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ABSTRACT

Tissue engineering requires diagnostic tools for in-vitro monitoring of cell
proliferation in three-dimensional scaffolds. Current methods are inaccurate,
prohibitively expensive, or compromise sample integrity. This work presents a
nondestructive system for the on-line measurement of cell concentration in micro-
porous polymer scaffolds. The system is based on measuring the reflection
coefficient of the sample with an open-ended coaxial probe over a frequency
range of 10-200 MHz. An aperture admittance model is used to extract the
complex permittivity from the reflection measurement. Then, effective medium
approximation is used to relate the complex permittivity to the cell properties and
concentration of the sample.

The system detected the relative cell concentration differences between
micro-porous polymer scaffolds seeded with progressively greater number of pre-
osteoblast cells. Proliferation of pre-ostoblasts over 14 days was measured within
56 scaffolds by the system and a concurrent DNA assay. The recorded cell
proliferation data corresponded well to each other and those found in literature.
Thus, the system can be applied for on-line monitoring of cell proliferation within

micro-porous polymer scaffolds.

i



RESUME

Le génie tissulaire nécessite des outils diagnostiques pour le suivi in-vitro
de la prolifération cellulaire au sein de supports de culture tridimensionnels. Les
méthodes courantes sont imprécises, extrémement colteuses, ou encore
compromettent 1’intégrité de 1 échantillon. Ce travail présente un systéme non
destructif pour la mesure en ligne de la concentration cellulaire dans des supports
polymeéres microporeux. Le systeme est basé€ sur la mesure du coefficient de
réflexion de I’échantillon, effectuée par I’intermédiaire d’une sonde coaxiale
ouverte sur une gamme de fréquence de 10-200 mégahertz. Un modéle
d’admittance est utilis€ pour extraire la permittivité complexe a partir de la
mesure de réflexion. Une approximation équivalente a été développée pour relier
la permittivité complexe aux propriétés des cellules et a la concentration de
I'échantillon.

Le systéme a permis de détecter les différences relatives de concentration
cellulaire entre plusieurs supports polymeres microporeux mises en culture avec
un nombre croissant de cellules pré-ostéoblastiques. La prolifération des pré-
ostéoblastes a été mesurée sur une période de 14 jours dans 56 supports a ’aide
du systétme développé et d’un systeme concurrent de mesure de I’ADN. Les
données de prolifération cellulaire enregistrées correspondent les unes aux autres

ainsi qu’a celles trouvées dans la littérature.
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CHAPTER 1

Introduction and Research Rationale

The paradigm of tissue engineering is to harvest cells from a patient,
expand them in culture, seed them onto a three dimensional scaffold, and cultivate
the cell-scaffold construct until the resulting tissue is ready for implantation back
into the patient [1-3], as depicted in Fig. 1.1. Current research is expanding on the
tissue engineering paradigm by focusing on the application of embryonic stem
cells as a cell source for the regeneration of any tissue in vitro [4,5]. The
increasing average age of the western population has been paralleled with greater
incidences of osteoporosis, diabetes, cardiovascular disease, Alzheimer’s, and
Parkinson’s diseases [2]. Tissue engineering promises a more permanent solution
to the treatment of damaged and diseased tissues than current surgical and

pharmaceutical methods [6].

Cell line expansion in culture

N

Scaffold design and implementation

Harvest cells from patient, and implant Bioreactor cultivation of 3D seeded scaffold
corresponding scaffold tissue matrix

Figure 1.1. Tissue engineering paradigm

Scaffold design and implementation plays an integral role in tissue
engineering. Generally, the role of the scaffold is to provide provisional spatial
support to guide the complex multicellular processes of tissue formation [7].
Although various materials have been explored for scaffold design, polymers have
been used most [8]. Polymer scaffolds have been used as cell-polymer constructs

for: vascular grafts, liver equivalents, intestinal tubes, cartilage, and cell carriers



for implantation [9]. Micro-porous polymer scaffolds are a popular choice for
tissue engineering applications due to their malleability which permits them to be
formed into three-dimensional solid shapes, high porosity which allows nutrient
diffusion, and a surface chemistry that permits cell adhesion, proliferation, and
differentiation [10].

Tissue growth within scaffolds can be further manipulated by the
application of growth factors — cytokines that are secreted by cells and function as
signaling molecules. Growth factors can prevent or promote cell adhesion,
proliferation, and differentiation. The successful application of growth factors has
been hampered by the challenge of identifying their optimal mix and dosage [11].

