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ABSTRACT

A NOVEL MICROCANTILEVER SENSOR SYSTEM FOR THE
SELECTIVE DETERMINATION OF ANTIBIOTICS

MELTEM OKAN
Master, Nanotechnology and Nanomedicine Division
Thesis Advisor: Assoc. Prof. Dr. Memed DUMAN
December 2016, 93 pages

This thesis focuses on the detection of ciprofloxacin and erythromycin antibiotics in
water resources, which cause adverse effects on wildlife in aquatic environments
and human life by polluting the drinking waters. Detection of these antibiotics down
to picogram mass resolution is crucial, since even the presence in trace amounts
refer to pollution of the water resources. The main objective of this thesis study
was to detect ciprofloxacin and erythromycin antibiotics with a novel approach by
merging the molecular imprinting technology and microcantilever mass sensors.
The developed nanosensor relies on the detection via adsorption of these
molecules to the template specific cavities of molecularly imprinted polymeric
(MIP) nanoparticles. The ciprofloxacin and erythromycin imprinted polymers were
synthesized with miniemulsion polymerization technique. Their size, shape and
dispersity characterization was carried out with Scanning Electron Microscope
(SEM) and their layer structure was characterized by Atomic Force Microscopy
(AFM). SEM images vyielded that ciprofloxacin and erythromycin imprinted
polymeric nanoparticles were both spherical in shape had sizes of around 160 nm
and 30 nm, respectively. Three different methods were tried during the
immobilization of prepared polymeric nanoparticles on the surface of the
cantilever. AFM images revealed the particle morphology that were absorbed on
the cantilever. It was found that a monolayer surface coverage was accomplished
with a covalent immobilization technique. The validation of prepared nanosensor
was accomplished for both of the imprinted polymeric nanoparticles specific to
chosen antibiotics by employing the dynamic sensing mode. During validation
studies, binding kinetics both in liquid and in air were checked. As the polymeric
nanoparticles were immobilized on the surface of the cantilever, any molecule
adsorption resulted in a frequency shift to lower values. From the shifts recorded,
masses of the total adsorbed molecules were calculated. The sensitivity of the
sensor systems in air for the detection of ciprofloxacin and erythromycin were



determined as 2.2 Hz/pg and 1.6 Hz/pg, respectively. The limit of detection values
were calculated as 2.2 yM for ciprofloxacin sensor and 1 yM for erythromycin
sensor in air. The selectivity studies were performed by checking the affinities of
physically and chemically similar antibiotics on ciprofloxacin and erythromycin
imprinted polymers, which were found to show 7 and 8 fold lower affinities,
respectively. Similarly, sensitivity of the nanosensor was checked by using non-
imprinted polymeric nanoparticles, which were prepared with the same method
except the template molecule inclusion. In that case, the binding affinities of
ciprofloxacin and erythromycin towards non-imprinted polymers were found to be 5
and 3 folds lower compared to imprinted polymers. The obtained results were
compared with data from the earlier studies done in this field and interpretations
were made. Being one of the first studies in MIP based microcantilever sensor, the
developed system has the potential to be pioneer in mass sensing applications.

Keywords: Microcantilever Sensor, Mass Sensor, Molecularly Imprinted
Polymers, Pharmaceutical Emerging Contaminants



OZET

ANTIBIYOTIKLERIN TAYiNi i(}i_N YEN_iLiKQi KANTILEVER
SENSOR SISTEMI

MELTEM OKAN
Yuksek Lisans, Nanoteknoloji ve Nanotip ABD
Tez Danigmani: Dog¢. Dr. Memed DUMAN
Aralik 2016, 93 sayfa

Bu tez calismasi kapsaminda su kaynaklarindaki dogal yasam Uuzerinde ve
insanlar i¢cin yagamsal dnemi buyuk olan igme suyu kaynaklarinda olumsuz etkileri
olan siprofloksazin ve eritromisin antibiyotiklerinin tespitine yogunlasiimistir. Bu
antibiyotiklerin su kaynaklarinda iz miktarda bulunmalari bile Kkirlilik olarak
nitelendirildigi icin pikogram mertebesindeki miktarlarinin tespit edilebilmesi
onemlidir. Bu dogrultuda tez c¢aligmalarinda yeni bir yaklasim olan molekdl
baskilanmis polimer teknolojisi ile mikrokantilever kutle sensorler bir arada
kullanilmistir. Bu nanosensor sistemlerin temel calisma prensibi, hedef molekile
0zgu baglanma bdlgeleri olan baskilanmis polimerik nanopartikiller Gzerine hedef
molekullerin  adsorpsiyonudur. Tez ¢alismasinin  hedef molekdlleri olan
siprofloksazin ve eritromisin molekulleri mini emulsiyon polimerizasyon teknigi ile
baskilanmis polimer elde etmek igin kullaniimigtir. Sentezlenen baskilanmis
polimerik nanopartikullerin sekilleri, boyutlari ve yuzeye dagilimlari Yuzey Elektron
Mikroskopu (SEM) ile karakterize edilirken katman vyapilari Atomik Kuvvet
Mikroskopu (AFM) ile karakterize edilmigtir. Ylzey Elektron Mikroskopu ile elde
edilen goéruntllerde siprofloksazin ve eritromisin baskilanmis polimerik
nanopartikullerin boyutlari sirasiyla 160 nm ve 30 nm oldugu gorulmustur.
Baskilanmis polimerik nanopartikuller Gg¢ farkh yontemle kantilever (zerine
immobilize edilmiglerdir. immobilize edilen nanopartikiillerin kantilever (izerindeki
morfolojileri AFM ile gorUntllenmistir. Baskilanmis polimerik nanopartikillerin
kantilever yuzeyine kovalent olarak baglandigi nanosensorde nanopartikullerin
yuzeye dagihmi tek tabakali sekilde oldugu AFM ile tespit edilmistir. Hazirlanan
nanosensorlerin dinamik modda segici olarak calismasi her iki baskilanmig



polimerik nanopartikiliin icin basarili olmustur. Antibiyotiklerin  polimerik
nanopartikullere baglanma kinetikleri hem sivi hem de hava deneylerinde kontrol
edilmistir. Kantilever yuzeyine immobilize edilmis polimerik nanopartikullerin
yuksek secicilikleri sayesinde kutlesel en ufak bir degisiklik bile frekans degisimine
sebep olmustur. Bu frekans degisimleri kaydedilmis ve toplam adsorbe olan
molekul kutlesi hesaplanmigtir. Bu nanosensor sistemleri kullanilarak hava
deneylerinde siprofloksazin ve eritromisin tespit hassasiyeti sirasiyla 2.2 Hz/pg ve
1.6 Hz/pg olarak hesaplanmistir. Hava deneylerinde siprofloksazin ve eritromisin
nanosensorlerinin minimum tespit degerleri sirasiyla 2.2 yM ve 1 pM olarak
hesaplanmiglardir. Her iki molekule ait segicilik galismalari i¢cin hem kimyasal hem
de fiziksel agidan benzer antibiyotikler kullaniimis ve baskilanmis polimerik
nanopartikullerin siprofloksazin i¢in 7 kat, eritromisin igin 8 kat daha az baglanma
ilgisi oldugu hesaplanmistir. Ayni sekilde nanosensérlerin hassasiyetlerini kontrol
etmek icin molekuler baskilanmamig polimerik nanpartikiller kullaniimistir. Bu
partikuller, diger baskilanmis olan partikuller ile ayni sekilde sentezlenmis ancak
yapilarina hedef moleklul eklenmemistir. Bu dogrultuda baskilanmamis
nanopartikiller Uzerine siprofloksazin ve eritromisin molekillerinin  baglanma
istekleri baskilanmis olan nanopartikullere gore sirasiyla 5 ve 3 kat daha az oldugu
gorulmustur. Elde edilen tum bu sonuglar daha dnce bu alanda yapilan ¢aligmalar
ile kargilastinimis ve yorumlanmislardir. Alaninda ilk olan baskilanmis polimerik
nanopartikuller ile birlikte kullanilan kantilever sensor sistemlerleri ile yapiimig olan
bu tez calismasi ilerideki kutlesel tespit uygulamalarina i1gik tutacak niteliktedir.

Anahtar Kelimeler: Mikrokantilever Sensér, Agirhk Sensoérl, Molekiler

Baskilanmis Polimerler, Farmasatik Kirleticiler
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1.INTRODUCTION

Pharmaceutical Emerging Contaminants (PECs) in aquatic environments
cause adverse effects on animals and plants living within and create
serious threat on drinking water. Several antibiotics were recently
added to the contaminant candidate lists of the United States
Environmental Protection Agency (US-EPA). As a result of this growing
threat against wildlife and human health resulting from PECs, new
detection techniques are being developed in the field of biosensors. This
thesis study was derived from the COST Action call that emerged from
the demand to establish state-of-the-art sensing techniques to detect

the PECs in water resources.

Among the concept of biosensors, during the last two decades
micromechanical sensors have been of considerable interest. In this
field, resonant mass sensors are quite commonly employed, for which
Quartz Crystal Microbalance (QCM) and microcantilever sensors are the
leading systems. Both these sensors are based on detection via
frequency shift, which is triggered by the mass change on the surface.
Allowing interactions to take place on the surface of these sensor
systems, however, requires a recognition layer specific to an analyte.
Using biological molecules as recognition elements has several
drawbacks such as being high-priced and being very sensitive to
temperature and humidity. An alternative to eliminate these deficiencies
is to use mimetic structures instead of biological molecules directly.
Molecularly imprinted polymer (MIP) technology had the potential to
take their place as recognition elements and they are being used for
over 20 years now. Their working principle relies on capturing the
analyte by the cavities prepared physically and chemically specific to
the molecule of interest. Their polymer structure allows them to stay
steady and stable in tough conditions without breaking down. Moreover,

they can be easily synthesized and are cost efficient. The usage of MIPs

1



has already been reported in mass-sensing applications with QCM. The
combination of MIPs and microcantilever mass sensors, on the other
hand, is still a novel approach. Even though a numbers of studies have
been done so far, this system remains as an innovative model in mass
sensing applications. These studies mainly focus on non-covalent
immobilization of MIPs on the surface of cantilevers and fabricating
cantilevers made of MIPs directly. This thesis, however, offers a
different method regarding the combination of MIPs and
microcantilevers by focusing on the immobilization of MIPs on the

cantilever surface covalently.

For this thesis study, two antibiotics; ciprofloxacin and erythromycin,
were chosen and their MIPs were synthesized. The prepared MIPs were
immobilized on the surface of the cantilever by using different methods
and comparison was made. Employing the dynamic sensing mode,
frequency shifts triggered by the mass load which are caused by the
molecule adsorption were determined. The prepared sensor has the
potential to be a pioneer work in this very field of MIP and

microcantilever mass sensor combinations.

The contents of this thesis cover the explanation of resonant mass
sensor basics, their working principle, the areas in which they were and
are being used, preparation and characterization of ciprofloxacin and
erythromycin imprinted polymers, analysis of different immobilization
techniques, development and validation of the microcantilever sensor
system developed and the interpretation of results and possible further

approaches on enhancing the sensor developed.



