicated by
dashed lines. Scale bars: 5 pm. ¥

Such studies showed that with proper image processing and machine learning

algorithms, rapid identification of species can be achieved with the use of the
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transition state configurations that were triggered by the changes in surface
anchoring.>*3!*2 For this purpose, Smith et al. proposed a LC-based sensor which
automatically discriminates the species based on the spatial optical responses of LCs
when exposed to different chemical environments.*® By training VGG16
convolutional neural network (CNN) with predetermined features obtained from
color micrographs, they acquired excellent classification accuracy between dimethyl
methylphosphonate (DMMP) and humid nitrogen although LC mesogens respond
similarly when they are exposed to these chemicals. Even though the final response
of the LC-based sensor show similarity, they were able to differentiate the species
with the information of transition states of the first 30 seconds since the optical
responses of DMMP and humid nitrogen differs spatially (see Figure 2.8) which

reduces the detection times.
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Figure 2.8 Optical responses of LCs under gaseous Na-water (30% relative humidity)
and N>-DMMP (10 ppm) environments at room temperature. *°

Herein, we seek to develop a portable and affordable microcapillary-based sensing

system that can be used for the online detection and characterization of chemical and
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biological species in different environments. The proposed system also allows
acquisition of the information from the transition states which is triggered by the
adsorption of analytes on LC-aqueous interfaces. Based on these, the outcomes of
this thesis can be for the benefit of future researches to enhance the LC-based sensors
for the detection of biological and chemical species, where LC is confined in

microcapillaries.
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CHAPTER 3

MATERIALS AND EXPERIMENTAL SECTION

3.1 Materials

Nematic LC 4-cyano-4’-pentylbiphenyl (5CB) was purchased from HCCH Jiangsu
Hecheng Chemical Materials Co. Ltd. (Nanjing, China). Sodium dodecyl sulfate
(SDS), dimethyl octadecyl [3-(trimethoxysilyl) propyl] ammonium chloride
(DMOAP), (3-Aminopropyl)triethoxysilane (APTES), glutaraldehyde (GA)
solution, sulfuric acid, hydrogen peroxide solution, glycine, phosphate buffered
saline (PBS), neomycin B, ampicillin and hexadecyltrimethylammonium bromide
(CTAB) were obtained from Sigma-Aldrich (St. Louis). The DNA aptamer
(/5SAmMC6/GGG AGA CAA GGA AAA TCC TTC AAT GAA GTG GGT CGA
CA) and RNA aptamer (/SAmMC6/GGC UGC UUG UCC UUU AAU GGU CCA
GUC) used in the experiments were synthesized by Integrated DNA Technologies.
Glass microcapillaries with diameter of ~700 um were purchased from Drummond
Scientific Company (Broomall, PA, USA). Anhydrous ethanol was purchased from
Isolab (Eschau, Germany). TEM Grids were obtained from EMS (Hatfield, PA).
Glass slides were obtained from Marienfeld GmbH (Lauda-Ko6nigshofen, Germany).

The ultra-pure water with a resistivity of 18.2 MQ.cm is used.

3.2 Microcapillary-Based Optical Sensor

3.2.1 Preparation of Aqueous SDS Solutions

Aqueous SDS solutions with various concentrations (0.05 - 50 mM) were prepared

by using water. Serial dilution was done for lower concentrations.
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3.2.2 Functionalization of Glass Microcapillaries and Glass Slides

Glass microcapillaries and glass slides were immersed in aqueous DMOAP solution
to form self-assembled monolayers (SAMs) with covalent binding of silane groups
to the glass surfaces and sonicated at room temperature for 10 min. Then, they were

rinsed with excess water, and dried under stream of N»

3.23 Preparation of Microcapillaries Confining the LC and Aqueous
Media — This Thesis

On a clean glass slide, two separate drops of 0.5 pL. SDS solution with a known
concentration, two separate drops of 1.5 uLL water and a small droplet of SCB were
prepared. Fluids were drawn into the DMOAP-coated glass microcapillary with the
wiretrol in the order of SDS solution-water-5CB-water-SDS solution. After injection
of each solution compartments, we pushed the liquid slowly out to obtain a convex
curvature at the end of the capillary which will be in contact with the next solution
of interest to avoid air bubbles (See Figure 4.1 for the illustration of the experimental
setup). SDS solutions were diluted by 4 times during the experiment since the ratio

of SDS solution/water is 1:3 unless otherwise stated.

3.24 Preparation of Microcapillaries Confining the LC and Aqueous

Media — Literature

On a clean glass slide, 3 uLL SDS solution with a desired concentration (concentration
of prepared SDS solutions ranged between 0.0125 - 12.5 mM for this method) and a
small droplet of SCB were prepared. By touching, SCB was siphoned inside the
DMOAP-treated 5 pL volume glass microcapillary. Then, with a plunger, SDS
solution was syringed inside the microcapillary which divided the 5CB into

compartment with different sizes.

20



3.2.5 Preparation of Optical Cells

20 wm-thick gold TEM grids were placed on the surface of DMOAP-treated glass
slides. Grids were filled with approximately 1 puL of nematic 5SCB, where excess SCB
was removed with a syringe. Glass slides with the filled gold grid were incubated in
1.2 mL water at room temperature for optical characterization. 0.4 mL of SDS
solutions with varying concentrations were dropped on the optical cells to satisfy the

desired ratio of SDS solution/water (1:3) for the experiments.

3.2.6 Preparation of LC Droplets in Aqueous SDS Solution

SDS solutions with varying concentrations (0.05 - 50 mM) were prepared, then
diluted with water to satisfy the 1:3 volume ratio of SDS solution/water for the
experiments. 1 mL of each solution was mixed with approximately 3 puL of nematic
5CB in the vial. The vial then was stirred for 10 seconds to form the LC droplets

dispersed in the aqueous media.

3.2.7 Optical Characterization of LC Textures inside Microcapillaries

and on Flat Films

Optical characterization of LC textures for the microcapillaries and flat films were
performed by using Olympus BX53 microscope (Japan) equipped with crossed
polarizers and U-TP530 full-wave retardation plate. Images were taken with 4x

objective.

3.2.8 Optical Characterization of LC Droplets

Optical characterization of LC textures for the droplets were performed by using

Olympus BX50 microscope (Japan) equipped with polarizer and analyzer.
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3.2.9 LC Compartment Size Measurements

Analysis of the size of the LC compartments and the location of the defects were

done by using Fiji ImageJ, which is an open source image analysis software.

3.2.10 LC Tilt Angle Measurements

LC maintained in TEM grids were prepared according to the procedure given above
and placed under polarized optical microscope. For each SDS concentration, local
uniform dark regions within grids were scanned. When dark regions were spotted,
the plate was rotated 45° clockwise. Then, Olympus U-CTB Thick Berek
Compensator was inserted which is initially set to 30°. The compensator knob was
rotated clockwise until the observation of the first black line passing through the
sample. The angle reading from the compensator was noted as 61. Then, the
compensator was set to 30° again and the same procedure was carried out in
counterclockwise direction. This value was noted as 0,. For each SDS concentration,
this procedure was repeated for 5 times. From these values, 8 = |6; — 6,|/2 angles
were calculated and then, from the optical retardance values which is provided with

the compensator as a function of € angles, tilt angles were obtained.