Ideally, one would record cell proliferation and differentiation to monitor
the stages of tissue development and modify the cultivation environment
correspondingly. However, current methods of monitoring constituent variation
within scaffolds are laborious, often inaccurate, and compromise the sample’s
integrity [12]. Nuclear magnetic resonance offers a direct measure of cell growth
but is a complex procedure that is extremely costly [13]. Capacitance
measurements of cell suspensions and immobilized cells have produced good
measures of cell concentration but the method cannot be used for three-
dimensional scaffolds of, potentially, haphazard shape [14]. The most popular
methods of measuring cell proliferation are indirect assays modified from their
application to two-dimensional monolayer cultures of low cell densities. Such
assays usually measure the metabolic activity or quantify DNA or its pre-cursors.
Generally, these cell proliferation assays are destructive and do not necessarily
correlate linearly with cell densities [12]. In fact, none of these methods are
suitable for the on-line measurement of cell growth within three-dimensional
micro-porous scaffolds.

A novel nondestructive method that uses a complex permittivity
measurement (CPM), over a frequency range of 100 — 1200 MHz, as a means of
monitoring cell differentiation and proliferation on-line in the relevant scaffold
was proposed recently by Bagnaninchi et al [15-17]. Complex permittivity (CP)

gives a measure of a material’s response to an applied electric field as a function



of frequency. There are numerous methods of measuring CP, however, the most
ubiquitous for biological media is the reflective method, also referred to as
impedance spectroscopy. Open-ended coaxial probes are used in conjunction with
an impedance analyzer to measure the sample impedance. This is then related to
the sample’s CP by a model of the probe’s aperture admittance. Finally, an
effective medium approximation (EMA) is used to relate sample constituents to
the CPM.

CPM has been implemented as a diagnostic tool for industrial and medical
bioprocesses [18-20]. Thus far, the application of CPM to tissue engineering has
been largely limited to the measurement of cell concentration within a cell
suspension [18,21]. The extension of the method to monitor tissue growth within
polymer scaffolds permitted the non-invasive evaluation of the inner-happenings
of the cell-polymer construct. Indeed, the CPM method was successful in
determining the porosity of the scaffold, discriminating between different cell-
lines, observing stem cell differentiation, and recording the change in cell
concentration during the pre-tissue stage of incubation [15-17]. However,
prolonged CPM monitoring of the cell-polymer construct revealed that the
presence of significant cell side-product formation in the scaffold, particularly the
extra-cellular matrix (ECM), causes the cell concentration to be underestimated
[17]. Furthermore, for frequencies below 200 MHz, where CPM is most sensitive
to cell concentration variation, the real part of CPM was corrupted by polarization
effects, limiting the system to higher frequency operation.

The focus of this thesis is to present a comprehensive methodology for the
highly responsive measurement of cell constituents based on the CP of a seeded
scaffold over a frequency range of 10 — 200 MHz. A novel re-formulation of the
EMA is used to eliminate the system’s dependence on the real part of the
measurement, allowing for low frequency operation. The theory and application
of the system elements as tailored for the tissue engineering application are

presented.



The system functionality and performance is evaluated from CPMs made
from scaffolds with incrementally greater cell concentrations. Results showed that
the system can distinguish between scaffolds of different cell concentration.

Last, the system was used to monitor cell proliferation within scaffolds
over a period of two weeks. In conjunction, a DNA assay was used to produce a
proliferation curve for comparison and validation. Scanning electron microscopy
(SEM) analysis was also performed to identify cell presence, morphology, and
scaffold structure. The results showed that the system measures the relative
change of pre-osteoblast cell concentration in the scaffolds in a manner

comparable to a DNA assay.

1.1 Thesis Hypothesis

The sensitivity of the cell concentration measurement within a polymer
scaffold by way of a complex permittivity measurement (CPM) will increase at
lower frequencies (10 — 200 MHz). In addition, the cell concentration

measurement can be made using only the imaginary part of this CPM.

1.2 Thesis Objectives

The primary objective of this thesis was to develop and validate a
thorough methodology for the measure of cell constituent variation within a three-
dimensional micro-porous scaffold at frequencies of 10 - 200 MHz. To achieve

this primary goal the following specific objectives have to be reached:

1. To propose the appropriate instrumentation for CPM, i.e., the desired open-
ended probe dimensions, and appropriate material analyzer.

2.  To propose and implement an optimal procedure for the CPM of scaffolds.

3. To propose, implement, and test an appropriate model of the probe’s

aperture admittance for the current tissue engineering application.



4. To propose, implement, and test a method for the removal of the real part of
the CPM at low frequencies.

5. To demonstrate the capability of the system to discriminate between
scaffolds seeded with different cell concentrations.

6. To produce a standard cell proliferation curve via an online daily CPM of

cell seeded scaffolds over a period of 14 days.