2. LITERATURE REVIEW

2.1. Antibiotics: Their Adverse Effects and Detection
Techniques

There has been a growing interest in establishing novel techniques to
identify Pharmaceutical Emerging Contaminants (PECs) in water
resources since they threat drinking water and create adverse effects on
both human health and wildlife. There exists a noteworthy increase in
antibiotic resistance in bacteria which in return inhibits the treatment of
infections. A great deal of hospital-acquired infections is caused by
multidrug resistant bacteria [1] [2]. Several pharmaceuticals are now
added to the latest contaminant candidate lists of the United State
Environmental Protection Agency (US-EPA). Ciprofloxacin (CPX) (Figure
la) and erythromycin (ERY) (Figure 1b) are suggested as two of the
prior drinking water contaminants as antibiotics at the latest European
Union Water Framework Directive (EU-WFD). Ciprofloxacin [1-
cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-(1-piperazinyl)-3-quinolone

carboxylic acid] is a third generation fluoroquinolone. CPX shows a
broad-spectrum of antibacterial activity. It is an easily affordable
antibiotic with distinct curative effects, which makes it used prevalently
and quite commonly [3] [4]. Nonetheless, CPX residues were found to
imperil people’s health by affecting mammalian cell replication as well
as adverse drug reactions [4] [5] [6] [7]. Similar to many other
antibiotics, CPX is not completely metabolized in the body as well.
Therefore, the possibility of CPX to enter the environment through urine
samples of patients and wastewater is quite high. ERY is produced by
Streptomyces erythraesus in a fermentation step and is a macrolide
antibiotic with broad-spectrum activity. It contains 14-membered
lactone ring with two sugar molecules (L-cladinose and D-desoamine)

and ten asymmetric centres. During the fermentation, number of



related substances are formed as well, named ERY A to F. The main
component of commercially available ERY is included in ERY A, whereas
the rest are chemically and physically analogues and are formed in
small amounts [8] [9] [10] [11].

a)

OH

Figure 1: Chemical structures of a) ciprofloxacin, b) erythromycin.

It is crucial to detect the presence of broad spectrum antibiotics with
high efficiency. There are several techniques employed for the
determination of CPX and ERY so far. For CPX, these techniques were
mass spectrophotometry [12], spectrophotometry [13], capillary
electrophoresis [14] [15], liquid chromatography [16] [17],
electrochemical techniques [18] [19] [20] and solid phase extraction
(SPE) [21] [22]. Detection of ERY has been performed with ultraviolet
(UV) [23], electrochemical detection [24] [25] [26], near infrared
reflectance spectroscopy (NIR) [27], capillary electrophoresis
chromatography (CEC) [28] [29], liquid chromatography-tandem mass
spectroscopy (LC-MS/MS) [30] [31] [32] [33], high-performance liquid
chromatography (HPLC) [34] [35] [36] and liquid chromatography-
mass spectroscopy (LC-MS) [37] [38] [39]. Despite these techniques



are succesfully applicable, they all are overpriced, time-consuming,
complicated and entail sophisticated automation and assist of
experienced users. The need for cost efficient, highly selective and
sensitive systems with fast response time still remains. During the last
decade, novel detection techniques in the concept of biosensors
advanced rapidly. These new sensors allow rather fast real-time

measurements and enable achieving higher sensitivities.

2.2. Introduction to the Concept of Biosensors

The term “biosensor” was first introduced by L. C. Clark Jr. in 1956 and
followed by studies of himself and C. Lyons in 1962 [40] [41]. Later on,
it began to appear in scientific literature in late 70’s and started to be
reviewed in early 80’s [42] [43]. In order to comprehend the basics of
biosensors, first, one must understand what a chemical sensor is and
how it works. In simplest form, chemical sensors are devices that
produce signal from a chemical data. The obtained signal makes it
possible to interpret the data analytically. They consist of three main
parts; receptor, transducer and amplifier (Figure 2). The receptor part
is where the recognition process takes place, and the transducer
processes the chemical signal into an electronic or optical signal.
Biosensors are also chemical sensors, only that the receptor part where
the recognition system exists employs a biochemical mechanism [44].
As reported by Thévenot et al. in IUPAC Technical Report 1999,
biosensors are self-sufficient integrated devices that are capable of
providing quantitative or semi-quantitative analytical data specific to an
analyte by employing a biochemical recognition section, that is
maintained in contact with the transduction section [45]. According to
Lowe, biosensors can have different definitions for different fields of
science. But as an overall description, they are analytical devices that
unites a physico-chemical transducer with a biological or non-biological

recognition element to determine an analyte and convert the obtained



data into electrical signal [42] [46]. Biosensor’s main role is to provide
precise results rapidly, regarding the analyte to be tested without

perturbing the sample [47].

—> Sample analyte

Immobilized
recognition layer

Bio-receptors

Electrochemical
(potentiometry, amperometry)
Transducer ——> Optical (absorption,
fluorescence, reflection)
Piezoelectric

Amplifier ——> Signal

Microelectronics —> Data processing

Figure 2: Schematic representation of the main parts of biosensors.

2.3. Quartz Crystal Microbalance, It's Working Principle and
Applications

Recently, modern detection techniques under the name biosensors have
been established, allowing for more sensitive measurements in much
shorter time. In this field, one of the most frequently employed systems
is resonant mass sensors. Resonant sensors are based on a unit that
vibrates at its resonance and shifts this frequency as a function of a
physical parameter [48]. Changes in resonator in terms of mass and/or
stress allow the conversion of measure of vibrating element into

resonance frequency. Resonant sensors work with high stability and



resolution and provide quasi digital output [48]. Its first discovery was
in 1959 by Sauerbrey who focused on the shift in frequency for the
determination of the mass of a film that was attached on a quartz
resonator’ surface, instead of focusing on the tipping angle of the beam
balance [49]. Named as Quartz Crystal Microbalance (QCM) (Figure 3),
the system was working in the following manner; the mass changes per
unit area are measured via determining the quartz crystal resonator’s
frequency shifts (Figure 4). In QCM, the resonance is triggered with the
adsorption or desorption of masses depending on the film deposition on
the face of the acoustic resonator. This approach made it possible to
detect masses down to 1071 kg, whereas the commercial microbalances
could identify masses only down to 107'° kg [50]. Until early 80’s QCM
was being employed quite commonly. However, shortly after 1980,
Kanazawa and Gordon measured the shift in frequency when single
surface of a quartz resonator was inside of a liquid [51]. They came up
with the conclusion that QCM'’s frequency response that is staying inside
a liquid, rest not only on the liquid’s density but also on its viscosity. It
was found then that the Sauerbrey’s equation was not credible for the
viscoelastic layers when QCM is being used. According to Sauerbrey’s
equation, viscoelastic layer’'s mass is not taken into account and such
situation results with a ‘missing mass’ [52]. Accordingly, it was no
longer assumed to be a mass sensor, rather it began to be called a
thickness shear mode (TSM) [53]. Even though there were a set of
questions and unclarity about QCM being a mass sensor or not, it
provided the information regarding the effect of acceleration on mass
sensitivity on various spots over the surface of the quartz resonator
[54].
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Figure 4: Schematic representation of the quartz crystal.

QCM has continued to be employed as a mass sensor, despite the
dilemmas and contrary arguments. For instance, it was used to identify
the organophosphorus pesticide DDVP (o,0-dimethyl-0-2,2-dichlorovinyl
phosphate) adopting various conductive and nonconductive polymers

immobilized on the QCM electrodes surface [55]. As nonconductive
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polymers, poly(acrylic acid) (PAA) and poly(vinyl alcohol) (PVA) were
employed due to their sensitivity towards DDVP and as conductive
polymers, a copolymer of PEDOT with poly(styrene sulphonic acid)
(PEDOT/PSS) and poly(3,4-ethylenedioxythiophene) (PEDOT) were
chosen. The QCM chip was coated with the selected polymers, which
had a resonance frequency range of 10-20 Hz. Results indicated that
the range of frequency of the QCM chip was increased when conductive
polymer coverage was used. Namely the increase in frequencies was
from 20 Hz to 115 Hz and from 18 Hz to 60 Hz, respectively. A linear
response was obtained with PEDOT coated QCM sensor, for a DDVP
concentration range of 6.5-32.5 ppm. Another study, which also
benefited from conductive polymers, focused on the application of QCM
as a gas sensor to determine the volatile-organic-compounds. The QCM
chip was covered in synthetic polypeptides and conducting polymers to
detect ammonia, benzene, chlorobenzene, dimethyl amine, butyric acid,
acetic acid and their mixtures [56]. The response of the developed QCM
gas sensor was reported to be 0.9-440 Hz of frequency shift for a
concentration range of 1.8-108 ppm. The prepared sensor showed high
sensitivity and selectivity. Moreover, it also had the ability to distinguish
the characterized odour profiles of all compounds used in the
experiment. In another study, QCM sensor was combined with nucleic
acid by employing a whole new immobilization approach for the
following hybridization [57]. The surface of the QCM chip was treated
with ethylene diamine (EDA) inside a glow-discharge tube to introduce
amino groups on crystal’s surface. These amino groups were, then,
reacted with glutaraldehyde (GA) and converted into aldehyde groups.
On the GA modified chips, extra 5-end on the complementary strand
containing double strand oligonucleotides were attached. The developed
sensor was then used in the hybridization studies. The frequency shifts
obtained were determined to be in good agreement with the
concentration of the target strand. The QCM sensors were also used in a

number of bacteria detection studies. In one of them, researchers
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focused on the phenomenon known as the majority of microorganisms
contain lectin and carbohydrate pockets on their surface [58]. A
carbohydrate label-free mass sensor was developed for this aim. In this
highly specific and selective sensor, lectin-bacterial O-antigen was used
as recognition element and the aim was to detect high molecular weight
bacteria. In the developed sensor system, QCM was used as the
transducer. As recognition element a combination of functional mannose
self-assembled monolayer (SAM) and Concanavalin A (Con A) was
chosen to detect Escherichia coli (E. coli) W1485. The multivalent
binding between Con A and E. coli surface allows a powerful adherence
of E. coli toward SAM immobilized surface of QCM. As the contact area
between the QCM chip’s surface and the cell increases, it prompts a
strong and rigid attachment by intensifying the binding among SAM and
E. coli. Results showed that high specificity and sensitivity was achieved
with the developed carbohydrate QCM sensor. A limit of detection of
several hundred bacteria cells and a linear range between 7.5x10?%-
7.5x107 cells/mL were obtained in the study. A very recent study was to
detect molecules with low molecular weight with an aptamer based QCM
sensor containing dissipation monitoring (QCM-D) [59]. The study
focuses on the aptamer conformational switches resulting from
molecule adsorption. This in return induces the relocation of water that
is coupled acoustically to the layer where sensing takes place. That

way, the detection signal was empowered dramatically.

2.4. Theory behind Microcantilever Mass Sensors and Their
Applications

After Sauerbrey showed that mass could be determined employing
vibrations and that the change in mass was associated with the
frequency change, number of vibration based systems were established
to determine the mass [54]. It was an experimented technique back in

1968 to detect bending and frequency changes resulting from
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adsorptions, employing large silicon beams as sensors [60]. The drive
was understood by thermal expansion in piezo resistors, which were
placed close to the cantilever support. These resistors produce a
temperature gradient to trigger cantilevers at their resonance
frequencies. They can, as well be used to monitor the defection.
Microcantilever sensors became a trend as the micro fabricated
cantilevers began to be commercially available. These cantilevers that
are used in sensor systems do not contain a tip at their end point,
unlike the traditional Atomic Force Microscopy (AFM) cantilevers and
include a compound-specific layer. The surface of the cantilever is used
as the sensor part, where molecules are adsorbed. If this adsorption
happens only on single face of the cantilever, bending occurs and the
stress on the surface can be monitored. To provide this single-side
adsorption, only single face of the cantilever must be covered in the
specific coating, mostly being the top one. The below one might be left
bare, else, might be covered in passivation coating. In case of coating
cantilever’s both faces, frequency changes may be tracked rather than
deflection. The surface can be coated with a polymer, a self-assembled-
monolayer, hydrogels, antibodies, proteins, enzymes etc. depending on

the study.