33 Aptasensor

3.3.1 Cleaning of Glass Surfaces

Firstly, glass slides were cut into size of 2 cm x 6 cm rectangle. Then, glass slides
and microcapillaries were immersed in a freshly prepared piranha solution (70%
H>SO4 and 30% H>02, v/v) at 80 °C for 2 h and 5 h, respectively to remove all
organic contaminants and create hydroxyl groups on the glass surface. The cleaned
glass surfaces were rinsed with water, ethanol, dried under stream of N> gas and

placed in the oven at 110 °C for 1 h prior to functionalization.
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3.3.2 DMOAP Functionalization

Glass slides were immersed in aqueous DMOAP solution and sonicated at room
temperature for 15 min. Then, they were rinsed with excess amount of water, dried

under stream of Nj.

3.3.3 APTES/DMOAP Functionalization

Aqueous solution containing 10% (v/v) APTES and 1% DMOAP (v/v) were stirred
at 80 °C for 30 min prior to functionalization. Then, glass slides and microcapillaries
were immersed in the solution for 1 h at 80 °C to bind the glass surface with covalent
bonding between silane groups of the APTES/DMOAP and hydroxyl groups on the
glass surfaces. They were rinsed with copious amount of water, dried under stream

of N», stored in an oven at 110 °C for 1 h for use.

3.34 Aptamer Immobilization

APTES/DMOAP functionalized glass surfaces were immersed in 1% (v/v) GA
aqueous solution for 30 min at room temperature to bind GA molecules covalently
to APTES molecules. They were rinsed with excess water, dried under stream of No.
For both RNA and DNA aptamer which will be used for the detection of neomycin
B, aptamer was dissolved in PBS to obtain 1 uM solution for glass slides and 500
nM solution for microcapillaries.’® 5 drops of aptamer solution(5 pL for each
droplet) were dropped on the glass slides at specific places; while glass
microcapillaries were immersed in the freshly prepared aptamer solution.
Immobilization took 4 h at room temperature. Then, glass surfaces were rinsed with
PBS and water, dried under N». Subsequently, glass surfaces were immersed in 80
mM aqueous glycine solution for 1 h at room temperature to block the unreacted

aldehyde groups, rinsed with water and dried under No.
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3.3.5 Target Incubation

Target solutions (either neomycin B or neomycin B-ampicillin mixture, see Figure
3.1 for the structures) with various concentrations were prepared in PBS buffer. 80
pL of target solution were dropped on the glass slides at specific places for 30 min
at room temperature. Glass microcapillaries were immersed in the target solution for

105 min at room temperature. Glass surfaces were rinsed with PBS and water, dried

under No.
NH>
@)
H5|O HoN
HO_NH20 NH;
@) OH NH
2 H H
S
HoN neO OH & N\)<
H © /~OH
(0]
Neomycin B Ampicillin

Figure 3.1 Chemical structures of neomycin B and ampicillin.

3.3.6 Preparation of LC Sandwich Cells

The optical cells were constructed by sandwiching LC between the two solid
surfaces. DMOAP-functionalized glass slide was used as the bottom surface; while
aptamer-immobilized glass slide was used as the top. 20 pm-thick spacers were used
to separate the surfaces. Nematic SCB was then filled in the sandwich cell by

capillary action at room temperature.
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3.3.7 Preparation of LC Optical Cells inside Microcapillaries

On a clean glass slide, 1 pL. nematic SCB was dropped. By the use of wiretrol, SCB
was siphoned inside and separate LC compartments (100 - 1000 pm-sized) were

formed inside aptamer-immobilized glass microcapillaries.

3.3.8 Optical Characterization of LC Textures inside Microcapillaries

and on Flat Films

Optical characterization of LC textures for the microcapillaries and flat films were
performed by using Olympus BX53 microscope (Japan) equipped with crossed
polarizers and U-TP530 full-wave retardation plate. Images were taken with 4x and

50x objectives. Mean grayscale measurements were done by using Fiji Imagel.
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CHAPTER 4

RESULTS AND DISCUSSION

In this thesis, we proposed two portable microcapillary-based LC sensor
implementations. In the first part of the thesis study, we developed a sensing system
that can be used for the online detection and characterization of chemical and
biological species in aqueous medium, which also allow acquisition of the
information from the transition states. In the second part, we designed a biosensing
system where we used aptamers and LC-solid interactions for specific recognition
purposes, whose pre-development studies were done with LCs sandwiched in flat

surfaces.

4.1 Microcapillary-Based Optical Sensor

We use LC compartments with sizes of 700 um-in-diameter and 300-1400 pum-in-
length formed in glass microcapillaries. Schematic illustration of the system is given
in Figure 4.1. Glass microcapillaries were treated with DMOAP to maintain
homeotropic LC alignment. SDS solution with a specific concentration, water and
nematic 5SCB were initially filled into the capillary as sketched in Figure 4.1A. We
kept the volume ratio of SDS solution to water as 1:3 unless otherwise indicated. As
a result of the diffusion of SDS molecules through the water, same bulk solutions on
both sides of the LC compartment were obtained in which SDS solution was diluted
four times from its initial concentration (Figure 4.1B, C). For the rest of the study,

we report the experimental data as the final SDS concentration in the aqueous phase.
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Figure 4.1 Schematic illustration of the experimental procedure followed in the
study (A) initial, (B) intermediate, (C) final.

4.1.1 Characterizations of the System Configurations

In Figure 4.2 below, we illustrated the optical appearance of the LC maintained
initially when in contact with an aqueous interface, the transition and equilibrium
states maintained in LC compartment upon contact with aqueous SDS solutions (see
also Figure 4.3). In Figure 4.2A, we obtained LC-aqueous interface in which LC
exhibits planar anchoring consistent with the literature.!”>* Homeotropic LC
anchoring at the inner capillary interface was maintained due to DMOAP
functionalization.’>® A characteristic dark brush at the center of the capillary
between two bright horizontal domains, and a point defect formed at the vicinity of
the LC-aqueous interfaces resulting from the combination of homeotropic and planar
alignment at the glass and LC-water interface, respectively, was observed during
experiments. When the capillaries were imaged under the retardation plates, the
observed blue and orange color hue above and below the bright domains
(respectively) are the indicatives of parallel and orthogonal alignment of the
mesogens with respect to the alignment of the retardation plates. Under these
conditions, the LC configuration is consistent with the escaped radial configuration
as reported in the literature and as sketched in Figure 4.2(right).’!*-%° Here we note

that we have performed the filling of the compartment from right to left side in
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reference to Figure 4.2A, and we observed up to 85% of the compartments to
maintain the configuration with the same symmetry, a positively charged defect at
the right side, a negatively charged defect at the left side, as shown in the figure. The
rest 15% of the compartments were the mirror image of this configuration. We
hypothesized that the symmetry was due to the shear induced in the compartment

due to the filling.
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Figure 4.2 Micrographs of nematic SCB compartments confined to DMOAP-treated
microcapillaries collected in brightfield (first panel), under polarized light (second
panel) and with retardation plates (third panel). (A) The configuration of nematic
5CB compartment when in contact with water, (B) transition configuration of
nematic 5CB when contacting with 1.25 mM SDS solution, at t=1 min (C)
equilibrium (final) configuration of nematic 5CB, contacting with 1.25 mM SDS
solution, at t=35 min. Arrows labelled A and P indicate the directions of the analyzer
and the polarizer, respectively. R indicate the axis of the retardation plate. Schematic
illustrations of the corresponding configurations of nematic 5SCB compartments are
shown in the rightmost panel. Red dots and dashed lines represent defects and
alignment of LC mesogens. Scale bars: 100 pm.
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Figure 4.3 Equilibrium configuration of LC compartment inside microcapillary with
high exposure time to observe dark vertical and horizontal lines crossing through the
point defect. Scale bar: 100 um.