1.3 Thesis Outline

This thesis is comprised of the current introductory chapter, a literature
review (chapters 2-5), a manuscript (chapter 6), and a general conclusion (chapter
7) followed by three appendices. A brief description of chapter contents is

presented below:

e Chapter 1 presents a summary of the proposed application context,
necessity, and function. The chapter also includes the thesis hypothesis,
objectives and provides the reader with the thesis outline.

e Chapter 2 is an overview of the use of three-dimensional cultures in tissue
engineering and methods for cell proliferation measurement.

e Chapter 3 presents the reader with an overview of dielectric theory
necessary for the application.

e Chapter 4 discusses the different methods of permittivity measurement and
presents the open-ended coax as the permittivity probe along with the
appropriate corresponding aperture admittance models.

e Chapter 5 concludes the literature review with a discussion of how cell
concentration measurements are performed via permittivity. The chapter
focuses on effective medium theory and its application to cell
concentration measurement for cell suspensions and scaffolds.

o Chapter 6 is comprised of a manuscript that will be submitted to an
appropriate journal: “A System for the On-line in-vitro Monitoring of

Tissue Development within Micro-Porous Polymer Scaffolds”. This
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[1]

[2]

[3]

(4]

[5]

manuscript contains a concise introduction and theoretical background of
the topic, as well as, the methodology and experiments used to fulfill
objectives 1-6. The results, discussion, and conclusion sections of the
manuscript present the appropriate analysis and performance evaluation of
the system.

Chapter 7 provides a summary and general conclusion of the work, as well
as possible perspectives for future work and applications of the proposed
system.

Appendix A of the thesis contains an accepted proceedings paper for the
IEEE Engineering in Medicine and Biology Society: “A Highly
Responsive System for On-line in vitro Assessment of Tissue Growth
within Micro-Porous Polymer Scaffolds”.

Appendix B presents the MatLab programming code that was applied to
implement the analytical stages of the system.

Appendix C comprises the form necessary to use biohazardous materials

for experiments.
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CHAPTER 2

Three-Dimensional Scaffolds

The three-dimensional (3D) scaffold is the basis for in vitro simulation of
the in vivo environment necessary for successful tissue engineering. A lot of
interest has been directed to the exploration of 3D cell culture [1-3].
Consequently, the differences between 2D and 3D culture are becoming known
[1]. The operative difference between 2D and 3D culture techniques is the
presence of extra-cellular matrix (ECM) in 3D cell growth. In mammalian culture,
cells not only attach to each other but also to the support structure that is the
ECM. The ECM is formed of proteins such as elastin, laminin, and collagen that
give tissue its specific mechanical properties and help cells communicate between
each other. The communication mechanism comprises proteins, such as Integrins,
on the cell surface that attach themselves to the ECM and modulate the
biochemical cues from their immediate environment. Studying cells only in flat
layers eliminates these subtle mechanics [2]. Thus, cells behave differently in 3D
than in 2D cultures. The importance of this difference was demonstrated in a
landmark paper [4] that reported that antibodies against a surface receptor
changed the behavior of cancerous breast cells grown in 3D culture to seemingly
non-cancerous cells — a phenomenon that was not observed in 2D culture. Another
noted difference between 3D and 2D culture is that the gene expression profile in
3D is much closer to that in vivo. In general, it is now acknowledged that an in
vivo environment is better mimicked by a 3D scaffold. Consequently, the
application of 3D scaffolds has been the focus of research in cancer [4],
developmental biology [3], and especially tissue engineering [5].

Tissue engineering applications generally require the following scaffold
characteristics: i) high porosity to facilitate nutrient diffusion, ii) enough
mechanical strength to support the growth of tissue, iii) malleability to allow the
construction of the necessary 3D support architecture, iv) surface chemistry that
permits cell attachment, proliferation, and differentiation, v) biocompatibility, to

prevent undesired immune reactions in the patient [6-9].
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As the paradigm of medicine shifts from using synthetic implants to the
tissue engineering approach, the demand for scaffold technology is increasing.
There are various types of material matrices used to form scaffolds. To
successfully grow cells in 3D, cells must be embedded in a matrix that resembles

the ECM. There are two types of 3D scaffolds: gels and solid-state.

2.1 Gel Matrices

Gels have been a popular choice for cell culture and cell observation in a
3D construct. Commercial gels such as Matrigel are concoctions of substances
derived from a type of mouse tumor and have been much used over the past 20
years [1]. Other types of gels, that retain cell viability, have been used as
immobilizing constructs and as cell transport vehicles. Hydrogel-based materials
have been popular in biomedical applications as vehicles for drug, or bioactive
molecule, delivery [10]. The challenge with hydrogel application is to maintain
cell viability throughout the gel preparation process. In most procedures, to embed
cells into a gel, pre-gel solutions are mixed with the cells and gellation is induced
via chemical or physical cross-linking. It is also a challenge to create uniform gels
because the structure is highly dependent on the induced gellation rate [11]. Cells
seeded in a gel are not attached to any structure but are suspended by the viscosity
of the embedding matrix. As a result, hydrogels are not often used as supports for
tissue formation because they lack the mechanical structure required for tissue
regeneration. However, the architecture is conducive for injectable delivery of the

cell-gel construct.