Employing the cantilevers for the detection of any interaction that takes
place on the cantilever that is covered with a layer provides an optically
label-free analysis down to picogram mass resolution. Detection studies
using cantilevers is based on covering the cantilever’s surface with a
recognition element specific to the analyte of interest as stated. These
measurements may take place both in liquid and in air [61].
Cantilever’s high sensitivity and recognition element’s selectivity on its
surface enable the detection of molecules by following either of the
detection modes or both at the same time [62]. The main issue that
arises in resonant mass sensing with cantilevers is to understand

whether the response obtained is due to the interactions or the
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environmental effects. To express this issue more comprehensively,
variations in environmental effects including viscosity, temperature and
humidity, cause alterations in elastic modulus of cantilevers [63].
Variations in viscosity and humidity, for instance, affect the damping of
the resonant and cause a drift in resonance frequency [64]. To resolve
this issue, a separate resonator can be used as a reference [65]. For
such a test series, both coated and uncoated cantilevers should be
prepared and operated under the same ambient conditions. Frequency
changes that result from molecular interactions can hereby be
established by subtracting the final frequencies of the two cantilevers.
This approach, however, might not be enough to solve the issue, as
both cantilevers may not have exact mechanical properties. Any
difference in their properties would lead to altered frequency responds
and it is an inevitable fact that AFM chips in a same batch are never
identical. Consequently, their nominal frequencies would never be
identical as well. In this case, more reliable and certain solution is to

examine various resonance modes or overtones [66] [67] [68].

Microcantilever sensors have been utilised in various fields of
applications including DNA hybridization [69], protein detections with
RNA aptamers [70], antigen-antibody reactions [71], toxin and
pathogen detections [72] [73] and in cancer diagnostics [74].
Cantilevers are mainly operated either in static or in dynamic mode in
sensors applications [75] [76]. In static mode, a signhal is produced
when specific adsorption occurs on single face of the cantilever which is
covered in a sensing layer [77] [78]. The surface stress resulting from
binding of molecules leads to bending. In dynamic mode, the cantilever
oscillates at its resonance frequency. In this case, cantilever’'s both
faces can be coated with compound specific surface coverage [79].
When molecules are adsorbed on the specific layer, cantilevers
resonance frequency shifts to a lower value [80] [81] [82]. This process

does not alter cantilever’'s mechanical properties. From the shift in
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resonance frequency, the total adsorbed mass can be determined.
Resonance characteristics of a cantilever rest on its mass and spring
constant, as well as the environment in which the measurement is

performed [83].

2.4.1. Static Deflection Mode

Static sensing is provided by the strain and bending characteristics of
the cantilever. As molecules are adsorbed on the compound-specific
layer, a signal is produced due to the mechanical response of the
surface layer [79]. However, to operate the cantilever sensor in
deflection mode and to get reasonable stress changes, only single
surface of it must be covered in compound specific layer as shown in
Figure 5. Blocking the unspecific interactions would help eliminating the
complications regarding deflection not resulting from molecule-layer
interaction. Moreover, when cantilever’s single side is covered only,
bending characteristics and the alteration in resonance frequency can
be measured simultaneously [81]. The mechanical response, being
stress, causes deflection of the cantilever. This stress (o) can be

denoted by the Stoney’s law;

G = Et?
"~ 6R(1-V)

(1)

where E is Young’s modulus, t is the thickness, R is the radius of the
curvature and v is the Poisson ratio. One significant parameter here is
the cantilever’s thickness; as, it affects system’s sensitivity directly.
When thinner cantilevers are used, the amount of deflection is usually
more, which is the key to achieve better sensitivity when this mode is

employed.
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Figure 5: Schematic representation of static deflection mode a) upper
surface coverage, b) lower surface coverage.

The deflection of the cantilever that is triggered either from added mass
or surface stress result from molecule adsorption is directly proportional
with the adsorbed material [84] [85] [86] [87] [88]. Yet, the surface
stress does not depend entirely on the amount of molecules adsorbed.
When the load, F, is applied to the free end of a rectangular shaped

cantilever, the deflection, d, would be;

__FL®

py=m (2)

~ 3EI

where E is Young’s modulus of the material, I is cantilever’s second
moment of the cross-sectional area and L is the length. When the load
is uniform throughout the whole cantilever, the deflection would be;

Wy L4

6 = (3)

8EI
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where wp is the load per unit length. When cantilevers are introduced
with the molecules from one side, the stress originates only on that
side. In that case, two sides of the cantilever experiences different
stresses, which lead to a separate deflection of two sides. Stoney’s

equation can be used to relate this difference;

1 Pt
= b (4)

where r is cantilever’s radius of the bending, P is the surface stress, d is
the thickness of the cantilever and t is the thickness of the surface

coverage [89].

2.4.2. Dynamic Sensing Mode

The resonance characteristics of a cantilever (spring constant, mass,
environment) affect the resonance features directly. Any interaction of
molecules with upper and lower layers on the cantilever surfaces would
lead to an alteration in resonance frequency and usually decrease it

(Figure 6). The resonance frequency of an oscillated cantilever is;

F==L |& (5)

2w\ m*

where k is the spring constant and m* is the effective mass of the
cantilever [90]. Assuming that k is unchanged during adsorption, the

mass load can be calculated as;

am = (5 - ) (6)

where n is a parameter related with cantilever’s geometry, f; is the
frequency after the mass load and fj is the frequency before the mass
load [81].
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Figure 6: Schematic representation of the dynamic sensing mode.

A much detailed measurement can be carried out by employing
different modes in dynamic sensing. The motion can be referred as in-
plane and out-of-plane according to the plane based on cantilever’s two
largest dimensions. In-plane vibrations are longitudinal (extensional)
and lateral motions whereas out-of-plane vibrations include transverse
(flexural) and torsional motions. These motions display resonance when
excited at their resonant frequencies. Assuming that cantilever’s
deflection is relatively small compared to its thickness, its geometry is
rectangular cross-section with a single uniform layer, the material is
isotropic and the aspect ratio is large enough; analytical expressions for
different modes can be defined mathematically from the related

equation of motion [91].

2.4.3. Parameters Affecting the Microcantilever Mass
Sensing

One of the main factors the microcantilevers are used in mass sensing
measurements is that they can be used in real-time measurements, as
it is usually preferred to perform the binding experiments in liquid for
biological detections. However, in liquid measurements, cantilever’s
quality factor (Q) decreases dramatically due to the damping of liquid.

Thus, its ability to detect molecules in trace amounts is hindered [92].
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Yet another crucial parameter would be to choose the proper resonance
frequency for the given environment. Cantilever’'s physical properties
and noise are other important parameters that affect the nature of the

measurement.

2.4.3.1. Quality Factor

Q is an important parameter in such applications, since it provides a
measurement for the energy loss like viscous damping [93] [94] [95].
Q is an influential parameter in high pressure environments like in air
and in liquid during the determination of the resonance frequency. The
resolution of the frequency shifts in experiments that take place in
these high pressure environments may be more than one orders
magnitude lower when compared with in vacuum conditions due to the
low quality factor [96]. High Q values stand for low energy dissipations,
as long as the energy stored does not change. In air measurements
when a cantilever is resonating, its Q can be expressed either with
extrinsic or with intrinsic energy loss. Extrinsic loss is related with the
interactions with medium, whereas intrinsic loss is relevant to the
interactions within the cantilever [97]. Q characterizes the frequency
response curve’s shape and defines peak’s narrowness [98].
Accordingly, it alters in each resonance mode. High Q increases the
resolution of the frequency by lowering the minimum detectable
resonance shift. To make this statement clearer; for a Q of 10 the
minimal measurable resonance frequency is 25 Hz whereas when the Q
value increases up to 100 the minimum detectable resonance frequency
goes down to 10 Hz [89]. Moreover, cantilevers with high Q have less
thermal noise of resonance [99]. Thermal vibrations of the cantilever
are of main cause for the noise in AFM [100]. Using thermal noise,
effective spring constant of the cantilever can be determined. Amplitude
and the width of the thermal noise peak conform to the integrated noise

energy of the oscillator [101].The geometry of the cantilever and the
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liquid in which it resonates also has an effect on Q as well [102] [103]
[104] [105].

2.4.3.2. Physical Properties of the Cantilever

To focus more on the physical features of the cantilevers, its mass,
dimensions and resonance frequency directly affect the nature of the
measurement. Particularly while employing the static deflection mode,
the thickness and the shape of the cantilever become rather significant.
To give an example; in a study about the sensitivity of the cantilevers,
deflection was found to increase from 2.8 nm to 44.5 nm with decrease
in thickness from 0.5 pm to 0.2 pm. The results represent the integrity
of the phenomenon, since the thinner cantilevers showed higher
sensitivity [90]. In terms of shape, V-shaped cantilevers yield higher
deflection, whereas for U-shaped and rectangular ones are found to give
same amount of deflection and less than the V-shaped ones (Figure 7).
An electromechanical resonator’s resonance frequency is a sensitive
function of its total mass [106]. The shift in frequency evolving out of
the adsorption of a single molecule would be directly proportional with
the ratio of mass of the resonator and the mass of the molecule. On this
basis, a resonator with smaller mass is much sensitive compared to a
one with larger mass. To be able to detect even the smallest mass
variations, the resonator must have high Q and be light [106] [107]. As
the size of the resonator decreases, number of binding sites on its
surface increase. This increase is proportional with the total nhumber of
resonator atoms. That is; as the size of the cantilever decreases the
ratio of surface to volume increases. Accordingly, the large-scale
resonators are much less responsive to adsorption-desorption noise
when compared to small-scale ones [108]. For cantilevers that have
high spring constant, the deflection might not be readily measurable. In
that case, the cantilever can be excited mechanically, magnetically or

electrostatically [109] [110] [111]. It is important to choose a
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cantilever with appropriate resonance frequency for the given
environment. Ones with low resonance frequency are commonly
employed in liquid environment measurements, while the ones with

higher resonance frequency are usually used in air environment studies.

a) b) c)

Figure 7: Schematic representation of a) rectangular, b) U-Shaped, c)
V-shaped cantilevers.

2.4.3.3. Noise

Noise is another parameter that has an effect on the accuracy of the
measurement. It is a crucial parameter in mass sensing applications in
resonance mode to determine the final sensitivity. Noise causes
fluctuations in resonance frequency in vacuum conditions with high Q,
which result in ambiguities in the determination of the frequency [96].
These ambiguities might arise from temperature and thermomechanical
fluctuations as well as adsorption and desorption [107]. The noise
processes in the oscillator affects the capability to detect ultra-fine
frequency shifts, which in return affects the determination of the mass
sensitivity [96]. Temperature changes the frequency of every resonator.
Since all structures display random fluctuations, all resonators present
frequency noise induced by temperature. These fluctuations are due to
the finite thermal conductance of the resonator [112]. The

thermomechanical fluctuations are caused by the internal loss
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mechanisms in the resonator [113]. This noise is originated from the
nonzero dissipation and temperature of the resonator [99]. The
surroundings of the resonator continuously exhibit a nonzero pressure
of molecules that are adsorbed on the specific adsorption sites on
cantilever’s surface. This results in mass load and therefore a variation
in the resonance frequency. While the molecules are adsorbed and
desorbed on account of their finite binding energy and nonzero
temperature, the resultant variations in frequency translate to a source
of phase or fractional frequency noise [108]. The cycles of molecule
binding and removal are not substantially dissipative. In other words,
the approach and retreat times of the atoms are arbitrary, so the
frequency shift of the resonator is discontinuous and the Q is not
affected. This kind of noise, where the overall mass of the resonator is

fluctuating, is not defined by the stress-strain relation [108].