When the compartments were contacted with aqueous SDS solutions, after the
diffusion followed by the adsorption of SDS molecules at the LC-aqueous interface,
we observed a transition from planar to homeotropic orientation at the LC-aqueous
interface. This resulted in an equilibrium configuration shown in Figure 4.2B-ii with
a four-petal appearance under polarized light. The blue and orange color hue at the
two poles of the four-petal appearance was observed under POM equipped with a
retardation plate and the defect at the center of the LC-compartment were evidently
the indicatives of the LC director profile schematically shown in Figure 4.2B-ii
(right). We can conclude that, the two distinct optical appearance shown in Figure
4.2A and B-ii are the results of the different anchoring conditions at the two LC-

water interfaces, consistent with the past examples.’!

A transient configuration is present between the escaped radial and four-petal
configurations as shown in Figure 4.2B-i, which was collected after 1 min of
incubation of LC compartment in aqueous SDS solution. As shown, a point defect at
the left side of the compartment that corresponded to the side with a positively
charged defect as sketched in the right panel. We observed this transient state to take
41 = 19 min to equilibrate and form the final, four-petal configuration. This
observation showed that reaching the equilibrium configuration was not that rapid to
achieve the desired response time. Thus, we further investigated the origin of this
transition. First, we estimated the time for the diffusion process in the scales of
minutes together with the experiments that we performed with SCB placed in TEM
grids, consistent with the literature.!” We have also performed the experiments with

different geometries using the same capillary-based system for the diffusion of SDS
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molecules. The volumes of the aqueous SDS solution and water were doubled
preserving the 1:3 ratio of SDS solution/water to see the effect of the diffusion path
length of SDS molecules (Figure 4.4). With doubling the path length, we did not
observe a significant change in the time required to reach equilibrium four-petal

configuration, supporting the fast diffusion process compared to the ordering

transition.
A s
Initial: 3
8
Intermediate: SDS %
Final:
B
C
VSDS/VUPwnu'r o8 “L/l. SuL 10 “L/3. 0 uL

t (min) d (um) t (min) d (um)
Equilibrium 40 1650 225 1226

20 1180 60 618

50 1138 165 1080
235 1468 55 558

105 834 105 756
245 1454 75 539

Average 115.8 1287 114.2 796

Figure 4.4 Diffusion and equilibrium time analysis with the systems where one side
of the LC phase was opened to atmosphere; (A) Schematic representation of
experimental setup, (B) 45 ° angled POM images of LC compartments where
aqueous SDS solution/UP water volumes were (i.) 0.5 uLL/1.5 pL and (ii.) 1.0 pL/3.0
uL. (C) Equilibrium times for each volume ratios, d represents the LC compartment
size. Scale bar: 100 um.
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During the transition from the escaped radial to the four-petal configuration, we
observed a continuous motion of the defect inside the capillary until it reached
equilibrium. The micrographs collected during motion are shown in Figure 4.5A.
The motion of the defect from the interface to the center of the LC compartment let
us monitor the time-dependent ordering transition. Figure 4.5A shows the division
of the distance of the defect from the LC-aqueous interface (/y) by half length of the
LC compartment (L). The logarithmic decay in the velocity (Figure 4.5B inset) of
the defect with time was evident in the plot as the defect approaches the center of the
compartment (/o/L=1). This observation is consistent with the motion of the defect
that results from the imbalances of the forces exerted on the defect as reported in the
literature, where elastic forces, the forces resulting from reorientation and viscous
drag force to result in the logarithmic decay of the distance to the center of the LC
compartment was shown.®! Thus, the measured times for the transient state to reach
equilibrium was associated to the motion of the defects due to the imbalance in the
elastic forces within the capillary that was formed after the anchoring transition upon
adsorption of the SDS molecules to the LC-water interface. Consistently, we
observed a slower transition to the final equilibrium state when the LC compartment
was contacted with lower concentration of surfactants, highlighting the role of the
surface anchoring and elastic forces on the motion of the defects (Figure 4.5).
Therefore, the onset of the motion of the defects, which was measured to be observed

within ~1 min could be considered as the sensor response.
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Figure 4.5 (A) Images of nematic SCB confined to DMOAP-treated capillary in
contact with 2.5 mM SDS solution at t=1 min, 5 min, 10 min and 30 min with full-
wave retardation plate inserted. Scale bar: 100 um. (B) Graphical representation of
location of the defect with respect to time for LC compartments contacted with either
0.5, 1.25, or 2.5 mM SDS solutions. Inset shows the plot in the logarithmic time
scale. 1o/L=0 represents the LC-aqueous interface, whereas lo/L=1 indicates the
center of the LC compartment.

In addition to the motion of the defects, in some of our experiments, we observed
metastable states that persist in considerable times. To check this metastability, we
increased the temperature above nematic-isotropic phase transition temperature of
5CB (35°C) to observe the change in the ordering of LC in compartment. After SCB
was cooled to room temperature nematic phase again, we observed the four-petal
appearance (Figure 4.6). Obtaining the four-petal appearance after clearing the
transition history with the sudden changes within the system temperature showed
that although the surface anchoring transition from planar to homeotropic occurred
at the LC-water interfaces, the system may also maintain metastable configurations.
In addition, we also found that the frequency of the metastable states to be

independent of the compartment size within the range that we study.
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Figure 4.6 Optical images of time-dependent ordering transition of nematic 5SCB
confined to DMOAP-treated capillary in contact with 2.5 mM SDS solution before
heating up to nematic-isotropic phase transition temperature(left) and after cooling
down to the room temperature(right). Scale bar: 100 um.

4.1.2 Response of the Liquid Crystal Microcapillary-based Sensor

After performing characterizations of the system configurations at escaped radial,
transition and four-petal states, we carried out the experiments with aqueous SDS
solutions of varying concentrations (0.0125-12.5 mM) for the measurement of the
response of the LC microcapillary-based sensor. The percentages of experiments
which we observed four-petal appearance at equilibrium with respect to the final
SDS concentration are given in Figure 4.7A. At the SDS concentrations of 0.5 mM
and above, we observed four-petal appearance with percentages above 80%.
Moreover, all the experiments conducted with 1.25 mM and above SDS solutions
resulted in four-petal appearance at equilibrium. Although the percentages were
much lower for SDS concentrations below 1.25 mM, we observed four-petal
appearance in some of the experiments carried out with 0.125, 0.25 and 0.5 mM SDS
concentration. For the experiments which four-petal appearance was observed at
equilibrium with varying SDS concentrations, fractions indicating whether four-
petal appearance was obtained at room temperature or after the heating to overcome
the metastability are illustrated in Figure 4.7B. The results showed that, four-petal
appearance was observed for SDS concentrations even lower than 1 mM which is
the SDS concentration needed for the monolayer coverage at the LC-water
interface.>® Below this concentration, planar-tilted anchoring of LC is observed
resulting from the partial coverage of the LC-aqueous interface with the surfactant

molecules.’* To confirm our hypothesis, we measured the tilt angle of the LCs at
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their interfaces equilibrated with the aqueous solutions of SDS. The measurements,
consistent with the literature values, are given in Fig. 4A which showed that the tilt
angle measurements were correlated with the response measurements collected with

the LC microcapillaries.>*
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Figure 4.7 Distributions of (A) overall number of experiments that four petal
configuration is observed (at room temperature and after heating in total) with
various concentrations of SDS solution and the mean of the tilt angle at LC-water
interface, (B) number of experiments that four petal shape is observed whether
equilibrium was achieved at room temperature or after increasing the temperature to
nematic-isotropic phase transition temperature with various concentrations of SDS
solution.

We also note here that we have performed similar analysis with aqueous solutions of
hexadecyltrimethylammonium bromide (CTAB) and obtained similar results (Figure

4.8).
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Figure 4.8 Distribution of overall number of experiments that four petal shape is
observed with various concentrations of CTAB solution.