2.2 Solid State Scaffolds

Solid state scaffolds generally do not dissolve or melt in in vitro or in vivo
conditions and so must be implanted into the patient. The most common materials
used for these scaffolds are linear aliphatic polyesters. There are numerous such

polymers that distinguish themselves by their degradation properties. Natural
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polymers such as proteins and polysaccharides are also used for tissue engineering
applications.

Collagen has been used often, especially for soft tissue repair, because it is
a natural component of the ECM. However, collagen applications are susceptible
to pathogen transfer and consequent immune reactions [12]. In addition, the
collagen biodegradation rates are difficult to control and the mechanical
properties are poor [12].

Recently, silk has been explored as a potential material for scaffolds. Silk
has previously been used for sutures and has excellent mechanical properties [13,
14]. Silk is generally considered to be non-degradable; however, it has been
shown to slowly degrade in vivo due to enzymatic function which raises concerns
about its cytotoxicity [10].

Another natural polymer that has received a lot of attention is chitosan
[15]. Chitosan is a polysaccharide, a partially deacetylated derivative of chitin
which forms the primary structural polymer in arthropod exoskeletons. Chitosan
is biodegradable and has previously been used for wound dressings [16], drug
delivery systems [17], and space filling implants [18]. Although the application of
chitosan to tissue engineering is relatively novel, chitosan micro-porous scaffolds
have been characterized for various architectures [19]. Chitosan was the polymer
chosen for the scaffolds used in this thesis because it well represents the current
trend in biomaterials, the chitosan micro-porous scaffold adheres well to the
probe’s surface, and it supports Osteoblast and Chondrocyte survival and
phenotypic expression [19].

There have been a number of inorganic materials used for scaffold
construction, usually for bone tissue engineering [10]. Some metals have been
used because they support osteoblastic cell adhesion, growth and differentiation;
as well, they promote bone tissue formation [20, 21]. The drawback of these
materials is that they are brittle and difficult to manipulate into a highly porous
scaffold.

Composite materials have been developed to optimize the performance of

the scaffold [22,23]. These materials have been used to produce highly porous
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scaffolds which are strong enough mechanically to sustain bone tissue formation

[23].

2.3  Measuring Cell Proliferation in 3D Scaffolds

In the past decade there has been a 20 % increase in the number of
publications related to cell culture proliferation assays [24]. The cell proliferation
parameter is specifically of great interest in tissue engineering as a measure of
tissue growth. Current assays used for 3D cultures are adaptations of 2D culture
assays [24]. Proliferation assays cither measure metabolic activity [25], DNA
[26], a radioactive label [27], or the cells are manually counted by a
hemacytometer. Not all the assays are destructive, i.e., in certain cases the cells do
not have to be lysed prior to counting. However, it is important to underline that
all the assays require the isolation of the cells from the scaffold — each assay has
its particular protocol — and so are not on-line measurements. In addition, only
manual cell counting can quantify cell numbers, the other methods are
approximates or relative measurements.

Hutmacher et al [24] conducted a study that assessed the performance of
proliferation measurement techniques in 3D scaffolds; they reported that the assay
results do not necessarily correlate linearly with increasing cell density. In
general, they suggested that cell proliferation assays in 3D cultures should be used

with caution and only as a rough approximation of cell growth.

2.4  Chapter Segue

This chapter underlined the significance of 3D cell culture and elaborated
on the application of scaffolds in tissue engineering. Different kinds of scaffolds
were introduced to give the reader a breadth of how robust and significant
scaffold design is. Chitosan was introduced as a polymer often used for

biomedical applications and the polymer that is used here for the micro-porous
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polymer scaffolds. The chapter concluded with a description of the shortcomings

of current assay methods for measuring cell proliferation in 3D scaffolds.

The next chapter introduces the reader to the permittivity theory necessary

to understand the function of the new system. It is appropriate to underline here

that the new system can perform a cell concentration measurement without any

compromise to sample integrity. Consequently, the cell concentration in a specific

scaffold can be measured throughout a cultivation period resulting in a

proliferation curve — this is impossible with current cell proliferation assays.