2.4.4. Applications of Microcantilever Mass Sensors

Cantilever sensing has always been a promising technique because of
their high sensitivity and small dimensions. The real breakthrough with
microcantilever sensors, however, was the single particle detection.
With a cantilever that had a length of 4-5 um, determination of single
virus particles in femtogram mass (9.5 fg, approximately) was
accomplished [114]. With a longer cantilever that had a length of 15 pm
and a resonance frequency of 1.08 MHz, identification of single E. coli
cell with a mass of roughly 665 fg was successfully carried out [115]. In
high vacuum environment, even a detection of mass change in
attogram (ag) level was accomplished employing a nanoscale cantilever
[116]. As expected, using cantilevers with high resonance frequencies
allow for higher mass resolutions. For instance, a theoretical mass
resolution of 17 ag/Hz was recorded with a cantilever that has a

resonance frequency of 1.49 MHz [117].
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Microcantilever sensors made it possible to detect ions inside a solution
as well. Detection of calcium ions employing ion-selective self-
assembled monolayer (SAM) modified microcantilevers was
accomplished [118]. Prepared microcantilevers experienced bending
once calcium ions were adsorbed selectively. Concentration down to 10°
° M was able to be detected using this system. A similar experiment was
carried out using SAM modified microcantilevers for the detection of
caesium ion in situ at concentration range of 107'-107 M [119]. The
proposed system showed potential for the development of real-time in
situ sensor for the determination of metal ions with high selectivity and
sensitivity. In an advanced study mass of ragweed pollen was
determined by locating it at various spots on a commercial rectangular
microcantilever [120]. Studies were performed using first and second
flexures and the first torsional modes in air. Frequency shift of the first
and second flexural modes were recorded as 140 Hz and 700 Hz,
respectively, whereas the shift for the first torsional mode was
determined as 2.4 kHz. Results showed that the mass sensitivity of the

first bending mode was lower than that of first torsional mode.

In a novel study, microfluidic channels were built in the microcantilever.
Enclosing the fluid inside the cantilever enabled resonator to be driven
on electrostatic forces. By ruling out the high damping and viscous
drag, direct integration of microfluidic channels lead to an increase in
sensitivity. Real-time detection of molecular interactions with this
optimized system allowed the detection on the order of 107'° g/um? for
the binding of avidin and biotinylated bovine serum albumin [121]. The
optimization increased the Q of the resonator [122]. A liquid-cell-based
cantilever sensor running in the dynamic mode was established for the
detection of phospholipid vesicle [123]. The sensor was excited by a
piezoelectric layer. The cantilever had resonance mode between 270-
310 kHz with Q of 260 in air. In liquid environment, the resonance

value decreased to 140 kHz and the Q went down to 60. Frequency
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shifts were recorded upon the adsorption of vesicles on a cantilever
oscillating in liquid. The decrease in frequency was observed within 1
minute and the system was stabilized in 8 minutes. A shift triggered by
450 pg adsorbed mass was recorded. In another similar advanced
study, microfluidic systems were embedded on the cantilever, which
helped decreasing the level of damping. Single nanoparticle detection
with suspended microchannel resonators was demonstrated with sub-
femtogram resolutions [124]. Obtaining showed that viscous loss
resulting from the fluid was trivial compared to the intrinsic damping of
silicon crystal resonator. The embedded microchannel translated the
variations in mass into variations in frequency, where the fluid was
flowing through channels consistently and was dispensing the molecules
throughout. High resolution was obtained by decreasing the thickness of
the wall and the fluid layer to micrometre scale and by keeping the
cantilever under high vacuum. The system designed for a low resonator
of 100 ng with high Q of 15000 led to advancement in mass resolution

of six orders of magnitude over commercial QCMs.

Microcantilevers can as well be used in the chemical sensing of vapours
and gases [125] [126]. Detection of gases and vapours based upon
sequential position readout with beam-deflection method using
microcantilever arrays was established in a study. Detection of H, was
accomplished by adsorbing it on a Pt-coated sensor, where the surface
stress change resulted in static bending [125]. Detection of hydrogen
fluoride at low concentrations down to femtomolar level was carried out
successfully employing the cantilever bending method that is led by the
reaction between hydrogen fluoride and silicon dioxide [127]. In a
similar study, comparison was made between cantilever’s deflection and
frequency shifts as a function of hydrogen fluoride concentration. The
developed gas sensor could detect hydrogen fluoride at concentrations

range of 0.26-13 ppm [128]. Determination of each component in gas
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mixtures was another turning point with cantilever sensors. Binding
kinetics of octane and toluene were determined using
polydimethylsiloxane (PDMS) and polyetherurethane (PEUT) coated
microcantilevers [129]. Obtained calibration curves represented high
linearity for a concentration range of 0-6000 ppm. The reverse sorption
behaviour of molecules resulted in sensitivities of 0.0055 Hz/ppm with
PDMS coated and 0.0035 Hz/ppm with PEUT coated microcantilevers for
octane, and 0.0033 Hz/ppm with PDMS coated and 0.0055 Hz/ppm with
PEUT coated microcantilevers for toluene. Sensing gases with polymer
coated cantilevers were subjected to many other studies. In another
one, variations in resonance frequency resulting from adsorption of gas
molecules on a polymer-coated cantilever were examined [130]. The
study was carried out for volatile organic compounds such as n-octane,
n-butanol and toluene, employing the first higher resonance mode of
the cantilevers. The sensitivity of the prepared system was determined
as 0.0988 Hz/ppm for low concentrations of n-octane. It was also stated
that this sensitivity could be even lowered by changing the deposited

polymer mass.

Microcantilever sensors were also used in the determination of the pH of
the solution, employing silicon and silicon nitride cantilevers [131]. The
study was based on tracing the cantilever bending as a consequence of
different surface stress changes depending on solution’s pH. Charge
cumulated on modified cantilever’'s surface proportional with the
solution’s pH. Studies were performed for chemically (4-
aminobutyltriethoxysilane, 11- mercaptoundecanoic acid) and physically
(Au, Al) modified surfaces for a pH range of 2-12. SiO,/Au cantilevers
modified with aminosilane showed the best results for the pH range of
2-8, resulting with a cantilever deflection of 49 nm per pH unit, whereas
SioN4/Au  cantilevers modified with aminosilane gave a cantilever

deflection response of 30 nm per pH unit, for a range of 2-6 and 8-12.
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Employing cantilevers as bioassays was established to detect the
prostate cancer where prostate-specific antigen at a concentration of
100 ng/ml led to a frequency shift of 150 Hz [132]. Microcantilevers
were also employed in the immunosensor applications for bacteria
detection. Qualitative determination of Salmonella enterica bacteria via
modified silicon nitride cantilevers and determination of Bacillus
anthracis down to concentration of 300 spores/mL with piezoelectric-
excited millimetre-sized cantilever were successfully carried out [133]
[73]. Detection of myoglobin antibody with a concentration of 85 ng/mL
was accomplished using deflection of the cantilever [134]. Employing
the same method, detection of pesticide dichlorodiphenyltrichloroethane
(DDT) was carried out [135]. Protein detections and highly sensitive
glucose sensors using specificity of enzymes were established with
microcantilever sensing technology [136] [137]. A surface stress study
of microcantilevers during the generation of self-assembly 25-mer thiol-
modified DNA-oligo layer was investigated [138]. In a similar study,
nanomechanical bending of the cantilever was examined for DNA
applications. The presented cantilever arrays allow multiple binding
assays and are able to determine DNA down to femtomolar

concentrations [69].

2.5. Molecularly Imprinted Polymers and Their Fields of Use

Molecularly imprinted polymers (MIPs) are synthetic materials that are
formed to have specific recognition sites. The imprinted molecule’s high
affinity towards the binding sites results both from physical and
chemical interactions. MIPs can be employed in a number of areas such
as catalysis, extraction, purification and sensors. Their usage in sensors
as artificial binding layers, allow users to no longer need real
recognition elements. As llustrated in Figure 8, when the

polymerization process is completed, the template molecule is removed
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with desorption solutions and they leave physically and chemically

specific binding cavities behind them.

template

polymerlzatlon
removal

. .

Figure 8: Schematic representation for the preparation of MIPs.

Monomers of the MIPs are chosen in accordance with their capability to
interact with the functional groups of the template molecule to be
imprinted. The interaction between template and monomer must be
stable during the synthesis to be able to obtain homogenous population
of binding sites and to eliminate the non-specific binding sites. An
appropriate monomer-template complex must be arranged to make
cleavage and formation of covalent bond reversible under mild
conditions. Due to this requirement, the synthesis of MIPs is not an
easy process. Still, even though the mechanism of MIPs is a bit
challenging, their ability to mimic interactions that are originally
established by natural receptors is quite useful without having any
restriction regarding the stability. The MIPs synthesized show high
stability and are resistant to pH, solvent and temperature changes
[139].

The development of MIPs traces back to the studies of Polyakov and his
laboratory partners. During an experiment they explored that silica gels
showed high selectivity towards a solvent that was used in the
preparation of the gel. This finding was later on associated with organic
polymers by Wulff [140] and Haupt and Mocbach [141]. After their
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discovery, MIPs were started to be used in chromatographic studies
having the role as stationary phase. Along with this, they were begun to
be employed in separation processes like chromatographic separations
and purification elements for chiral separations to vyield racemic
resolution of drugs [142] [143].

Earliest experiments to benefit from recognition properties of MIPs for
chemical sensing include the potentiometric measurements for the
detection of enantiomeric separations using an HPLC column filled with
MIPs [144], ellipsometric measurements employing Vitamin K1
imprinted polymers [145] and permeability studies of MIP membranes
[146]. MIPs were also used quite commonly in solid phase extractions
where they served as sorbents promoting cleaning, pre-concentration
and extraction of target from the matrix. MIPs were even used as
mimicked enzymes, for which they gained catalytic properties [147].
Not long after, they were introduced to the field of biosensors, where
they served as alternatives to traditional recognition sections like
antibodies, proteins and so on. The very first MIP based electrochemical
sensor was established by Mosbach et al., which was a field effect
capacitor phenylalanine anilide sensor. This sensor was based on the
concept of detecting the decrease in capacitance when a target
molecule was injected to the system [148]. The trend was then head
towards the gold nanoparticle containing MIP based electrochemical
sensors for the chemical analysis [149] [150] [151]. Detection limit
down to 1.0x107 mol/L was reached employing this method. With a
similar approach, Gam-Derouich et al. established an MIP based
electrochemical sensor to detect dopamine where used gold
nanoparticles on a gold electrode. With this sensor a detection limit of
0.35 nmol/L was calculated owing to highly selective dopamine cavities
of the MIP [152]. Kan et al. also used MIPs for the recognition of
dopamine, this time by applying it on a glassy carbon electrode. The

developed sensor showed a linear response range of 5.0 x 1077 to 2.0
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x 10™* M [153]. MIPs were also employed in the clinical analysis. A MIP
based electrochemical sensor for the detection of streptomycin showed
linear response for a wide range of 1.0 x 107 -1.0 x 1073 mol L™! and

a detection limit of 1.5 x 107° mol L™! was reached [154].