We next carried out experiments to compare the response of our sensors with their
counterparts in the literature where LC (i) was on flat solid glass film within TEM
grids, (ii) as droplets dispersed in water, (iii) confined in microcapillary with the
method proposed in the literature’!, (iv) confined in microcapillary with our method.
In flat systems, characterization of planar-to-homeotropic orientation transition is
carried out by observing the changes in the color appearance from bright to dark
(Figure 4.9A). Total darkness implies that the orientation at that interface is
uniformly homeotropic. However, during transition from bright to dark upon
increasing SDS concentrations tilt of LCs at their interfaces results in a continuous
change in coloring. In the method where droplets dispersed in fluid media, bipolar-
to-radial configuration change indicates that the planar-to-homeotropic orientation
transition occurred within the LC droplet (Figure 4.9B). Intermediate to these two
configurations, different equilibrium states (such as axial, escaped radial or
preradial) resulting from the tilted surface anchoring at the aqueous interface were
also observed.*® As seen from the optical images given in the Figure 4.9 below,
sensitivity of the microcapillary-based methods is comparable with the sensing

methods where flat films or LC droplets were used.
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Figure 4.9 Optical images of nematic SCB contacting with aqueous SDS solutions
with varying concentrations from 0.00125 mM to 12.5 mM after dilution; (A) on flat
glass film with TEM grids, (B) as droplets dispersed in water, (C) in microcapillary,
LC confinement method proposed in somewhere else’!, (D) in microcapillary, our
LC confinement method. For A, scale bars: 100 um. For B, scale bars: 5 um. For C
and D, scale bars: 200 um.
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In addition to these, we make several observations that bring advantages to the
microcapillary-based sensors we use. First, the LC compartment-based sensors
provide binary response (planar appearance to four-petal appearance) with the
distribution that can be correlated to the surface tilting. Thus, no additional
measurements are needed (such as colorimetric measurements or use of
compensators) for such quantification. Second, the binary response of the
microcapillary-based methods also provides information about the surface
concentration of the analytical species. Third, the quantification of the LC
microcapillary-based methods is significantly easier than the LC sensors in films or
droplet forms that could be collected with a regular camera (Figure 4.10). Lastly, LC
compartment-based method that we propose herein would also provide means for
portable, reversible, and wearable sensors due to their stable and robust form. In
addition, LC microcapillary-based sensors provide interfaces that allow controlled

exchange of the analytical species with the contacting aqueous phases.
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Figure 4.10 Real-time imaging of the microcapillary-based method; (A) Apparatus
that is used for imaging, (B) LC configurations observed by using the apparatus.

4.1.3 Reversibility of the Liquid Crystal Microcapillary-based Sensor

We performed additional set of experiments to demonstrate the reversibility of the
LC capillary-based sensors. For this purpose, we used the same experimental
procedure described in Figure 4.1 to maintain four-peal configuration as the initial
state. After we observed the four-petal appearance upon contacting the LC phase
with 1.25 mM SDS solution (that causes homeotropic anchoring at the LC-water
interface) as shown in Figure 4.11A, we equilibrated the aqueous phase at both ends
of the capillary with copious amount of pure water (~100 mL). This process was
planned in motivation to dilute the SDS solution in contact with the LC phase to a
concentration such that the ordering transition from four-petal configuration to
escaped radial configuration occurs. The resulting appearance of the LC
compartment maintained in the microcapillary is shown in Figure 4.11B. Consistent
with our expectation, dilution of the SDS solution in contact with the LC
compartment resulted in the configuration transition to escaped radial indicative of
the planar anchoring at the LC-water interface. Therefore, in the light of these results,

we confirmed the reversibility of our sensor.
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Figure 4.11 Polarized optical micrographs of nematic SCB contacting with (A)
aqueous 1.25 mM SDS solution at both sides of the LC compartment, (B) after
dilution of the aqueous phase at both sides of the LC compartment. Scale bar: 100
pm.

When contacting the aqueous phase with pure water for dilution, the LC
compartments within the capillary was moved. The surface tension at LC-water
interface is reduced due to the presence of the SDS.%? This reduction makes the
dilution process shown in Figure 4.11 challenging. Such that, during the motion of
the LC compartment within the capillary, we observed three kinds of processes
happening. First, as seen in Figure 4.11, the LC compartment preserve its size and
shape after the dilution process, at the end of which the escaped radial appearance is
maintained. However, in some cases we observed breaking of the compartment that
was initially maintained in the microcapillary, one example of which is shown in
Figure 4.12B as the second case. As shown, the breaking of the LC compartment
from its initial state (Figure 4.12A) resulted in the formation of discontinuous
droplets positioned at the inner surfaces of the microcapillaries. With this, the
compartment size was reduced, however, maintaining the final escaped radial
configuration consistent with the planar anchoring at the two sides of the capillary.
Third, the breaking of the compartment resulted in formation of two separate, smaller
compartments as shown in Figure 4.12C. In this case, we observed the compartments
to maintain appearances of either the four-petal or the escaped radial configurations

that are stable at least over a day.
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Figure 4.12 (A) Schematic representation (i.) and POM images (ii.) of the initial step
of reversibility experiments prior to purification process; LC is contacting with 1.25
mM aqueous SDS solution at both sides, (B) i. Schematic representation of the first
consequence of the purification process; LC droplets stuck on the glass capillary
surface, ii. Optical images of the nematic 5CB for the first consequence of the
purification process; first frame belongs to the equilibrium state when both sides of
the LC compartment contacting with water, second frame belongs to the LC droplets
stuck on the capillary surface, (C) i. Schematic representation of the second
consequence of the purification process; LC compartment broke into multiple
compartments, ii. Optical images of the nematic SCB for the second consequence of
the purification process; first frame belongs to the equilibrium state when the first
LC compartment contacting with aqueous SDS solution at both sides and second LC
compartment contacting with water at one side and aqueous SDS solution at opposite
side. Scale bar: 100 um.

As control experiments to this observation, we conducted new experiments where

we (@) first, filled the microcapillary in the sequence: aqueous SDS solution-LC-
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water, (i7) second, introduce SDS solution to water-end of the capillary to have the
same SDS concentration at the both sides of the LC compartment to observe the four-
petal appearance at equilibrium, and (ii7) third, contacted the aqueous phase with
copious amount of water for overnight to purify only one side of the LC compartment
(Figure 4.13). When only one side of the LC compartment was aqueous SDS
solution, we obtained an LC configuration with escaped radial appearance. After
introducing SDS solution to the water-end of the capillary, we obtained four-petal
appearance at equilibrium. After dilution of the one side, escaped radial appearance
was maintained again. Thus, we concluded that the two configurations that we
observe in the condition illustrated in Figure 4.12 was due to the partial
compartmentalization of the SDS solutions between the LC compartments. As
shown in the sketches, the LC compartments that are in contact with the SDS
solutions maintained their four-petal appearance whereas their pure water contacting

counterparts appeared escaped radial.
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Figure 4.13 Schematic representations (A,B,C) and POM images (i, ii, ii1) of (A, 1)
the initial step of the control experiments prior to purification process, LC
compartment contacting with 1.25 mM aqueous SDS solution at one side and UP
water on the other side, (B, ii) the equilibrium state when the both sides of the LC
compartment contacting with 1.25 mM aqueous SDS solution, (C, iii) the
equilibrium state when the LC compartment contacting with UP water at one side
and 1.25 mM aqueous SDS solution at the other side again, after purification process.
Scale bar: 100 pm.
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Lastly, we also checked whether or not SDS can diffuse through LC compartment
and eventually concentrated at the LC-water interface of the opposite side. For this
purpose, we modified the arrangement shown in Figure 4.1 such that two LC and
two aqueous phase compartments exist. Between the two LC compartments, we
maintained water to mediate planar anchoring at the two LC-water interfaces. The
remaining side of one of the LC compartments was left open to air, which mediate
strong homeotropic anchoring, whereas the remaining side of the second LC
compartment was contacted with SDS solution. (Figure 4.14). We did not observe
the four-petal appearance in neither of the LC compartments. There was no change
in the configuration of the LC even after we left it for one day at room temperature.
Based on these results we can conclude that the solubility and diffusion of the SDS
molecules are negligible and do not cause a significant change in neither of the LC-

water interfaces.
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Figure 4.14 Experimental setup for the determination of SDS diffusion in LC phase:
(A) initial, (B) intermediate, (C) final, and (D) POM images of both the LC
compartments in final state. Scale bar: 100 um.
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4.2 Aptasensor