Furthermore, the system’s cell concentration measurement requires a minimal

preparation protocol when compared to cell proliferation assays.
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CHAPTER 3
Permittivity

3.1  Permittivity Theory

Permittivity describes how a material, invariant of its quantity, will react
to and modify an applied electric field. When an electric field is applied to a
medium it elicits electric responses of charge migration and reorientation of
electric dipoles that correspond to two types of current flow: conduction and
displacement. It is the displacement current, which is the elastic response of a
material to an electric field and not a current of electric charge, that is of interest.
When the electric field is increased, the current is stored and when the field is
decreased the current is released. The electric displacement field is defined by the

resulting field in a linear material:

D=é (Cim?) 3.1)
Where ¢ is the absolute permittivity, E is the electric field, and D is the electric
displacement field. The displacement current is the time derivative of D .

From (3.1) it is evident that knowing E and measuring D would reveal
the permittivity of the medium. The electric displacement field can also be
expressed as: (3.2)

D=g,E+P (C/mzl
where ¢ is the permittivity of vacuum (8.854 pF m™) and P is the polarization of
the material.

Consequently it is the polarization that describes the electric displacement
field within the material:

P=(s,-D&,E (C/m*) (3.3)
where &, =¢/g;, is the relative permittivity. Relative permittivity is a unit-less
measure of the polarizability of a material. From this point forward, unless

specified to be absolute, the term permittivity will be used to mean relative

permittivity and the subscript » will be dropped for convenience.
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Dielectric polarization is a measure of the material’s capability of
neutralizing the applied electric field. There are four types of dielectric
polarizations, and their combinations, that can occur: electronic, ionic,
orientational, and interfacial.

e FElectronic polarization refers to the displacement of the electron cloud
relative to the nucleus in response to an applied electric field, as shown in

Fig. 3.1A.

e Ionic polarization refers to the displacement of a molecule’s ions in
response to an applied electric field, as shown in Fig. 3.1B.

e Orientational polarization refers to the reorientation of the material’s
dipoles toward the applied electric field vector as shown in Fig. 3.1C.

o Interfacial polarization refers to the accumulation of mobile charge

carriers at an interface in response to an applied electric field as shown in

Fig. 3.1D.

B C D
Molecule Electric Dipole @ mmg

!
\

Figure 3.1. The different polarization mechanisms: A) atomic polarization, B)
molecular polarization, C) orientational polarization, D) interfacial polarization
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Electronic and ionic polarization mechanisms are only significant at
optical and far-infrared electric field frequencies (> 10'' Hz) respectively and
therefore will not be discussed further. Interfacial and orientational mechanisms

are based on larger masses and so respond more slowly to the application and
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removal of an electric field; therefore, they are primarily prevalent at lower

frequencies (< 10" Hz).

3.1.1 Complex Permittivity
A material’s response to an applied electric field is causal because of the
delayed interfacial and orientational polarizations. Consequently, permittivity is a

complex function of applied electric field frequency:

£ () =€ (w) - j&' (o), 3.4
where j=+-1, ¢ is the real permittivity , ¢"is the imaginary permittivity also
known as the loss factor, and o is the angular frequency of the applied excitation
electric field.

In the ideal case, when a static electric field is applied to a material it gives
rise to a volume density polarization in the direction of the field, the permittivity
is then referred to as static and is purely real. At very low frequencies the induced
polarization vector will be synchronized with the applied alternating electric field

vector. As the frequency of the field increases the inertia of the charged particles

retard the polarization vector and cause it to become out of phase with the field as

depicted by Fig. 3.2.

Increasing E- field frequency

Y

Figure 3.2. Progressively developing phase lag between applied electric field and
a dipole

The retardation and relaxation processes are characterized by energy loss due to

frictional damping mechanisms. Furthermore, if the affected material has a
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significant number of free charge carriers, such as ions in an electrolyte solution,
ohmic losses will ensue. Both types of losses are accounted by the loss factor:

_O-S+O-D_ o

&" (3.5)

gy £o0
where og and o, are, respectively, the static (ionic) and dynamic (orientational)

conductivity and o is the total conductivity. It is important to underline here, that
for ionic solutions, such as saline and biological media the static conductivity is
much larger than the dynamic conductivity. The loss factor is always greater than
zero. At optical frequencies permittivity reaches a constant sometimes referred to
as the optic permittivity (&, ).

The real permittivity, sometimes termed the dielectric constant, relates the
amount of energy stored per unit volume in the material to the applied electric

field. For the majority of solids and liquids &'(w)> 1.

The phase of complex permittivity is referred to as the loss angle as
graphically depicted in Fig. 3.3. The tan of the loss angle is referred to as the loss

tangent because it is related to the amount of power loss in the medium:

(3.6)

Figure 3.3. Graphical depiction of complex permittivity

As the frequency of the applied electric field increases toward microwave
frequencies the effects of the interfacial and orientational polarizations decline. As

a result, the real permittivity decreases and the loss tangent increases.

