Natural & Applied Sciences Journal, Vol. I, No. 1,1-8, 2019
Review Article DOI: 10.38061/idunas.579225

Plasma Polymerized Films for Mass Sensitive
Biosensors

Gizem Kaleli Can "1 "X/, Selma Mutlu 2 "2, Mehmet Mutlu 3

Abstract

Mass sensitive biosensors represent promising tool that used in many areas such as biomedical applications,
food, environmental, military and in other fields instead of conventional methods. However, surface modifications
are needed to design this rapid and reliable sensors. Plasma polymerization is a commonly used technology
which offers easily-controllable, environmentally friendly, and inexpensive processing of various materials when
compared to the wet chemical methods. This review includes working principle of mass sensitive biosensors,
surface modification of piezoelectric crystals by plasma technology and applications of these crystals as a mass
sensitive biosensor in biomedical applications.
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1. INTRODUCTION

The development of the microprocessor technology and biotechnology have affected the growth rate of biosensor technology
[1-2]. Biosensor technology can be used in different areas like biomedical applications, food, environmental, military and etc
[2-6]. Considering biomedical applications in particular, target analytes that are indicators of a disease, biological and chemical
contaminants or disease-causing micro-organisms should be determined for disease monitoring [7]. Conventional methods used
during the detection of these markers have some drawbacks arisen from a series of time-consuming procedure requirement and
the usage of complex devices including separative techniques coupled to various detectors such as GC, HPLC, MS, UV and etc.
when compared with biosensors [6,8-9]. Additionally, trained personnel are needed to operate time-consuming and complex
conventional systems. Due to the demand for rapid, sensitive, selective and accurate methods to detect these target analytes, the
development of biosensors became crucial [10].

In biosensors, there are five different transduction system which is known as electrochemical, electrical, piezoelectric
(mass-sensitive), thermometric (calorimetric) or optical biosensors [11]. Among these types of biosensors, mass sensitive
biosensors are used in many studies due to their high sensitivity, selectivity, label-free operation and low cost [6]. Quartz crystal
microbalance (QCM) is the most preferred type of crystal used in mass-sensitive biosensors.

The working principle of QCM can be summarized that the damping in oscillation frequency is proportional with the
adsorption of material on the surface of the crystals. It is reported that when an 9 MHz of AT-cut quartz crystal is used as a
crystal, the adsorption of mass about 1 ng changes frequency shift of 1 Hz [12-13]. In recent years, the quartz tuning fork (QTF),
which has the same working principle as QCM, has shown that it can be an alternative to QCM by drawing attention to its high
sensitivity due to its high-quality factor (QF 10000-7000), high frequency stability, sharp frequency response, repeatability in
measurements, convenience for mass detection and low cost. These features of QTF, both quartz and fork-like geometry, allow
it to pass in front of silicon cantilever and QCM as an inverter. To obtain mass sensitive sensor with good performance for both
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crystals, a properly designed biosensor is essential [14].

Surface modification of piezoelectric crystal is crucial step to turn crystals sensing platform to bio-sensing. Many
polymeric layers such as cellulose acetate, polyurethane, polystyrene, polyethylene amine, polybutyl methacrylate, polyvinyl
formal/ethylal, polyvinylalcohol, and polyethyleneimine have been used for the creation of interface for immobilization of
bioreceptor [15-22]. Additionally, many coating methods like silanization, immobilization on the pre-coated crystal, entrapment,
or cross-linking methods are used to immobilize bioreceptor such as antibody, aptamer and nucleic acids onto the quartz crystal
[6, 16, 18-20, 22-24]. However, at the end of these techniques, thicker films are obtained on the crystals’ surfaces which
diminishes performance by mass overload, and create a harsh environment, which reduces biological activity.

Nowadays, plasma technologies have been started to be used for the modification of the surface of the quartz crystal [14, 19,
25-32]. This technique give chance to cover the crystal surfaces with control film growth down to the angstrom (A) scale with
uniform coating, while preserving the bulk properties of the substrate material. The obtained layer enhances QCM sensitivity
and the immobilization capacity of bioactive agents by obtaining functional groups on recognition layers [22, 28, 33].

In this review, the principle of detection, surface modification of piezoelectric crystals by plasma technology and applications
of these crystals as a mass sensitive biosensor in biomedical applications are summarized in concept of the theory and the
literature in this field.

2. Working Principle of Mass Sensitive Biosensors

In both QCM and QTF biosensors, biological component is quantified by measuring the frequency change, which corresponds
to a mass change of the sensor surface. In this sensor type, no potentially hazardous-labeled materials are needed to be used
[34].

2.1 Detection Scheme of Quartz Crystal Microbalance

Quartz crystal placed in QCM device as a transducer. The preparation of this transducer is achieved by sandwiching of a quartz
crystal wafer between two metal electrodes like gold, silver, aluminum, or nickel [35]. Then, an external oscillator circuit are
connected to the electrodes and this circuit drives the quartz crystal at its resonant frequency. The resonant frequency of the
crystal is directly based on the properties of crystal like the cutting edge, thickness and etc. The quartz plates are used as a
biosensor are mostly 5, 9, or 10 MHz AT-cut quartz crystal.