In the second part of this study, we developed aptasensors to be used in both flat and
microcapillary geometries. In this strategy, we employed LCs to report the changes
that occur at the solid interfaces. For this purpose, we first performed surface
modifications and aptamer immobilization on flat glass slides. We optimized the
concentrations of the solutions used for the surface modifications and conditions
based on LC response after each surface functionalization steps. We determined the
detection limit and commented on the selectivity of the aptasensing platform based
on the known, flat systems.!”® Then, we adapted the followed procedure into
microcapillaries to develop a portable and affordable biosensor providing easy

quantification.

4.2.1 Aptasensor in Flat Sandwich Cells

We performed our preliminary biosensor studies in flat sandwich cells to provide a
reference system, where we can characterize the detailed anchoring on the aptamer-
immobilized surface.'>° For this purpose, we functionalized the bottom glass slides
with 1% dimethyl octadecyl [3-(trimethoxysilyl) propyl] ammonium chloride
(DMOAP) aqueous solution to make sure that we always maintain homeotropic
anchoring at the bottom surfaces. Figure 4.15 shows the schematic illustration of the
system used in this part of the study. We sequentially functionalized the upper
surfaces of the flat sandwich cells with a mixture of (3-Aminopropyl)triethoxysilane
(APTES)/DMOAP and then glutaraldehyde (GA) solution for immobilization of
aptamers and target incubation. We placed five 5 pL droplets of aptamer solution to
specific locations on the APTES-GA/DMOAP-functionalized glass slides as
indicated in Figure 4.15A. To observe the LC-surface interactions on the same
sandwich cell, we covered the three aptamer spots with 80 puL of target solutions
whereas the rest of the two spots were not exposed to target molecules (Figure

4.15A). After aptamer immobilization step, we ensured LC to assume uniform
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homeotropic anchoring which results in dark appearance under crossed polarizers
(Figure 4.15B). When we exposed the three aptamer-immobilized spots to target
solutions, aptamer bound to its target and formed “aptamer-target” complexes.
Because of the these complexes, conformation of aptamer is changed which disturbs
the LC orientation and we observed bright appearances indicating the orientation
transition from homeotropic to planar (degenerate planar/tilted) (Figure 4.15C). As
can be seen in Figure 4.15C-ii, we observed dark regions between bright spots which
supported that orientation transition from homeotropic to degenerate planar/tilted
was the result of aptamer-target bindings since these aptamer-free dark regions were
also exposed to target solution. In addition, since we did not expose the right hand
side of the glass slide having two aptamer-immobilized spots to target solution, we
did not observe any response on that side of the sandwich cell. This is an important
observation as the two aptamer-bound spots on the right side were exposed to rinsing
and drying steps followed after target incubation step (Figure 4.15B-ii) which

appearently did not alter its anchoring condition.

A y ’ B i Aptamer immobilized surface C i Target incubated surface
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Figure 4.15 (A) Schematic illustration of the upper surface modified glass slides for
aptasensing platform. (i.) Schematic representations, and (ii.) polarized optical
micrographs of LC configuration in the optical cell (B) homeotropic orientation in
the absence of target solution, and (C) degenerate planar/tilted orientation after
incubation with target solution. Scale bars: 200 pm.
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We carried out experiments to determine the optimum system and procedure
conditions which we explained below. Polarized optical images that were given in
Figure 4.15B, C were representative images which were taken during experiments

after optimizations.

4.2.1.1 Surface Functionalization and Aptamer Immobilization on Glass

Surfaces

We functionalized the upper glass surfaces with APTES/DMOAP mixed monolayers
to provide both homeotropic alignment and reactive sites for further modifications.
DMOAP is known to give homeotropic anchoring of SCB due to long alkyl chains
in its structure.’>*® Also, APTES, which we observed to mediate planar LC
anchoring, should be available in sufficent quantity on the surface since it offers
amine groups for aptamer immobilization via GA linkage method.!%*%* Although the
concentration of bulk APTES/DMOAP solutions which were prepared for the
surface silanization was known, the concentration distribution on the surface might
be different. The distributions of silane groups on the surfaces can be determined by
using analytical methods like XPS, FTIR etc.; however, without the information of
exact surface concentration, we could continue our experiments by using optical
responses which were collected under crossed polarizers for varying ratios of
APTES/DMOAP mixtures and sequential surface modifications.®>%® Since we
expected to observe bright appearances as the response of our sensor which is the
indicative of planar/tilted orientation, we wanted to preserve the homeotropic
anchoring of LC molecules until the end of aptamer immobilization stage. However,
since LC alignment is affected by the interfacial composition of APTES/DMOAP,
we conducted experiments with different APTES/DMOAP mixture ratios in
reference to the literature and solvents to find the optimum condition.!>* As shown
in Figure 4.16A-C, the higher APTES/DMOAP ratio of 20:1 (v/v)% resulted in
bright images when imaged under POM indicating that LC alignment is planar on

upper surface consistent with the literature (Figure 4.16E).'% Also, although
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aqueous solutions of 5:1 (v/v)% APTES/DMOAP mixtures led to completely dark
background, we observed bright images under POM when 5:1 (v/v)%
APTES/DMOAP mixtures prepared in absolute ethanol (Figure 4.16A, D). Despite
both aqueous APTES/DMOAP solutions with ratios of 5:1 and 10:1 offer uniformly
dark background, the subsequent experimental results of LC sensing cells formed
with glass slides functionalized with 5:1 (v/v)% APTES/DMOAP aqueous mixtures
were unsatisfactory. Based on these results, we carried out the consequent
experiments with aqueous solution of 10:1 (v/v)% APTES/DMOAP mixtures to
provide both homeotropic orientation and sufficient amount of APTES molecules

for immobilization of aptamers.
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Figure 4.16 Polarized optical micrographs of LC sandwich cells where LC is
sandwiched between a bottom surface functionalized with 1% DMOAP and upper
surface functionalized with various (v/v)% APTES/DMOAP solutions, (A) (5:1) in
water (B) (10:1) in water, (C) (20:1) in water, and (D) (5:1) in absolute ethanol,.
Scale bars: 200 um. (E) Representative schematic illustrations of LC configuration
in the optical cell where upper surface functionalized with different ratios of
APTES/DMOAP mixtures.