3.1.2 Dipole Relaxation
The relaxation of dipoles excited by an applied electric field decays

approximately exponentially. Assuming no interaction between dipoles, the
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relaxation has been modeled by a first order equation known as the Debye
equation [1]:

(@) = £ + 2T (3.7)

1+ jor
where ris the characteristic time constant, ¢, and ¢, are the static and optic
permittivities. The values ofe¢,¢,,, and ¢ have been experimentally determined

for various standard media over years of research [2-4]. Other more robust models
have been proposed, applied, and summarized by Assami in [5]. Numerous
dispersions of heterogeneous media such as biological tissue have been

successfully described as the sums of these formulations [5].

3.1.3 Electrode Polarization Effects

The measurement of permittivity in conductive materials by way of
electrodes is often corrupted by a parasitic phenomenon known as electrode
polarization [6]. Electrode polarization is the accumulation of charge at the
sample-electrode interface and the formation of an electrical double layer [7], as
depicted in Fig. 3.4. The electrical double layer misrepresents the constitution of
the sample under measurement. Specifically, the permittivity spectrum of the
sample becomes corrupt at frequencies, usually below 100 MHz [7, 8]. The effect
of the electrical double layer is a function of the surface topography, chemistry,
and area of the electrode as well as the chemistry of the sample. Since the extent
of the phenomenon is very case specific there is no widely accepted correction
technique. The most prevalent techniques in modeling electrode polarization are

presented in [7, 9, 10].

Electrode

Figure 3.4. Electrode polarization: rendition of an electrode immersed in an
electrolyte
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3.1.4 Temperature Effects

Complex permittivity is a function of temperature. Using saline as the
relevant heuristic example, at higher temperatures the strength and extent of
molecular bonds tend to decrease. Consequently, the static and optical
permittivity is lowered; ions can react to the alternating potential at lower
frequencies; the dipole is freer to oscillate at higher frequencies; the drag to the
rotating molecules is reduced. Research on the temperature dependence of the
complex permittivity of mammalian tissue, specifically on blood [11], liver [12],
and skin [13] has been done. A specific tissue generally contains highly ionic
fluids so many observations can be explained by the complex permittivity
behavior of saline. The results of these biological measurements, of relevance to
this work, are that the interfacial polarization of cells shifts towards lower

frequencies with increasing temperature.

3.2  Complex Permittivity of Biological Tissue

Complex permittivity spectroscopy of biological tissue has been used
since the beginning of last century [14-17]. These early permittivity studies
showed that erythrocytes are composed of a poorly conducting membrane
enclosing an electrolyte. H. P. Schwan [18-21] pioneered biological tissue
characterization through permittivity by formulating the foundations for modeling
the dispersion of a biological cell suspension in an electrolyte. Subsequently,
advances in technology and medicine have led to a plethora of research in the
application of permittivity for biological tissue characterization.

The complex permittivity spectra of biological tissues have a common
behavior depicted by Fig. 3.5. The real permittivity will be highest at low
frequencies and will decrease in progressively distinct steps with the excitation
frequency. The median value between two levels corresponds to the characteristic

frequency. The loss factor remains low and then peaks at the characteristic
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frequencies of the different dispersions. The term dispersion, as applied here,
refers to a transition between the upper and lower plateaus of the distinct steps of
real permittivity. The four major dispersions found in a complex permittivity
spectrum of biological tissue are depicted in Fig. 3.5. The o~dispersion, although
not well understood, has been correlated with the cellular membrane potential
[22], sarcoplasmic reticulum [23], gap junctions [24], and the displacement of
counter ions surrounding charged membranes [25]. The B-dispersion is due to
interfacial polarization across the plasma membrane surrounding the cells, and is
central to this thesis. The é-dispersion is related to biopolymers [25], proteins
[24], protein-bound water [24], and cell organelles [25]. The y-dispersion is due to

the polarization of water.
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Figure 3.5. Idealized dispersion regions for biological tissue (The DC
conductance contribution has been subtracted from the loss factor) [24]

3.2.1 Interfacial Relaxation

The Maxwell-Wagner effect is a process that describes the S-dispersion. A
relevant example is to consider a biological cell modeled as a homogenous
cytoplasm surrounded by a low-conducting plasma membrane. When immersed in
an electrolyte, under equilibrium conditions, the cell will be surrounded by ions of
opposite charge forming an electrical double layer as depicted by Fig. 3.6A. An
applied electric field will distort the surrounding charge distribution. In effect, an
electrical dipole is formed of significant magnitude, relative to molecular dipoles,
due to the much greater distance between the opposing charges as depicted by
Fig. 3.6B. When an alternating electric field is applied, the dipole does not appear
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instantaneously but rather at an exponential rate, similarly to the molecular dipole,

with a time constant defined as:
Egp t 2¢,

T=—"7— (5), (3.8)

- O+ 20,
where ¢,,and o, are, respectively, the real absolute permittivity and

conductivity of the cytoplasm while ¢, and o, are respectively, the permittivity

and conductivity of the suspending medium. If o,,¢, =o0,s., the interface has

no free charge density, otherwise the interface is charged. For an electric dipole to
occur the cytoplasm permittivity must be different from that of the surrounding
medium.