Polar porogens, hydrophilic co-monomers and crosslinkers or monomers
that are designed to stoichiometrically interact with template molecule
allow the recognition of molecule of interest by MIP cavities in aqueous
media [155] [156] [157] [158] [159] [160]. As hydrophilic co-
monomers, 2-hydroxyethyl methacrylate or acrylamide etc. and as
cross-linkers pentaerythritoltriacrylate and methylene bis acrylamide
etc. can be used. Methacrylic acid (MAA) and ethylene glycol
dimethacrylate (EGDMA) are the most commonly used functional
monomer and cross-linker, respectively. Apart from them 4-
vinylpyridine (4-VP), 2-(trifluoromethyl)-acrylic acid (TFMAA) and
trimethylolpropane trimethacrylate (TRIM) can be used as monomer
and divinyl benzene (DVB), 2-hydroxyethyl methacrylate (HEMA) can be

used as crosslinker.

The most commonly used method to synthesize MIPs is the two phase
miniemulsion polymerization technique (Figure 9). In this method, two
different aqueous phases and an oil phase are used. The oil phase is the
one where the template molecule is added and is blended with the
functional monomer, crosslinking monomer and the co-monomer in a
certain ratio. This phase is then mixed with the first aqueous phase and
allowed for homogenization. Once this process is completed, the second
aqueous phase is combined with the mixture of first and oil phases and
blended with a magnetic stirrer. Then, the polymerization mixture is
heated to a certain temperature to allow polymerization to take place.
In the last step, the initiator pair is added to the resulting blend and the
polymerization progress is let for the next 24 hours (the duration may

vary depending on the reaction) [161]. Characterization of the prepared
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MIPs can be carried out with a number of devices. For instance; Fourier
Transform Infrared Spectroscopy (FTIR) can be employed for the
detection of unstable substances and more importantly to enlighten the
mechanism of chemical reactions. The size and dispersity of the MIPs
can be checked with Zetasizer, which measures the average size and
polydispersity index of the synthesized MIP particles. Scanning Electron
Microscopy (SEM) can be employed to characterize the size, morphology
and the degree of aggregation of the MIP particles immobilized on a

surface.

sonication
R ——
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—monomer(s)
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Aqueous phases dispersed in water dispersed in water

phase urfactant

Figure 9: Diagram for the miniemulsion polymerization.

The phenomenal stability of MIPs, their tailor-made feature and low

price make them notably suitable for sensor applications.

2.6. Towards the Combination of Micromechanical Systems
and MIPs

The very first MIP combined sensor reported had capacitance features
[148]. The system was composed of a thin phenylalanine anilide
imprinted polymer membrane with a field effect capacitor. The analyte
adsorption led to variations in capacitance, which enabled qualitative

detection of the molecule of interest. The capacitive detection approach
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was employed by other researchers as well. For instance, phenol was
electropolymerized and used as receptor layer at gold electrodes with
the existence of phenylalanine and insulating properties of the polymer

layers were studied [162].

During the period between 1997-2000, mass-sensitive acoustic
transducers like Love-wave oscillator [163], Surface-Acoustic Wave
(SAW) oscillator [164] [165] and QCM [164] [165] [166] [167] [168]
[169] [170] became quite popular for their usage in MIP based sensors.
One of the first examples where MIPs met mass-sensitive transducers
was by Dickert et al [164]. In the study, MIP technology was applied to
QCM and SAW oscillator, both consisting of quartz substrate which
undergoes deformation when electrodes are exposed to an altering
voltage. The resonance frequency of both devices change with their
masses, therefore, adsorption and desorption could be easily tracked.
In the study, the sensitivity of 10 MHz QCMs and 433 MHz SAWSs in
organic solvent vapour detection were compared in respect of the
dependency on sensitivity of the device’s oscillation frequency. This
approach was followed by Haupt et al., where an enantioselective
chemical sensor was developed [167]. The sensor was based on MIPs
and QCM, which were the recognition element and the transducer,
respectively. The increase in the polymer's mass resulting from
adsorption of analyte was detected with piezoelectric microgravimetry
employing QCM. The sensor could distinguish R- and S-propanol
enantiomers in acidified acetonitrile solutions due to the
enantioselectivity of the imprinted cavities of MIPs. The detection limit

of the sensor was determined as 50 mmol/L.

Even though MIP based multisensors were foreseen quite a while ago
[171], merely a single study was reported which may be specified as
MIP multisensor [172]. Up to that point, optofluidic systems were not

yet used in on-chip sample preparations. In that study, microfluidics
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were combined with MIPs for the detection of cholesterol, progesterone
and testosterone simultaneously, employing Surface Plasmon
Resonance (SPR) [172].

A crucial factor during the establishment of MIP sensors is the proper
combination of polymer with the transducer. Mostly, MIP should touch
to transducer’s surface. Integrating this stage in an automated design
process would make the work easier. The polymer may be allowed to
forn in situ at the transducer’s surface or the surface itself may be
coated with the polymer [173]. In situ formation of polymer may be
performed with electropolymerization over a conducting surface such as
gold [162] [168]. This technique, however, requires specialized polymer
prescription. Rather applicable techniques are standard surface coatings
including spin and spray coating [163] [164]. Using these methods,
polymer coatings can be thin and homogeneous. Another method to
produce a polymer layer over a flat surface is called the sandwich
method. The polymer solution is poured between the flat surface (like a
glass or a quartz disk) and the transducer and the process is initiated
[167] [174].

Being a new research area, combination of microcantilevers and MIPs
has only been subjected to a few studies. Usage of MIP arrays as
sensors in an applicable form has always been a challenge.
Nonetheless, the first study was revealed in 2006 by Johansson et al.,
where a polymeric cantilever-based biosensor was prepared [175].
Surface stress changes due to binding of biomolecules to the cantilever’
surface was detected using a SU-8 cantilever with integrated
piezoresistors. Surface stress changes of around 0.1 N/m were recorded
for the detection of mercaptohexanol. It should be noted that SU-8 is a
photoplastic polymer and provides a wide range of application areas in
microtechnology [176]. SU-8 cantilevers were also used in another

study where they were fabricated and processed and investigated over

30



a certain period of time in terms of initial bending, release and time
stability [177]. SU-8 cantilevers were fabricated employing dry release
method and two step photolithography. The processing was optimized
in order to obtain low initial bending resulting from residual stress
gradients. Finally, SU-8 cantilevers were used to develop ultrasensitive
nanomechanical cantilever sensor system. An organic field effect
transistor sensitive to strain was integrated in a polymer
nanomechanical cantilever [178]. The sensor developed had a surface
stress sensitivity of 401 [mN/m]* with low-noise floor and became a
potential biochemical sensor with a minimal measurable surface stress
in the range of 0.18 mN/m.

After the breakthrough in the combination of polymers with variety of
sensor systems, Ayela et al. combined the resonant piezoelectric
micromembranes with MIPs [179]. They showed the first experimental
proof-of-concept for MIP combined resonant MEMS. The
micromembrane arrays were fabricated and covered in MIPs employing
a cantilever array based deposition tool. The MIP dribbles were then
polymerized with the exposure of UV light. To record the dynamic
characteristics of MIPs throughout the polymerization process, an
electronic setup was used which provided the multiplexed online tracing
of micromembranes’ resonance frequency. During polymerization,
resonance frequency was said to be increased dramatically. It was
estimated that a stiffness increase induced the rise in frequency. Layer
enhancement via cross-linking polymerization seemed to be responsible
for the increase in resonance frequency. The online tracing of the
polymerization progress provided background information regarding the
minimum amount of time for polymerization to take place. Results
showed that the frequency values recorded afterwards the dribble
addition and polymerization was linearly dependent on the added
amount of the precursor solution. The verification of the results was
carried out by the negligible frequency variation for the non-

functionalized micromembranes. Dip-and-dry technique was employed
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during the binding experiments. The changes in frequency were
recorded as the template molecule was adsorbed and desorbed. After
the first washing step where the template molecule was desorbed from
the MIP cavities, a large increase in frequency was observed whereas
smaller change was observed for the non-imprinted polymer (NIP)
membrane. Because the resonance frequency did not produce the post-
polymerization value after the incubation, the statement was made that
the effectivity of binding sites in the course of the imprinting was below
100%. The standard deviation was calculated as 1.7 kHz after four
adsorption and desorption cycles, which was less than 0.3% of the
post-polymerization value. The group concluded that the low power
consumption and stability of the MIP based MEMS as acoustic

transducers showed great potential in biomimetic sensor systems.

In a further study by Ayela et al., cantilevers were fabricated directly
with MIPs using an all-organic approach [180]. In the study, high cost
equipment problem in the patterning of MIPs was solved by employing
the shadow masking printing method. First flexible microstencil was
fabricated by photolithography using highly cross linked negative epoxy
based photoresist SU-8. Once the photopolymerization was complete,
resultant MIP patterns were transformed onto cantilevers by
superimposing thick SU-8 supports. The working mechanism of the
prepared sensor system relies on the dynamic sensing mode; that is,
the binding of template into cavities of imprinted polymer leads to a
direct mass change which then changes the resonance frequency of the
MIP cantilever. However, there exists a possibility to observe changes in
viscoelasticity of the material as well. For the validation of the sensor
system, a low molecular weight analyte was chosen. NIP cantilevers and
opposite enantiomer of the analyte were also used for the control
studies to check the specificity and selectivity, respectively. Results
showed that the relative shift in frequency was much larger in MIP

cantilever than that of the NIP cantilever. In liquid experiments, no
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specificity was obtained; as the analyte was adsorbed equally by both
MIP and NIP cantilevers. This situation was guessed to be due to the
non-specific hydrophobic interactions. The limit of detection (LoD) of

the prepared sensor was determined as 100 nM.
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3. MATERIALS AND METHODS

3.1. Materials

The functional monomer, co-monomer, and crosslinker used for the
synthesis of MIPs, namely methylacrylic acid (MAA), 2-hydroxyethyl
methacrylate (HEMA) and ethylene glycol dimethacrylate (EGDMA) were
purchased from Sigma (St. Louis, MO, USA).Template molecules CPX
and ERY were purchased from Sigma-Aldrich (St. Louis, MO, USA). CPX
stock solution was prepared by dissolving CPX (0.005 g) in 50 mL
acetate buffer at pH 4.7 to make the final concentration 300 pM (100
ppm) and two different stock solutions of ERY were prepared by
dissolving ERY (0.005 g) in 50 mL ethanol (EtOH) and hydrochloric acid
(HCI) to make the final concentration 136 yM (100 ppm). Acetic Acid
(HAc) was obtained from Fluka (St. Gallen, Switzerland) and EtOH and
HClI were purchased from Sigma-Aldrich (St. Louis, MO, USA). All
solutions were prepared with ultra-pure water obtained from Milli-Q
water purification system (Millipore Corp., Bedford, MA) with resistivity
of 18.2 MQ2 cm. Methanol (MeOH) used in the preparation of desorption
solution was purchased from Sigma-Aldrich (St. Louis, MO, USA). A
mixture of MeOH:HAc (9:1, v/v) was prepared as the desorption
solution [181] [182]. (3-Aminopropyl)triethoxysilane (APTES) and
trimethylamine (TEA) used in amination process and the chemicals used
in activation step; N-Hydroxysuccinimide (NHS), N-(3-dimethyl
aminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and phosphate
buffered saline (PBS) were all obtained from Sigma-Aldrich (St. Louis,
MO, USA). It should be noted that APTES, TEA and EDC must be
handled in fume hood only. EDC box should be filled with Argon after
use, and must be sealed properly. All-In-One-Al-Tipless Budget Sensors