To facilitate aptamer immobilization, we used GA crosslinking method."%3%* There
should be enough GA molecules to immobilize aptamer on the APTES/DMOAP-
functionalized glass surfaces. However, excess amounts leads to the crosslinking
between APTES molecules which disrupts the homeotropic LC configuration and
directly affects the response of the sensor.!® Therefore, we conducted the

experiments with 1 (v/v)% aqueous GA solutions considering the literature values
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and obtained uniform homeotropic anchoring prior to aptamer immobilization

(Figure 4.17).1:%6
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Figure 4.17 (A) Polarized optical micrograph of LC sandwich cell where LC is
sandwiched between a bottom surface functionalized with 1% DMOAP and upper
surface functionalized with 10:1 (v/v) % APTES/DMOAP aqueous solution and 1%
(v/v) GA aqueous solution. Scale bar: 200 um, and (B) Representative schematic
illustration of LC configuration in the optical cell where upper glass surface
functionalized with GA.

Lastly, we immobilized neomycin aptamer on glass surfaces via active aldehyde
groups provided by GA which reacts to form amine linkage with the amine groups
of the aptamer.%® Similarly, homeotropic alignment of LC is disrupted as the
concentration of aptamer was increased (Figure 4.18D).>® Thus, aptamer
concentration should also be optimized to have uniform homeotropic LC anchoring
before target binding and sufficient enough to disturb the LC orientation after
binding with its target molecule. For these purposes, we used RNA and DNA
neomycin aptamers. Although we obtained mostly dark appearances under POM
which is the indicative of homeotropic anchoring of LCs, we also observed bright
appearance in some spots indicating the planar/tilted anchoring of LCs in our
experiments when the concentration of RNA aptamer was 1 uM as shown in Figure
4.18Ai-1i. Considering the influence of surface density of aptamers on LC
orientation, we decreased the RNA aptamer concentration to 100 nM and obtained
uniform homeotropic anchoring consistently in all aptamer-bound spots (Figure
4.18B). However, as we proceeded with subsequent experiments, we observed that
it was not sufficient for neomycin B detection as we hypothesized that there was

insufficient amount of “aptamer-target” complexes to induce ordering transition of
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LCs from homeotropic to degenerate planar/tilted on the surface. Considering that
DNA aptamers are known to have higher stability than RNA aptamers, we performed
the same experiments with 1 uM DNA neomycin aptamer solution and obtained
uniformly dark background which indicates the uniform homeotropic anchoring on
the surface (Figure 4.18C).%*¢ Therefore, we conducted the rest of the experiments

with 1 uM DNA aptamer for detection of neomycin B in aqueous media.

Increasing
Aptamer concentration
)

&L 0L \T
DMOAP surface

Figure 4.18 Polarized optical micrographs of LC sandwich cells after immobilization
of aptamer on upper surface functionalized with 10:1 (v/v) % APTES/DMOAP
aqueous solution and 1% (v/v) GA aqueous solution. (A(i-ii)) I uM RNA aptamer,
(B) 100 nM RNA aptamer, (C) 1 uM DNA aptamer. Scale bar: 200 pm. (D)
Representative schematic illustrations of LC configuration in the optical cell where
upper surface immobilized with different concentrations of aptamer.

In summary, 10:1 (v/v) % APTES/DMOAP aqueous solution, 1% (v/v) GA aqueous
solution and 1 uM DNA aptamer solution was determined as the optimal conditions
to ensure that the change in optical response from dark to bright only results from

the specific binding of neomycin aptamer to its target molecule.

4.2.1.2 Limit of Detection and Selectivity

After surface functionalizations and aptamer immobilization, we conducted

experiments with a series of neomycin B concentrations to determine the detection
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limit of developed LC-based aptasensing platform. With the perturbation of LC
mesogens caused by the formation of aptamer-target complexes, we observed bright
areas under POM resulting from the orientation transition from homeotropic to
degenerate planar/tilted as described in Figure 4.15C, which reported the response
of the sensor. We carried out experiments in between 0-50 uM neomycin B
concentrations (Figure 4.19). When the concentration of neomycin B was 50, 5 or
0.5 uM, we observed bright appearances when we visualized optical cells under
POM because of the conformational change of aptamers on the surface upon binding
consistent with literature (Figure 4.19A-C).">% Since the functionalized glass surface
was exposed to the target solution as a circular drop covering three smaller aptamer-
immobilized spots, the dark regions outside the circular bright spots proved that the
orientation transition from homeotropic to degenerate planar/tilted was due to the
aptamer binding to its target which was imaged as bright appearances under POM.
With further decrease in neomycin B concentration, we observed fully dark
backgrounds indicating that there were no sufficient aptamer-target complexes to
disturb the LC orientation from homeotropic (Figure 4.19D-F). Based on these
results, we determined the limit of detection as in between 50-500 nM neomycin B
concentrations (Figure 4.19C-D). Qualitative analysis of polarized optical images
indicated that decrease in the target concentration resulted in decrease in brightness
of optical signal visualized under POM which was further investigated quantitatively

by using Imagel software (results below).

Figure 4.19 Polarized optical micrographs of LC sandwich cells after incubation with
various neomycin B concentrations in PBS buffer: (A) 50 uM, (B) 5 uM, (C) 0.5
uM, (D) 0.05 uM, (E) 0.005 uM, and (F) 0 uM. Scale bars: 200 um.
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Next, we carried out experiments with competing target molecules for the
comprehension of the specificity of the LC-based biosensor. We chose ampicillin as
the interfering agent based on the selection of similar compound, antibiotics and
proteins in past examples.!*$%7 As shown in Figure 4.20A-D-panels i, interference
color intensities of target mixtures were more significant compared to the intensities
of surfaces incubated in target solutions with changing ampicillin concentrations
(Figure 4.20A-D-panels ii). Additionally, as the ampicillin concentration in target
mixture containing 5 pM of neomycin B was decreased, we qualitatively observed
from the polarized optical images that brightness was also decreased. Also, we
observed less bright areas in between the outer regions of aptamer-immobilized spots
when we incubated functionalized glass surfaces with target mixture as evident
representatively in Figure 4.20C-i. However, we did not observe these bright areas
in between the outer regions of aptamer-immobilized spots when we exposed the
sandwich cells to both neomycin B and ampicillin solutions separately (Figure 4.19
and Figure 4.20A-Dii). Also, we observed configuration transition of LC molecules
from homeotropic to planar/tilted when we exposed the flat cells to decreasing
concentrations of ampicillin (Figure 4.20A-Di). It is known that aptamer activity is
dependent on their immobilization surfaces and procedures due to the strong effect
on the conformation of aptamers.”""’> Also, neomycin B is known to be freely soluble
in water with higher solubility compared to ampicillin which is moderately soluble
in water.”>”’7 Therefore, we speculated that interaction between the aptamer-
immobilized spots on glass surfaces with either target mixture of neomycin B and
ampicillin or target solution containing only ampicillin might have resulted in the
conformational changes of aptamers which resulted in higher brightness values. As
another hypothesis, since we observed non-specific bindings in between the specific
aptamer locations on glass slides (see Figure 4.20C-i), we hypothesized that
ampicillin molecules were physically adsorbed on the functionalized glass surfaces
due to its more hydrophobic nature compared to neomycin B and might not have
been rinsed away which directly affects the LC configuration on these regions.”>~"’

To check the validity of our hypothesis, we carried out quantitative analysis based
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on the mean grayscale values of both the aptamer-immobilized spots and the outer

regions between them.

Figure 4.20 Polarized optical micrographs of LC sandwich cells after incubation with
various target mixture concentrations in PBS buffer: (A) i- 5 uM neomycin B + 5
uM ampicillin, ii- 5 uM ampicillin, (B) i- 5 uM neomycin B + 0.5 pM ampicillin, ii-
0.5 uM ampicillin, (C) i- 5 uM neomycin B + 0.05 uM ampicillin, #i- 0.05 uM
ampicillin, and (D) i- 5 pM neomycin B + 0.005 uM ampicillin, ii- 0.005 pM
ampicillin. Scale bars: 200 um.