A _ 4 Electrolyte Electrolyte

F ettt 4

Figure 3.6. Maxwell-Wagner effect: A) Transverse cell model immersed in

electrolyte, B) An electric field applied to A) forming a dipole highlighted by the
dashed lines.

J. C. Maxwell extended the cell model to include the effects of the plasma
membrane enveloping the cytoplasm. The plasma membrane is a lipid bilayer of
low ionic permeability and can therefore be considered to be a low conducting
thin shell [5]. Note, the cytoplasm is a heterogenous material that contains
organelles immersed in cytosol that experience their own polarization effects. In
addition, DNA and various proteins will produce their own relaxations. However,
the plasma membrane relaxation dominates so the model assumes the cytoplasm
to be uniform. The corresponding expression for the permittivity of the single
shell cell model is:

26 mem (@) + 1y (@) = 2V(E e (@) — & 1 (@)

8::211 (a)) = g:nem ((0) * * * * s
Emem (@) + Ecpt (@) + v(gmem (@)- Eeyt (@))

(3.9)
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where v=(1-d/r,), r. is the outer radius of the cell, d is the thickness of the

membrane, &, and ¢, are, respectively, the complex permittivity of the cell

membrane and the cell.
J. C. Maxwell then proposed an expression for the effective permittivity of

a suspension of these cell models’:

26 (@) + 41 (0) = 20(E 5, (@) = &0 (@) (3.10)

S (@)= £ (©) 267 (@) + &t (@) + P(E (@) = €011 (@)

where ¢ is the cell volume fraction, ¢,,, and e:jf are, respectively, the complex

permittivity of the ambient and effective medium.
Equation (3.10) is an effective medium approximation (EMA) for an

approximate cell suspension. Chapter 5 will discuss EMA in more detail.
33 Chapter Segue

This chapter introduced the permittivity theory that forms the basis behind
the function of the system developed in this thesis. Complex permittivity was
defined and its dependence on interfacial polarization was discussed. Complex
permittivity of biological media was given special attention to introduce the
reader to the S-dispersion based on the Maxwell-Wagner effect which is central to
this thesis. It was shown that the S-dispersion contains information about the
constituents of the biological sample.

The following chapter introduces the methods and materials required for
measuring complex permittivity of micro-porous scaffolds in the (-dispersion

range.
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CHAPTER 4
Complex Permittivity Measurement

4.1 State of the Art

There are numerous ways of measuring complex permittivity at radio- and
micro-wave frequencies [1-10]. The discussion herein will focus solely on
methods relevant to the measurement of biological samples. Biological
permittivity measurements are performed using one of four techniques: frequency
and time domain spectrometry, network analysis, and coaxial line reflectrometry.
Primarily, these techniques differ in the method of signal delivery to the sample.
Recent research has been dominated by network analysis and coaxial line
reflectrometry due to relevant technological advancements in material analyzer
applications. Fig. 4.1 depicts three standard non-destructive probes often used to
obtain the dielectric spectra of a biological sample: capacitive, inductive, and

reflective [11].

Measurement | Source
Measurement Reflective measurement
~ ! 2
Sample ' z
= i
e Sample Sample
Source

Figure 4.1. Permittivity measurement techniques. A) Capacitive method, B)
inductive method, and C) reflective method.

The capacitive method uses the sample as a dielectric in between two or
more electrodes. Since the distance in between the electrodes is fixed the
capacitance will vary according to the permittivity of the sample. The capacitive
plate geometry is most applicable to liquids since the full separation space is
evenly filled. Although the method is effective, electrode contact with the sample

1s large resulting in undesired electrode polarization at low frequencies.
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The inductive measurement technique employs two torroidal coils
immersed in the sample. A variable voltage applied to one of the coils induces a
current in the opposing coil proportional to the strength of the joining flux lines.
Again, maintaining accurate sample alignment is difficult, it would be difficult to
establish repeatable measurements for porous scaffolds.

The reflective method requires the application of an open-ended
waveguide for the transmission of an electromagnetic (EM) wave onto the
sample. The EM wave is usually generated and measured by a material analyzer.
Permittivity is calculated by relating it to the measured echo signal (impedance,
admittance, or reflection coefficient) of the sample interface through an
appropriate electrical aperture model. The physical probe design has a geometry
that is easily applicable to semi-solids, such as scaffolds, as well as liquids.