AFM chips were purchased from NanoAndMore (Wetzlar, Germany).
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3.2. Preparation and Characterization of CPX and ERY
Imprinted Polymeric Nanoparticles

3.2.1. Preparation of CPX and ERY Imprinted Polymeric
Nanoparticles

Both MIPs were synthesized with two phase miniemulsion
polymerization technique. In the preparation of CPX imprinted polymeric
nanoparticles (CPX-IPN) (Figure 10), first agueous phase was obtained
by dissolving polyvinyl alcohol (PVA) (93.75 mg), sodium dodecyl
sulphate (SDS) (14.425 mg) and sodium bicarbonate (11.725 mg) in
5mL ultra-pure water. Dissolving PVA (50 mg) and SDS (50 mg) in
ultra-pure water (100 mL) gave the second phase. 100 pmol CPX and
254.1 yL of MAA were mixed with a molar ratio of 1:16 for the oil
phase. 1.05 mL EGDMA and 225 pL HEMA were then added to this
mixture. The oil phase then mixed with the first aqueous phase and in
order to initiate the miniemulsion, a homogenizer was used at 2500 rpm
(T10, 1ka, Labortechnik, Germany). As soon as the homogenization
was complete, the resulting mixture was combined with the second
aqueous phase in a magnetic stirrer (Radleys Carousel 6, UK). The final
mixture was stirred at 600 rpm while heated to 40 °C slowly, at which
the polymerization process begins. Lastly, the initiator pair of 125 mg
sodium bisulfide and 125 mg ammonium persulfate was added and the
polymerization was allowed to continue for the next 24 hours. To
remove the un-polymerized particles, prepared polymeric nanoparticles
were centrifuged at 26500 rpm (Allegra- 64 R Beckman Coulter, USA)
for an hour. After the first centrifuge, particles were rinsed in order to
remove the unreacted monomers, surfactants and initiators by using
water: EtOH (1:1, v/v) mixture. The template removal was performed
washing the particles with desorption solution and centrifuging after
each step until a clear solution was obtained. The washed particles were

dispersed in ultra-pure water and stored at 4 °C.
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The non-imprinted polymeric nanoparticles were synthesized with the

same procedure in the absence of the template molecule [183].

Figure 10: Schematic representation of CPX-IPN.

The ERY imprinted polymeric nanoparticles (ERY-IPN) (Figure 11) were
prepared likewise. First aqueous phase was obtained by dissolving PVA
(93.75 mg), SDS (14.425 mg) and sodium bicarbonate (11.725 mg) in
5 mL ultra-pure water. Second aqueous phase was then obtained by
dissolving PVA and SDS (50 mg each) in 100 mL ultra-pure water. For
the organic phase, 190 pyL MAA, 225 pL HEMA and 1.05 mL EGDMA
were mixed. The molar ratio between monomer and template was again
set to 1:16, for this purpose 100 mg ERY (135 pmol) was added to the
organic phase. The organic phase was then combined with the first
aqueous phase. In order to initiate the miniemulsion, the mixture was
placed into a homogenizer (T10, 1ka, Labortechnik, Germany) and
homogenized at 2500 rpm. The resulting mixture was merged with the
second aqueous phase after the homogenization and stirred at 600 rpm
in @ magnetic stirrer (Radleys Carousel 6, UK) and heated to 40 °C.
Lastly, initiators sodium bisulfide (125 mg) and ammonium persulfate
(125 mg) were added and left untouched for the next 24 hours. Once

the polymerization was complete, the large particles were removed by

36



centrifuging at 5000 rpm. The left nanoparticles were then centrifuged
for 90 min at 26500 rpm (Allegra-64R Beckman, Coulter, USA). In order
to remove the unreacted monomers, surfactants and initiator, the
particles were washed with water:EtOH (1:1, v/v). Finally, the particles
were washed with ultra-pure water until a clear solution was obtained.
The washed nanoparticles were dispersed in ultra-pure water and stored
at 4 °C. The non-imprinted polymeric nanoparticles were synthesized
with the same procedure in the absence of the template molecule
[161].

Erythromycin
(ERY)

Figure 11: Schematic representation of ERY-IPN.
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3.2.2. Characterization of CPX and ERY Imprinted Polymeric
Nanoparticles

Characterization was performed by using several instruments. Size
distribution was done by Nano Zetasizer (NanoS, Malvern Instruments,
London, UK). Light scattering from the nanoparticle solution measured
at an incident angle of 90° at 25°C. Each result was obtained by
calculating the average value of three measurements. In order to
analyse the functional groups present, Fourier Transform Infrared
Spectrometer (FTIR, Thermo Fisher Scientific, MA, USA) was used. For
this investigation, a homogeneous MIP/KBr was mixture was prepared.
The samples to be tested were processed by blending 2 mg MIP with 98
mg KBr, from which disks were formed. Spectra from surface were
collected at 2 cm™ resolution within the range of 650-4000 cm™ [161].

3.3. Instruments and Setup

All-In-One-Al-Tipless chips have four cantilevers with 15, 80, 150 and
350 kHz frequencies (Figure 12). These cantilevers have different
lengths and spring constants. The cantilever D and C, which have the
highest frequency values were chosen for dynamic mode experiments in
air, as they give the highest quality factor, which directly affects the
sensitivity of the sensor system. The binding experiments were carried
out employing the dynamic mode, which were performed using Atomic
Force Microscopy (Nanomagnetics Instruments, Ankara, Turkey) (Figure

12). The excitation amplitude was set to 100% during all experiments.
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Figure 12: Real images of AFM used during validation studies; a)
without and b) with the cantilever holder apparatus.
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Figure 13: SEM image of the AFM chip (left) and cantilevers used
(right). (http://www.nanoandmore.com/AFM-Probe-All-In-One-Al-
Tipless.html)

3.3.1. Preparation of and Characterization over
Microcantilever Sensor System

Immobilization of the MIPs on the surface of the cantilevers was

performed in three different approaches.

v' In the first method, 50 pL of MIP nanoparticles were dropped on
the cantilevers. After 30 min, the cantilevers were washed with

ultra-pure water.

v In second method, 50 pL of MIP nanoparticles were similarly
dropped on the cantilevers, however this time the cantilevers
were then exposed to UV light and the nanoparticles were allowed

to dry on them.

v' In the third method, covalent immobilization of MIP nanoparticles
onto surface of cantilever via EDC/NHS activation. Cantilevers
must be cleaned before being subjected to any functionalization.
Therefore, all chips were first left in chloroform for 5 min for 3
times to remove any unwanted residues. They were dried with
nitrogen immediately after. In order to attach the MIPs on

cantilevers covelently, the chip surface must be introduced with
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the amine groups. For the amination process, 30 pL APTES and 10
uL TEA was dropped separately in a Teflon® petri dish and placed
in an Argon-filled desiccator together with the chips (Figure 13).
Argon is an inert gas that allows for a better environment for the
reaction to take place. After 2 hours, Teflon® petri dish was taken
from the desiccator and the chips were left for the following 2
days to undergo the curing process [184]. The APTES modification
provides a better control over the chemistry of the surface, as it

acts like a self-assembled monolayer.
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Figure 14: Schematic representation of the amination process.
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Figure 15: Schematic representation of the aminated cantilever surface.

41



"uoIlBAIIDE SHN/DAT JO uleys uoidead dnewsyds 91 a4nbid

P

a3 NHD

uoqg aplwe 49359 SHN 0 \J
pUog opt ¢ aAIdRAI-3UIWEe | ) "Ho—N
d|ge1s HN /N HN Gt

9|qe)s-1wag L . HY'HD
" I

*Ho—N

0 -
H nw O — , Y —.\_.U N 0 AWMH! /UmI
N pua sulwe 3214 =N &u HD D)
SHN €
\fo A 19159
3 a
0 L N eainosijkoe-o [ smsjow

dA1}OR3I 3|qeISUN O ajeihxoquer

42



Normally, a template-monomer ratio of 1:8 is sufficient for imprinted
polymers to form. Yet, covalent attachment of the polymeric
nanoparticles requires the wusage of carboxyl groups of the
nanoparticles. These groups are also responsible for capturing the
template molecules. Therefore, in order to create additional carboxyl
groups this ratio was increased to 1:16. Thus, further carboxyl groups
were formed to adsorb the template molecules, while the rest of these
groups were being used to their covalent attachment on the surface of

the cantilever.

Conjugation of carboxyl groups within the MIPs to primary amines
formed on the surface of the cantilever was provided by carbodiimide
crosslinking agent EDC, which activates the carboxyl groups for
spontaneous reaction. NHS converts the carboxyl groups into amine-
reactive NHS esters to predispose MIPs for immobilization (Figure 14).
For this reaction chain, 31.25 mM EDC and 6.25 mM NHS were mixed
with MIPs in 10 mM PBS buffer and allowed to stay together for 2 hours.
The excess EDC and NHS were then removed from the mixture by
centrifuging and the pellet was re-suspended in PBS buffer at pH 6.0.
The APTES coated chips were left in this solution overnight for
immobilization of MIPs to take place on the surface (Figure 15). It
should be noted that pH is a significant parameter during this process.

The ligand must uncharged for reaction with activated ester to occur.
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Figure 17: Schematic representation of the immobilization of MIP
nanoparticles on the aminated surface of a cantilever.

To investigate the shape and localization of the MIPs and their level of
aggregation Scanning Electron Microscope (SEM) was used. Imaging
with SEM (JEOL JSM 5600, Tokyo, Japan) was performed for the
cantilevers with MIPs immobilized on. The morphology and distribution
of the MIPs immobilized on the cantilever was characterized by AFM
(Agilent, 5500, USA).

3.3.2. Validation of Microcantilever Sensor System

Validation of microcantilever sensor system was performed both in
liquid and in air. Also, an online immobilization of MIP nanoparticles on
the cantilever surface was recorded. For the real-time MIP
immobilization, first the cantilever was oscillated in 1 mL of 0.01 M PBS
buffer until the system reached equilibrium. Once a stable signal was
obtained, 350 pL of the activation solution (EDC and NHS in 0.01 M PBS
buffer) together with 350 ul of MIP solution was delivered to the system

and left for 30 min for reactions to set in.

In air measurements, cantilevers were excited at their resonance
frequencies. By doing a narrow scanning, exact frequencies of the

cantilevers were determined. For the binding experiments in air, dip-

44



and-dry method was used. In a detailed manner, first the cantilevers
were dipped into 500 uL of template molecule solution and left in it for
10 min to allow for adsorption to take place. Then, they were washed
with buffer solutions (acetate buffer for CPX molecule and HCI or EtOH
for ERY molecule) and ultra-pure water to eliminate the nonspecific
interactions and dried with nitrogen immediately afterwards. This
procedure was repeated for all concentrations (0.5, 1, 5, 10, 20, 50
ppm). For the desorption process of the template molecules, the same
method was followed; cantilevers were immersed in the desorption
solution for 30 min and dried with nitrogen subsequently. Before and

after each step, the cantilever resonance frequencies were recorded.