For a quantitative analysis, we measured the mean grayscale values of POM results
of different target solutions with varying concentrations by using ImageJ (Figure
4.21). It is evident from the measured quantities that, the grayscale intensity of bright
areas gradually decreased as the target concentration decreased for all target
solutions. Based on the qualitative and quantitative analysis results, we observed that
presence of ampicillin increased the signal of optical response. However, we could
still recognize neomycin B even though ampicillin was present in the target mixture
since we could differentiate the results of the target solutions with and without
ampicillin (Figure 4.19, Figure 4.20A-Di and Figure 4.21A). In addition,
measurements for the outer regions between the aptamer-immobilized spots also
revealed the increase in mean grayscale intensities with the presence of ampicillin.
We observed significant differences in intensities in regions between aptamer-
immobilized spots when the surfaces were exposed to target mixtures containing
neomycin B and ampicillin or ampicillin only compared to intensities for neomycin
B only (Figure 4.21B). These results supported our hypothesis of physisorption of
ampicillin molecules since there were no aptamers immobilized on these regions to

bound specifically or non-specifically to neomycin B or ampicillin, respectively.
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Figure 4.21 Mean grayscale values of LCs after incubation with various target
solutions in PBS buffer, (A) Aptamer-immobilized spots, and (B) The outer regions
between aptamer-immobilized spots. Target solutions: Neomycin B concentrations
varying in between 50-0 uM (blue bars), mixture of 5 uM neomycin B + ampicillin
concentrations varying in between 5-0.005 puM (purple bars) and, ampicillin
concentrations varying in between 5-0.005 uM (orange bars).

4.2.2 Aptasensor in Microcapillaries

For aforementioned portability, easy quantification and affordable sensing purposes,
we adapted the proposed procedure into glass microcapillaries. Schematic
illustration of the method followed in this part of the study is given in Figure 4.22

below.
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Figure 4.22 Schematic illustration of surface modified microcapillaries for
aptasensing platform.
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4.2.2.1 Surface Functionalization and Aptamer Immobilization on Inner

Walls of Microcapillaries

We characterized the LC configuration on aptamer-immobilized flat surfaces before
and after incubating the surfaces with various concentrations of target solutions in
Chapter 4.2.1. However, we did not have a reference surface within microcapillaries
since the entire inner surface was exposed to the same solution during incubations.
Because of this aspect, we also carried out the characterizations of LC configuration
for the surface treatment and functionalization conditions of microcapillary
geometry. Characterizations of LC configurations within DMOAP-functionalized
microcapillaries were performed for aqueous-LC interfaces in Chapter 4.1. In this
section, we carried out the characterizations for the aptamer-immobilized
microcapillary surfaces. Since the large aptamer-target complexes would result in
the planar/tilted orientations of LC, we wanted to promote homeotropic anchoring
of LC until the end of the aptamer immobilization step prior to target incubation as
explained in Chapter 4.2.1. Also, as we investigated in Chapter 4.1, four-petal
appearance was observed when the inner walls of microcapillary promote
homeotropic anchoring of LC mesogens. Thus, we sought to keep the percentages of
four-petal apperance of LC compartments confined in microcapillaries high until we
exposed the inner surfaces to target solutions (Figure 4.23D). Based on the
satisfactory results of surface functionalizations of flat glass slides, we preserved the
10:1 (v/v) % APTES/DMOAP aqueous solution and 1% (v/v) GA aqueous solution
for the functionalization of inner walls of glass microcapillaries to give LC
homeotropic anchoring at the inner walls since we observed four-petal appearances
in every LC compartments confined in functionalized microcapillaries (Figure
4.23A, B). Although immobilization of 1 uM DNA aptamer solution provided
sufficient binding sites without disturbing LC orientation in certain number of
experiments, we observed inconsistency in our results. That is, when we treated the
microcapillaries with piranha solution for 2 h, we observed the percentages of LC

compartments showing four petal appearances as 70.4% and 50.5% for 500 nM and
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1 uM DNA aptamer concentrations, respectively. It was essential to increase these
low four-petal appearance percentages to ensure that the orientation transition to be
the result of aptamer-target bindings which was expected to be the response of the
sensor. Therefore, we extended the piranha solution cleaning period which was the
first intervention to eliminate the surface contamination which might cause the

discrepancy in results (Figure 4.23C, see also Figure 4.24D).

Air |
L

Figure 4.23 Bright field, polarized light and full-wave retardation plate optical
micrographs of LCs confined in microcapillaries after incubation with (A) (10:1)
APTES/DMOAP aqueous solution, (B) 1% (v/v) GA aqueous solution, and (C)
immobilization of 1 uM DNA aptamer. Scale bars: 100 pm. (D) Schematic
illustrations of LC configuration confined in microcapillaries whose inner walls were
functionalized with APTES/DMOAP or GA or with aptamer immobilized on the
surface.

Increasing the time for piranha treatment of glass microcapillaries enhanced the
surface activity for immobilization of aptamers as evident from the percentages of
four-petal appearance of LC compartments within capillaries. Four-petal appearance
percentages increased 50.5% to 65.0% for 1 uM DNA aptamer concentration. Yet,

further modifications were needed to increase the sensor performance. We
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hypothesized that there can be two reasons for having four-petal appearance of
65.0% of LC compartments when we used 1 uM DNA aptamer solution for
immobilization process; either there was no sufficient amount of aptamer to be
immobilized on the glass surface or there was excess amount of aptamer which
disrupted the LC configuration. To clarify, we conducted experiments with 2 uM
and 500 nM DNA aptamer solutions. We observed that as the aptamer solution
concentration decreased, percentage of homeotropic four-petal LC compartments
gradually increased which were indicated as 47.6%, 65.0% and 88.7% for 2 uM, 1
uM and 500 nM DNA aptamer concentrations, respectively in Figure 4.24D. We
obtained 88.7% homeotropic LC compartments when the aptamer solution
concentration was 500 nM which can be further optimized (Figure 4.24A-C). Based
on the four-petal appearance percentages with respect to DNA aptamer
concentrations, we concluded that 1 uM DNA aptamer concentration was in excess
amounts to be immobilized on the functionalized glass surfaces which resulted in
configuration transition from homeotropic to degenerate planar/tilted. Thus, we

continued the rest of the experiments with 500 nM DNA aptamer solutions.

DNA Aptamer 2 uM 1uMm 500 nM

% Four-petal 47.6 65.0 88.7

Figure 4.24 (A) Bright field, (B) Polarized light, (C) Full-wave retardance optical
micrographs of LCs confined in microcapillaries after immobilization of aptamer
inner walls functionalized with 10:1 (v/v)% APTES/DMOAP aqueous solution, 1%
(v/v) GA aqueous solution and 500 nM DNA aptamer. Scale bars: 100 um. (D)
Percentages of four-petal LC compartments within microcapillaries for 2 pM, 1 uM
and 500 nM DNA aptamer concentrations.
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4.2.2.2 Limit of Detection and Selectivity

After optimization of surface modifications for adaptation of aptasensing platform
into microcapillaries, we incubated surface-treated microcapillaries into various
neomycin B target concentrations to determine the detection limit of the sensor. With
the formation of aptamer-target complexes, LC assumed planar anchoring near the
inner walls of microcapillaries leading to configuration change from four-petal
appearance consistent with the experiments carried out with planar cells which were
discussed in Chapter 4.2.1. (Figure 4.25). When the concentration of neomycin B
was 50, 5 or 0.5 uM, we observed degenerate planar/tilted anchoring of LC near the
walls when we visualized under POM (Figure 4.25A-C). As neomycin B
concentration was sequentially decreased, we observed four-petal appearances
indicating that there were no sufficient aptamer-target complexes for perturbation of
the LC orientation within LC compartments (Figure 4.25D-F). As can be seen from
the quantitative analysis of the responses given in Figure 4.25G, percentages of
planar LC compartments decreased with the decrease in the concentration of
neomycin B. According to these results, we determined the limit of detection as in
between 50-500 nM neomycin B concentrations for microcapillary-based aptasensor

which was a similar concentration interval we determined for flat surface geometries.
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Figure 4.25 Polarized optical micrographs of LCs confined in microcapillaries after
incubation with various neomycin B concentrations in PBS buffer: (A) 50 uM, (B)
5 uM, (C) 0.5 uM, (D) 0.05 uM, (E) 0.005 uM, and (F) 0 uM. Scale bar: 100 pm.
(G) Percentages of planar LC compartments (denoted as positive result) within
microcapillaries after incubation with various neomycin B concentrations in PBS
buffer.