The detection of biological molecule by quartz crystal microbalance (QCM) depends on the measurement of the mass
changes and physical properties of thin layers deposited on the crystal surfaces [36-38]. Therefore, these highly precise and
stable quartz crystal is a good transducer to be used as a biosensor by monitoring its frequency changes.

Sauerbrey described the working principle of the sensor for the gaseous phase by the relation between the mass loading on
quartz crystals and the corresponding change in resonant frequency of the crystal [39]:

Af=-2 f§ Am/A (Pq.uq)l/z

where Af is the frequency change of the crystal resonance, fj is the fundamental frequency of the crystal (in Hz), A is the
surface area (in cm?), Am is the deposited mass (in g), pq and p, is the properties of the density and the shear modulus of
crystal, respectively.

By inserting the values of properties (density, p,=2.648 g cm~3; shear modulus, t,=2.987x1011 g cm~'s™2) for an AT cut
crystal, the above relationship can be rearranged as:

Af=-227x107° f3 Am/A

The Sauerbrey equation gives the frequency shift measured in air corresponding the coated materials. The equation is
modified for the frequency measurement in liquid phase due to bulk liquid properties like conductivity, viscosity, density and
dielectric constant. In the liquid phase, the frequency shifts are determined by the Bruckenstein-Shay and Kanazawa-Gordon’s
equation as follows [31-32]:

Af = - fg/z(PLnL/npq.uq)l/z

where 1z and pr. are the absolute viscosity and density of the liquid, respectively [6].

2.2 Detection Scheme of Quartz Tuning Fork

Quartz tuning fork has become a widely used component in frequency measurement due to their high stability, quality factor,
accuracy and low power consumption. These forks have replaced the mechanical pendulum and spring used in watches since
the late 1960s, allowing the production of more stable watches. The key component of these high-stability watches, QTF, is
manufactured by mass production at low cost, making QTF use even more attractive [42-51].

Nowadays, QTFs have been started to be used as an alternative to microfabricated silicone in atomic force microscopy
cantilevers. However, QTF is one step ahead due to their quartz material and their fork-shaped geometry compared to silicone
cantilevers. The reason for this is explained by the fact that mechanical movement in QTF with two prongs, reducing the
damping and dramatic decrement of high-quality factor even in the air.
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Basically, the QTF consists of two forks which is coated with metal films. These forks vibrate under vacuum at a frequency
of 32758 Hz, moving lateral when stimulated by alternating current excitation voltage [14, 42-51]. When hermetic casing of the
QTFs were removed, resonance frequency of QTFs decreased due to air damping. This change not only affects the frequency
but also changes the quality factor (Qygcuum < 100,000 and Q; < 10,000).

As mentioned, the working principle of QTF is similar to that of QCM. However, there are very few studies on its use in
biosensors. The first and last use of QTF as a biosensor was performed by Su et al. (2002). In this study, anti-IgG was detected
on polystyrene modified surfaces and the responses of the decorated surfaces against immunoglobulin G (IgG) were tested. As
a result, it was found that the decorated QTF could work in the linear range of 5-100 ug ml~', but its reproducibility was low
(% CV =11% -16%). The reason of low reproducibility could be the nonhomogeneous polystyrene coating [52].

3. Surface Modification of Piezoelectric Crystals

Beside all advantages of both crystals in biosensor application, performance, reliability and stability of crystals have been
directly affected from surface modification steps required for the functionalization and activation of the QCM and QTF surface,
prior to bioreceptor immobilization. Therefore, to obtain highly sensitive and selective mass-sensitive biosensors for target
analyte detection, surface modification of the QCM and QTF to create a recognition layer is crucial.

Plasma treatments can advantageously replace thermal, radiative, or chemical processes for the surface modification of
materials. In fact, these treatments can be easily controlled and are environmentally friendly. Moreover, plasma modifies the
surface layer at a depth from 50 to 500 A, depending on power and time, leaves the bulk characteristic unaffected.

Plasma polymerized films are pinhole-free and highly cross-linked and therefore are insoluble, thermally stable, chemically
inert and mechanically tough. Furthermore, such films are often highly coherent and adherent to a variety of substrates including
conventional polymer, glass and metal surfaces. Depending upon the precursor that has been employed in plasma processing,
the surface energy would be increased many times or the chemical structure could be converted into branched molecule groups
to immobilize biological components such as antibody, enzyme, protein and etc.

3.1 Surface Modification of Piezoelectric Crystals by Plasma Technology

Fourth state of matter, plasma, is composed of excited atoms, molecules, ions and radicals [53-54]. Plasma state occurs with the
help of electrons generated by radio frequency (RF), microwave or hot filament discharge. This is a chaotic reactive chemical
medium in which many plasma-surface reactions take place. Intense amounts of ions and excited species in the plasma can
change the surface properties of even an inert material, ceramic [14, 53-54]. In addition, plasma techniques can successfully
modify many complex materials [14, 53-55].
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Figure 1. Schematic representation of the radio-frequency generated low-pressure plasma system.