For the real-time detection of template molecules in aqueous media,
MIP modified AFM chips were placed into the liquid cell of the device,
which has a liquid capacity of 2 mL. The system was first introduced
with the buffer solution specially chosen for the analyte of interest; that
is 100 mM acetate buffer for CPX molecule. For ERY molecule, either
HCl or EtOH could be used; however both these chemicals harm the
epoxy of the cantilever holder. Therefore, the liquid measurements were
only performed for CPX molecule. Once a stable signal was obtained,
different concentrations of CPX molecule in 100 mM acetate buffer was
delivered into the system at a constant rate of 5 ulL/min. When the
adsorption took place and a shift in frequency was observed, 100 mM
acetate buffer was send to the system once more to wash the
nonspecific interactions away by using ultra-pure water. The final

frequency was recorded when the signal was stable again.

Throughout the study temperature was set to 25.0 £ 0.1 °C. Calibration
curve was drawn by calculating the frequency shifts. The adsorbed mass

(Am) and the limit of detection (LoD) were calculated via this curve.
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4. RESULTS, DISCUSSIONS AND CONCLUSION

4.1. Results and Discussions
4.1.1. Characterizations

4.1.1.1. Characterization of Ciprofloxacin Imprinted
Polymeric Nanoparticles

The polymerization process of CPX-IPN resulted in a narrow size
distribution with a polydispersity index of 0.210 and average diameter
of around 110.20 nm as determined by the Nano Zetasizer (Figure 16).
Same analysis was also performed for the NIPs in which their
polydispersity index and average diameter was found to be 0.256 and
100.53 nm, respectively. FTIR spectroscopy was used to obtain the
chemical characterization of MIPs and NIPs (Figure 17). Because both
polymers were synthesized using same functional monomer and
crosslinker, namely MAA and EGDMA, their FTIR spectra were similar.
The most prominent bands in both spectra were observed to be the O-H
stretching bands at around 3200-3300 cm™, which correspond to the
MAA hydroxyl group. The aliphatic C-H stretching (around 2900-3000
cm?) and bending (around 1150-1250 cm™') bands observed
correspond to the methyl groups of MAA and EGDMA. The C=0
stretching bands (1700-1750 cm™) and the C-O stretching bands
(1150-1250 cm™) correspond to the carbonyl and carboxyl groups of
MAA and EGDMA. Overall, both spectra proved that functional monomer
MAA was found in both MIP and NIP nanoparticles.
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Figure 18: Zetasizer results of a)CPX-IPN, b) NIPs.
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Figure 19: FTIR spectrum of CPX-IPN (upper) and NIP (lower).

4.1.1.2. Characterization of Erythromycin Imprinted
Polymeric Nanoparticles

The configuration of the synthesized polymeric nanoparticles was
carried out with Zetasizer by Sari et al. [161] (Figure 18). The
polydispersity index of ERY-IPN and NIP were determined as 0.134 and
0.132, respectively. The average size of MIP and NIP nanoparticles were
found as 42.60 nm and 41.25 nm, respectively. The chemical structures
of the ERY-IPN and NIP were revealed using FTIR spectroscopy by Sari
et al. [161] (Figure 19). Due to almost-the-same synthesis procedure,
both spectra were again quite similar. The common bands in these
spectra can be listed as following; aliphatic C-H stretching bands at
2950 cm™ due to methyl group and C=0 stretching bands at 1720 cm™
due to MAA and EGDMA carbonyl group, O-H stretching bands at 3440
cm™ due to hydroxyl group and C-O stretching bands at 1250 cm™ due
to MAA carboxyl group, C-O stretching bands at 1130 cm™ due to
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EGDMA ester group. The listed bands in indicate that functional

monomer MAA was found in MIP and NIP nanoparticles [161].
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Figure 20: Zetasizer results of a) ERY-IPN, b) NIPs [161].
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Figure 21: FTIR spectrum of ERY-IPN (upper) and NIPs (lower) [161].

4.1.1.3. Characterization of MIP Modified Microcantilevers

Size and distribution characterization of the immobilized MIPs was
carried out with SEM. To begin with, surface of a bare cantilever was
imaged with SEM (Figure 20). Three different immobilization
approaches explained in detail in Materials and Methods section were
performed for the CPX-IPN to see how each approach result in and to
make a decision on which method to continue with, as they were larger

in size.
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Figure 22: SEM image of the bare cantilever without any MIP

nanoparticles immobilized.

The SEM images of the cantilever that was prepared using the first
approach showed that direct incubation of nanoparticles does not work,
as significant amount of the particles was removed from the surface
after the washing step. Moreover, no difference was observed in the
resonance frequency, which meant that there wasn’t any load resulting
from the immobilization of the MIP nanoparticles since they were
washed away. The SEM images of the cantilever that was prepared
using the second approach showed that drying the MIP nanoparticles on
the surface by exposing it to UV light resulted in over-accumulation and
multilayer coverage. Also, the cantilever’s resonance frequency shift
after the immobilization was too large, and the reading changed in each
measurement. These obtaining showed that the physical immobilization
techniques listed above do not work properly; therefore these methods
can and should not be used as immobilization methods for the further

experiments in the validation of the sensor system.

The SEM images of the cantilever that was prepared using the third
approach were agreed to be promising (Figure 21). Characterization of

the cantilever prepared with the third method was carried out with both
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SEM and AFM, where shape, size, dispersity and layer properties were
investigated. The CPX-IPN were found to be spherical in shape and to
have size of around 160 nm by SEM images. Same characterization

results displayed that the particles showed high monodispersity.

200 nm
—

—_ EHT = 15.00 kV Mag = 20.00 K X

EHT = 15.00 kv Mag = 120.00K X

Figure 23: a) SEM image of the cantilever with CPX-IPN immobilized on
via EDC/NHS activation, b) zoomed in version of the particles.

The MIPs-modified cantilever surface was scanned with AFM (Figure
22). According to the line profile obtained from the AFM image, a
monolayer surface coverage was accomplished. Roughness of the
surface has a significant role in the determination of functional
performance of the device. It shows the shagginess of the immobilized
nanoparticles on the surface. The roughness value of the bare cantilever
in terms of Root Mean Square (RMS) was determined to be
approximately 2.3+0.1 nm, whereas this value was increased to
7.4£0.5 nm after the immobilization of MIP nanoparticles using the
third method, namely the EDS/NHS activation.
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Figure 24: a) AFM image of CPX-IPN immobilized on the cantilever
via EDC/NHS activation, b) line profile of the AFM image.

Having determined the proper immobilization technique for the MIPs,
preparation of ERY-IPN modified cantilever was directly carried out
using EDC/NHS activation. Size and distribution of the particles were
once more characterized with SEM (Figure 23). This time however, the
SEM imaging process was rather difficult because the ERY-IPN were too
small. SEM investigation of the cantilever showed that the particles

were spherical and around 30 nm.
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Figure 25: a) SEM image of the -cantilever with ERY-IPN
immobilized on via EDC/NHS activation, b) zoomed in version of the
particles.

Further characterization of the particles on the cantilever surface was
performed with AFM (Figure 24). The AFM images showed that a
monolayer surface coverage was accomplished. The RMS roughness of
the bare cantilever surface was previously determined as approximately
2.3£0.1 nm, while this value went up to 4.3£0.3 nm after the

immobilization of MIP nanoparticles.
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Figure 26: a) AFM image of ERY-IPN immobilized on the cantilever via
EDC/NHS activation, b) line profile of the AFM image.

4.1.2. Validation of the Microcantilever Sensor System

4.1.2.1. Validation of CPX Specific Microcantilever Sensor

In all binding studies, whether it was performed in air or in liquid,
cantilever with highest nominal frequency (D), 350 kHz, was used. This
was mainly because it yielded the highest Q of 603.43, which is one of
the most important parameters in these type of studies. The exact
resonance frequency of the cantilever was determined as 410.5+0.01
kHz in air (Figure 25a). In validation studies in air, frequency shift
resulted from the particles was determined by checking the cantilever’s

frequency before and after the immobilization process.
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For the liquid studies, first the immobilization of the CPX-IPN was
recorded online (Figure 26). It took around 22 min for particles to be
immobilized on the surface. The frequency shift obtained was around
480 Hz. However, it was noticed that there was huge amount of noise
during this online recording. The noise itself had an effect of
approximately 50 Hz in liquid system while performing binding studies.
This high noise, arising from the device and the system, unfortunately
would prevent the further frequency change analysis. Another reason
why validation studies could not be performed in liquid was that
desorption solution contained MeOH, and alcohol dissolved the epoxy of
the cantilever holder mechanism. For this reason, the desorption step,
where the molecules were desorbed from the cavities, could not be
performed in online measurements. Nonetheless, a binding study was
carried out in liquid just to have an idea about the adsorption
behaviours of CPX on CPX-IPN cavities, that is; to determine the

duration of binding to take place.

57



600 -

CPX-IPN injection
400-
y
200-
N
<
u_ 0 ] ] ] 1
< 500 1000 \1 500 2000
-200- Time (s)
-400 -

Figure 28: Real-time immobilization of CPX-IPN on the cantilever
surface (in liquid).

Since the liquid system was problematic, the binding experiments were
decided to be carried out in air. Another reason to have moved on
carrying out the experiments in air was the Q. The Q value decreased
dramatically in liquid due to the liquid damping. This issue hinders the
possibility to detect small amount of molecules, which affects the
sensitivity of the sensor system [87]. High Q lowers the minimum
detectable resonance shift by increasing the frequency resolution. Even
though the liquid studies was not successful, they provided background
information regarding the time period required for binding to take place,
which was determined as 5 min. The incubation time of the cantilever in

CPX solution was therefore set to 5 min.

For the binding experiments in air, well-known dip-and-dry technique
was employed. First the change in frequency after the immobilization of
CPX-IPN was checked. The frequency was found to be decreased from
410.5 kHz to 410.1 kHz, resulting in a change of approximately 400 Hz
(Figure 25b). Frequency responses for the concentrations of 1.5, 3.0,
15.1, 30.1 and 60.4 pM CPX were recorded one by one. For these
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concentrations, frequency shifts of 48, 54, 62, 78 and 97 Hz were
recorded, respectively. The calibration graph was drawn using
frequency shifts (AF) and the corresponding concentration (C) (Figure
27a). The calibration curve presented high linearity and the sensor
system developed showed 98% accuracy for the given concentration
range. The total adsorbed mass on CPX-IPN for each concentration was
calculated using the AF values and Eqgn. 6. For the frequency shifts (AF)
of 48, 54, 62, 78 and 97 Hz, adsorbed masses (Am) of 18.4, 20.5,
24.1, 29.6 and 37.1 pg were calculated. The graph of AF versus Am
showed high linearity and the accuracy was calculated to the 99%
(Figure 27b). Using the same graph, the sensitivity of the sensor was
calculated as 2.2 Hz/pg. To calculate the LoD and LoQ values, cantilever
left oscillating in air the frequency shifts at equilibrium were recorded.
The LoD and LoQ values were found as 2.2 uM and 13.4 uM,

respectively.
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Figure 29: a) Calibration graph of the sensor system in air; frequency
shifts (AF) vs. concentrations (c), b) Graph of frequency shifts (AF) vs.
adsorbed masses (Am).