For the determination of specificity, we conducted experiments with target mixtures
of 5 uM neomycin B and various concentrations of ampicillin varying in between 5-
0.005 pM as we performed in flat sandwich cells. Similar with sandwich cell-based
aptasensor, we qualitatively observed increase in configuration transition from four-
petal appearance with the interference of ampicillin (Figure 4.26). In all experiments
we conducted with the mixture of 5 UM neomycin B and 5 uM ampicillin, we
observed degenerate planar/tiited LC compartments within the whole
microcapillaries (concluded from the disappearance of the four-petal appearance)
although the percentages of degenerate planar/tilted LC compartments were 66.7%
when the microcapillaries were exposed to 5 uM neomycin B only (Figure 4.25G).
As we also discussed for the flat sandwich cells in Chapter 4.2.1, we observed a

gradual decrease in the percentages of planar LC compartments when we incubated
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the microcapillaries in the target mixtures containing 5 puM neomycin B and
decreasing concentrations of ampicillin. Also, in some of the experiments, we
observed degenerate planar/tited LC compartments when we exposed the
microcapillaries to 5 uM ampicillin only. Similar to the results of flat cells, these
results led us to hypothesize that due to changes on the surface caused by the
interaction of neomycin B and ampicillin or the physisorption of ampicillin on the

glass surfaces, the sensor response was affected.

Figure 4.26 Polarized optical micrographs of LCs confined in microcapillaries after
incubation with various target solution concentrations in PBS buffer: (A) 5 uM
neomycin B + 5 uM ampicillin, (B) 5 uM neomycin B + 0.5 uM ampicillin, (C) 5
uM neomycin B +0.05 uM ampicillin, (D) 5 uM neomycin B +0.005 pM ampicillin,
and (E) 5 uM ampicillin. (F) Representative negative response of the microcapillary-
based sensor, capillaries were incubated in 5 uM ampicillin solution. Scale bars: 100
pm.

For the target incubation results, we denoted the planar LC configuration as positive
response. The quantitative analysis of configuration of LC compartments revealed
that presence of ampicillin was altered the sensor response with gradual decrease in
planar compartments with respect to decreasing ampicillin concentrations (Figure
4.27, purple bars). In accordance with the sandwich cell-based aptasensor results,
positive response percentages of LC compartments were increased when the
microcapillaries were incubated in various target mixtures consisting of 5 uM
neomycin B and 5 uM and 0.5 uM concentrations of ampicillin compared to target
solution containing 5 uM neomycin B only (Figure 4.27, purple bars, see also Figure
4.25G). We also observed planar LC compartments when we exposed the
microcapillaries to 5 pM ampicillin only (Figure 4.27, orange bar). These results

strengthened our pre-mentioned hypotheses which we stated in Chapter 4.2.1 that
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the mixtures of neomycin B and ampicillin disturbed the response of the sensor
which could be due to the conformational change of aptamer or physisorption

phenomenon due to more hydrophobic nature of ampicillin compared to neomycin
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Figure 4.27 Percentages of planar LC compartments (denoted as positive result)
within microcapillaries after incubation with various target solutions in PBS buffer.
Target solutions: Mixture of 5 uM neomycin B + ampicillin concentrations varying
in between 5-0.005 uM (purple bars) and, 5 uM ampicillin concentration (orange
bar).
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CHAPTER 5

CONCLUSION

In the first part of this thesis study, we demonstrated a new method for LC
microcapillary-based sensor. Unlike other LC-based methods used for sensing
applications, our method provides opportunity to control the species at both LC-
aqueous interfaces of the LC compartment confined in microcapillary, which can be
used for the quantification of ordering transition resulting from the interactions at
LC-water interfaces. The method proposed in this thesis study offers reversible and
continuous use and allows to observe the time-dependent ordering transition within
the LC phase that would also provide fundamental information beyond the

application-wise needs.

The LC compartment-based system we introduce in the first part is new and it can
be further developed for selective response against analytes from complex mixtures.
Either the LC-solid interface or LC-aqueous interface can be used for such purposes
using the methods developed so far.!! In the second part of this thesis study, we
demostrated a label-free liquid crystal-based aptasensor to be used in both flat and
microcapillary geometries for the detection of neomycin B. We successfully
functionalized the glass surfaces with 10:1 (v/v)% APTES/DMOAP aqueous
solution, 1 (v/v)% GA aqueous solution to create reactive sites for aptamer
immobilization. We used 1 uM and 500 nM DNA aptamer solutions for flat and
microcapillaries, respectively. We exposed the developed aptasensors to various
concentrations of target solutions containing either neomycin B or ampicillin or the
mixture containing both neomycin B and ampicillin. With the formation of aptamer-
target complexes, we observed orientation transition from homeotropic to planar
which we visualized under crossed polarizers. We characterized the LC response

according to the polarized optical images. Qualitative and quantitative analyses were
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done for both geometries. The detection limit for both flat cells and microcapillaries
were determined to be in between 50-500 nM neomycin B concentrations. According
to the qualitative and quantitative results of both geometries, we hypothesized that
interaction between neomycin B and ampicillin molecules directly affected the LC
configuration which might be due to conformational change of the aptamers which
were immobilized on the glass surfaces or physisorption of ampicillin due to more

hydrophobicity compared to neomycin B.

Beyond the findings and the implications that were reported here, we propose future
directions that might be of a broad interest. For the first part of our thesis study, first,
the compartment sizes and the positioning that we used were random. However, a
control over such is required for future developments. Current literature may offer
additional opportunities for such purposes using lithography techniques.’® Second,
we concluded that the motion of the defects within the LC compartments were driven
via elastic interactions. Well-defined LC compartments and a control over the
surface anchoring independently at the two ends of the LC compartments would also
provide opportunities for careful investigation of the elastic forces acting on the
defects and their influence on the motion and the structural transitions. Lastly, the
system we developed herein can be integrated into flow systems to track the temporal
and cumulative profiles. For the second part, the effect of the presence of ampicillin
as the interfering agent on the specific binding of neomycin aptamer to its target can
be investigated further with respect to decreasing ampicillin concentrations in the
target solutions containing various concentrations of neomycin B. In addition, to
understand the interaction between the surface and target molecules, various target
molecules with different characteristics can be used for the specificity measurements

of proposed aptasensing platforms.

The methods and the systems that we develop herein are promising considering their
simplicity, the ease of quantification, and their portability. To sum, we introduced
microcapillary-based systems with negligible cost that may facilitate widespread use
after further developments. The findings published in this thesis can further be used

to develop sensors for specific purposes that require continuous tracking of the
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chemical and biological species that is critical for the health and safety of the

individuals and society.
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