Plasma techniques can make many changes such as changing the surface energy of the material, increasing the adhesion
strength and biocompatibility. In addition, as a result of plasma modification, inexpensive thin films can be produced independent
from the geometry of the material and structure of the material (metal, polymer, ceramic and / or composite). The most
important advantage of this technique is that it is possible to change the chemical, electrical, optical, mechanical and biological
structure of the material surface with high efficiency without affecting the bulk structure. This technique can be also used in the
microelectronics industry for surface sterilization and cleaning, modification of the surface with a specific pattern in the case of
masking [14, 53-54].
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After plasma phase is formed with plasma technology, various changes can be made on the surface by plasma spraying,
etching, cleaning, implantation and deposition [53]. Among them, plasma deposition has been mostly used in surface
modification of mass sensitive biosensor. Plasma deposition method is preferred in many areas because the obtained coating
may show completely different properties from the bulk. Inductively coupled plasma deposition, plasma-graft co-polymerization
and plasma polymerization are techniques used to perform this method [14, 53-54]

In plasma polymerization method, polymer synthesis from monomer is achieved with the help of energetic electrons, ions
and radicals found in chaotic plasma medium. Plasma polymerization is different compared to conventional polymerization
methods because of the existence of both ions and radicals. Generally, the chemical composition of polymeric thin film
produced by plasma polymerization differs from the polymer prepared by the conventional radical or ionic polymerization
reaction. This difference is caused by the polymer formation mechanism. Plasma polymerization with plasma includes some
steps like the formation of radicals from monomer by plasma activation, recombination of obtained radicals, and reactivation of
recombinant molecules. Unlike the polymer synthesized by conventional polymerization reactions, the plasma polymer consists
of repeating monomer units, highly cross-linked, fragmented and reordered complex units [14, 53-54].

4. Applications of plasma modified QCM and QTF in Biomedical Applications

In the literature, plasma modified mass sensitive biosensors used in biomedical application have been presented for detecting
genetically modified organism, human pathogen and mostly model protein, bovine serum albumin (BSA) over the past decade
[14, 19, 29-32]. A DNA biosensor, which uses single-stranded DNA probe to detect human pathogen, Vibrio parahaemolyticus,
based on a quartz crystal microbalance has been used. This single-stranded DNA probe was immobilized to QCM’s surface by
the help of functional groups formed by plasma polymerization of hexamethyldisilazane. After surface modification using
plasma deposition, sensitivity of QCM increased to 86 ng/ml and linear range was found 86-468 ng/mL [29]. The other
research was about the producing DNA biosensor to detect CaMV 35S promoter sequence (P35S) which is commonly inserted
in the genome of the GMO regulating the transgene expression and the performance of the biosensor was evaluated with
genomic DNAs of pflp gene-inserted transgenic tobacco plants. The immobilization was achieved with two different ways.
These are chemisorption of thiolated probe on gold through thiol-gold interaction and covalent attachment of amines probe
through glutaraldehyde activation. Amine probes were produced by ethylenediamine using plasma polymerization to produce
amine probes on the quartz crystal surface. However, amine probes were not found efficient [30]. A study describing a new
strategy to increase the performance of mass sensitive biosensor via electrospinning and plasma polymerization techniques
was reported. Quartz crystal surface was firstly coated with polyvinyl alcohol nanofibers to increase surface to volume ratio.
Then, nanofibers located on QCM were modified with allylamine monomer using plasma polymerization technique. The
performance of modified QCM was tested with model protein, BSA and 548 + 4 Hz and 50 + 5 Hz frequency shifts were
obtained for “dip and dry” method and “flow-cell method”, respectively [19]. Our research group conducted a novel research
to understand the effect of plasma-polymerized amine-rich thin films over QTF surfaces and to test their usability as a mass
sensitive biosensor. Precursors, amylamine (amy), n-heptylamine (hep), or diaminocyclohexane (dach), were selected as a
monomer for plasma polymerization technique and the performance of plasma modified QTF was studied by detecting model
protein, BSA. According to detachment performance of thin films during glutaraldehyde activation, surfaces that produced by
using amylamine was found optimum. After that, amylamine functionalized QTFs were tested with BSA (100 ng/mL) and
resonance frequencies were decreased about 5 Hz [31]. At last, a QTF-based platform was produced by using a bi-layer film
that coated by plasma-polymerized n-heptane (hep) and then by ethylenediamine (EDA), respectively in our laboratory. Then,
the BSA detection performance of mass sensitive biosensor was tested and 20+3.60 Hz [32].

5. Future Trends

In this chapter, biomedical application by plasma modified QCM and QTF-based mass sensitive biosensor is briefly summarized.
Researches shown that plasma polymerization can be used for surface modification of piezoelectric crystals. The analysis
with plasma polymerized crystals generally focused on the model protein, BSA, and etc. The plasma modified piezoelectric
biosensors appear to be a suitable and convenient tool for detection of biomarkers. By virtue of this approach, it seems that
both QCM and QTF will be favorable tool as a diagnosing disease. Future investigations can be focus on making systematic
comparison between the performance of plasma modified-QCM and that of plasma modified-QTF.
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