The selectivity and specificity of the microcantilever sensor system was
checked with another antibiotic, namely enrofloxacin (ENR) that is
chemically and physically similar to CPX and NIP nanoparticles,
respectively. These control studies were performed in air as well, using
the same cantilever and same technique. Single concentration, 3.0 uM,
was used during these experiments. The AF value was recorded as 54
Hz for 3.0 uM CPX, whereas for 3.0 uM ENR the shift as 8.1 Hz (Figure
28a). This showed that the affinity of ENR to CPX-IPN were 6.7 folds
lower than that of CPX. On the basis of same result, that is the AF value
of 54 Hz for 3.0 uM CPX, a shift of 11.8 Hz was obtained when 3.0 uM
CPX molecules were adsorbed to NIP nanoparticles (Figure 28b).
Therefore, the affinity of CPX to NIP nanoparticles was determined to be

4.6 folds Ilower compared to its affinity towards CPX-IPN.
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Figure 30: a) The AF resulting from binding of CPX and ENR molecules to
CRY-IPN, b) The AF resulting from binding of CPX molecule to CPX-IPN
and NIPs.

To investigate the change in frequency after each adsorption and
desorption step, the reusability studies were performed for a chosen
concentration. For this purpose, the same cantilever was incubated in
the same concentration (3.0 puM) of CPX and then in desorption
solution. This cycle was repeated 10 times. The AF responses for 3.0 uM
CPX were found as 54, 53.4, 53.2 and 52.2 Hz in air. In fifth trial, the
shift was only 23 Hz. This indicated that the sensor system prepared
works properly up to 4 times. After the fourth binding experiment a
reliable data could not be obtained. The relative standard deviation

(RSD %) was calculated as 1.41% after having used the sensor
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continuously for four times. If the fifth binding experiment was added to
the calculation, this value would be 28.67%. Explanation of this
phenomenon might be the damaged surface of the cantilever. That is,
after a number of uses the alcohol in desorption solution starts harming
the cantilever’s surface. The aluminium coverage of the cantilever might
be beginning to go through corrosion; therefore the physical properties
of the cantilever are changed. This in return affects the resonance
frequency features. Also, once the aluminium surface is harmed, the

MIPs might naturally be removed from the surface as well.

4.1.2.2. Validation of ERY Specific Microcantilever Sensor

For this part of the study, in all binding experiments cantilever with the
frequency of 150 kHz was used (this was mainly because cantilever D in
some chips in the new batch were damaged and not working properly).
Dynamic mode was employed during all measurements. As stated
earlier, parameters such as mass, dimension and especially the
resonance frequency affect the nature of the measurements. Therefore,
before starting the binding trials, the measurement of the resonance
frequency of the bare cantilever was performed to see whether it
matches the value provided by the producing company. Also, the
frequency after the immobilization of the nanoparticles was recorded as
well. The cantilever’s exact resonance frequency was determined as
164.4+£0.01 kHz in air (figure 29a). The value was within the range (70-
230 kHz), very close to the nominal value indeed, the measurements
were performed with this cantilever. Also, Q is a crucial parameter in
mass sensing applications, as explained in the Literature Review
section, for it provides a measurement tool for the energy loss [93]
[94] [95].The high Q values refer to low energy dissipations. The Q of
the cantilever was determined as 269.51, which was quite a high value

that would allow a good measurement environment.

62



RMS (V)

0.08 e . T
L a)
0.07 }
0.06 1 {0
) >
2 ! / \
T pgos §
i 004 $ /
E - N
=) L o _
g 003 ¢ .
O 3 A~ I .
0.02 § —
0.01 §
0.00 ¥ e R RIE
162.5 163.0 163.5 164.0 164.5 165.0 1655 166.0 166.5
Center Frequency (kHz)
RMS (V)
(s 7 —
t b)
0.050 % 4
0.045 ¢ | E
w X |
S I
= 0040 ¥ I :
£ o035 § |l :
g : |
& ooz % _ ]
uJ ; |
1 b
O o0.025 + | ‘ 1
E J
0.020 # I ;
0.015 £ Mo 4
0.010 + i } i ; i ;
140 150 160 170 180 190 200 210
Center Frequency (kHz)

Figure 31: The frequency values of the cantilever in air a) before and b)
after the immobilization of ERY-IPN.

It was found before that the prepared sensor system was not working
properly in liquid environment. However, since a different cantilever
was going to be used in this set of measurements, a trial for binding

experiments in liquid was performed. Another reason for that was to
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determine the adsorption and desorption periods of the molecules. The
amount of time required for ERY to bind to the cavities was found to be
very close to the value determined in the CPX specific sensor system

(approximately 5 min).

First air measurement was performed after the MIP nanoparticles were
immobilized on the cantilever surface via EDC/NHS activation, which
resulted in a resonance frequency and Q values of 164.0£0.01 kHz and
81.5 kHz, respectively. Therefore, the ERY-IPN were triggered a
frequency shift of approximately 400 Hz (Figure 29b). For the validation
studies in air, the sensor system response for a concentration range of
0.68-27.18 uM was recorded after each adsorption and desorption step.
The AF values for the concentrations of 0.68, 1.36, 6.79, 13.59 and
27.18 yM were found as 55.8, 72.6, 165.6, 357.4 and 485.4 Hz. The
calibration curve (AF vs C) was drawn using the data obtained (Figure
30a). The curve showed high linearity, which indicated that the sensor
system developed was working 96% accuracy for the given
concentration range. The total mass of the molecules (ERY) adsorbed
on the ERY-IPN was calculated using Eqn. 6. For the AF values of 55.8,
72.6, 165.6, 357.4 and 484.4 Hz, adsorbed masses (Am) of 35.3, 46,
104.9, 226.8 and 308.4 pg were calculated. A graph of AF vs Am was
drawn, from which a coefficient of determination (R?) of 1 was obtained
(Figure 30b). This indicated that the sensor model defines all variability
of the response data, which is Am, was around their mean value. Using
the data obtained (AF and Am), the sensitivity of the sensor was
calculated as 1.6 Hz/pg. For the determination of the LoD and LoQ,
cantilever was oscillated in air, and its behaviour was recorded. The
small changes in its frequency at equilibrium were measured. The LoD
and LoQ values of the sensor system were found as 1 yM and 3 uM,

respectively.
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Figure 32: a) Calibration graph of the sensor system in air; frequency
shifts (AF) vs. concentrations (c), b) Graph of frequency shifts (AF) vs.
adsorbed masses (Am).

A different antibiotic, Spiramycin (SPI), that is physically and chemically
similar to ERY and NIPs were used in binding studies to reveal the
selectivity and sensitivity. The binding affinities of SPI towards ERY-IPN
and ERY towards NIPs were determined in air measurements, using the
cantilever with same resonance frequency (150 kHz) and employing the

same methods and procedures. During these experiments, a single
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concentration (1.36 pM) was used. The AF response of ERY-IPN for 1.36
MM ERY and 1.36 pM SPI were determined as 72.6 Hz and 8.8 Hz,
respectively (Figure 31a). The AF values recorded from the adsorption
of 1.36 uM to ERY-IPN and NIPs were determined as 72.6 Hz and 23.8
Hz, respectively (Figure 31b). These results revealed that the affinity of
SPI towards ERY-IPN was about 8 folds lower than that of ERY, and the
affinity of ERY towards NIPs was about 3 folds lower than that of ERY-
IPN.
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Figure 33: a) The AF resulting from binding of ERY and SPI molecules to
ERY-IPN, b) The AF resulting from binding of ERY molecule to ERY-IPN
and NIPs.
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In order to investigate the reusability of the system, a cantilever was
used over and over again by exposing it to a certain concentration of
molecule. The frequency changes after each adsorption and desorption
step were recorded. Using the same technique, the cantilever was
exposed to 0.68 uM ERY to allow for adsorption and to desorption
solution, a mixture of MeOH:HAc (9:1, v/v) afterwards. This set of
adsorption-desorption experiments were repeated 5 times. AF values of
55.8, 56.7 and 54.9 Hz were recorded for the first 3 experiments.
However, after using the same cantilever for 3 times, the RSD% was
calculated as 1.89%. This means that the sensor system can be used up

to 3 times.

4.2. Conclusion

In this thesis study, MIP based microcantilever sensor system capable
of selective detection of antibiotics (CPX and ERY) in water resources
was designed and developed. In this respect, MIPs were synthesized,
characterized and covalently immobilized on a cantilever surface. A
homogeneous and monolayer surface coverage was successfully
accomplished via EDC/NHS activation method. An advantage of this
method lies within the immobilization technique where a significant
amount of energy required for the cleavage of covalent bonds. This type
of bonding becomes crucial when dealing with repeated adsorption-
desorption cycles in a designed system. In this developed sensor, the
template molecules are adsorbed to the cavities of MIPs and leave those
cavities with the help of desorption solution. The lasting of the
immobilized MIP nanoparticles during these cycles depends on the
mildness of desorption of the template molecules from the cavities
[185]. To break-off such affinity interactions, like between a molecule
and a cavity, require effective and harsh solutions, which was
determined as a mixture of MeOH and HAc in this case. Not harming the

surface coverage during this process is significant to preserve the
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stability and reusability of the sensor system. By using a covalent

attachment, these cycles were able to be performed troubleless.

During the immobilization, both sides of the cantilevers were exposed to
MIP nanoparticles. Accordingly, both sides of cantilevers were coated.
The SEM images showed that both MIPs were spherical in shape. The
CPX-IPN and ERY-IPN had sizes of around 160 nm and 30 nm,
respectively. The RMS roughness of the bare cantilever was determined
as 2.3x0.1 nm. The value went up to 7.4£0.5 nm and 4.3+£0.3 nm
when CPX-IPN and ERY-IPN were immobilized on the surface,
respectively. Essentially, both sensing modes (static deflection and
dynamic) can be employed in mass sensing applications. However, if
the static deflection mode was going to be used, recognition layer (MIP
nanoparticles) should be applied only to the one side of the cantilever.
Therefore, in this thesis, all measurements were performed using
dynamic sensing mode. Once the issue regarding the surface coverage
is solved, both bending and resonance frequency readouts can be

performed simultaneously [81].

The LoD of the sensor were calculated as 2.2 uM and 1 pM for CPX and
ERY systems, respectively. Sensitivities were determined as 2.2 Hz/pg
and 1.6 Hz/pg for CPX and ERY sensors, respectively. The LoD values
obtained in this thesis study can be lowered and better sensitivity can
be accomplished simply by changing the immobilization technique of
MIP nanoparticles on the surface of the cantilever. That is because,
when the MIPs are covalently attached on the surface, their carboxyl
groups are used. Those carboxyl groups are also responsible for
capturing the analyte (CPX and ERY). Therefore, if those carboxyl
groups, blocked during EDC/NHS activation, can be benefited from,

lower detection limits can be attained.

The development of polymer based electromechanical systems and the

combination of cantilevers with polymers are the new trend towards the
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detection of molecules with mechanical systems [179] [180]. These
systems enable tailor-made approaches for the detection of any

compound of interest in any environment.

The developed sensors for the selective determination of CPX and ERY
were found to be comparable with existing techniques in terms of
performance characteristics and reusability. It is a low-cost setup due to
the elimination of using a biological recognition layer and is a pioneer
system by being simple, reliable and time-efficient in the

microcantilever mass sensing applications.

The sensor designed in this thesis study eliminated the complicated and
elaborated system preparations by employing a rather practical
approach of direct immobilization of recognition element (MIP
nanoparticles) on the cantilever surface. Both the sensor system and
imprinting technology can be utilized for the detection of other PECs
and vast numbers of molecules such as; hormones, drugs, pathogens,

viruses and toxins in mass sensing applications.
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