Consequently, the reflective method is the most appropriate choice for this thesis.

4.2  Waveguides

Structures that guide the propagation of EM waves are referred to as
waveguides. EM waves can propagate along hollow metal structures of arbitrary
cross section. The guided EM wave can exhibit three kinds of distinct propagation
modes: transverse electromagnetic (TEM) which has no field components in the
direction of propagation (longitudinal direction), transverse magnetic (TM) which
has a longitudinal electric field and transverse electric (TE) which has a
longitudinal magnetic field. TM and TE modes have cutoff frequencies below
which the EM wave can no longer propagate. Waveguides of a single conductor
are incapable of supporting the TEM mode of propagation. Consequently, a single
conductor waveguide functions like a high-pass filter with a characteristic cut off
frequency. Circular and rectangular waveguides are examples of single conductor
waveguides while a coaxial transmission line is a two-conductor waveguide.
Waveguides have a dominant EM propagation mode that could be TEM, TM, or

TE. With increasing frequency other propagation modes may be excited.
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There are several techniques of performing a reflection measurement.
Various waveguides can be implemented for the measurement. The first reflection
measurements were performed with rectangular waveguides [12-14] and then with
circular waveguides [15]. The limitation of these waveguides is their innate,
characteristic, low frequency cut-off. High frequency limits of these waveguides
are determined by the onset of higher order EM modes that complicate the EM
aperture modeling of the waveguide probe. Furthermore, the frequency band of
operation increases with the size of the single conductor waveguide. For practical

application it is desirable for the probe to remain small and least intrusive.

4.3 Open-ended Coaxial Probe

Open-ended coaxial probes are an attractive alternative to single conductor
waveguides because they allow measurement from DC up to 50 GHz [16].
Fabrication is relatively straightforward for they are very similar to coaxial
adapters that are commercially available [17]. Also, broadband measurements can
be performed with small coaxial probes using frequency and time-domain
techniques.

Currently, open-ended coaxial probes are the most ubiquitous tools for
measuring permittivity of biological media. They have been often applied for the
non-destructive characterization of biological tissue, both in vitro [18-20] and in
vivo [21-23], as well as in diagnostic devices for breast cancer and other sub-
dermal diseases [24-26]. Their popularity has led to the development of many
models for the aperture admittance of an open-ended coaxial probe. Also,
numerous automated material analyzers that generate the EM signal and record
the echo signal are now commercially available and easily interfaced with open-
ended coaxial probes.

The geometry of an open-ended coaxial probe consists of an inner
conductor of radius @ with an outer conductor of radius b terminated with a

conductive flange as depicted by Fig. 4.2. The space between the two conductors
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is filled with a dielectric that exhibits stable dielectric properties throughout the

range of the excitation field.

Sample: z>0

Figure 4.2. The coaxial probe and geometry of the problem

4.3.1 Modeling the Aperture Admittance

Estimating sample permittivity requires solving both the forward and
inverse problems. The forward problem is that of relating the admittance of the
probe aperture to sample permittivity. The forward problem formulation is the
model of the probe’s aperture admittance. The inverse problem is that of isolating
the permittivity from the forward formulation. For simplicity, most aperture
admittance models assume the sample: i) isotropic, ii) homogenous, iii) linear, iv)
non-magnetic, and v) of infinite extent. Furthermore, most models assume that
only the TEM dominant mode of light propagation is present. The validity of this
assumption has been discussed in various works with differing opinions [27-29].
In general, for low frequency operation with a probe of large dimensions it is
suggested that the effects of higher order EM propagation modes must be
included for an accurate aperture model [16]. In this work higher order modes are
not included in modeling because the aperture is small.

A robust method for solving the aperture admittance model based on
solving an integral equation for the tangential electric field at the aperture was
introduced by Mosig et al [30]. The technique matches the EM fields at the
interface between the coaxial line and the biological tissue. An iterative technique

can be applied to the method of Mosig ef al to solve the inverse problem and
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extract the permittivity. The method is highly accurate but requires extensive
calculations and so is impractical for on-line application. Similarly, Nevels et al
[31], Grant et al [32] and Delecki and Stuchly [33] presented rigorous analyses of
the aperture admittance leading to accurate results but were inapplicable for an
on-line application. Consequently, research was directed into producing a model
for the aperture admittance that sacrifices certain accuracy for a simpler
expression. Generally the expressions were simplified by focusing on a specific
frequency range. Numerous such approximate techniques have been described
over the years [34].

The most used models for application are those based on the formulation
of Stuchly and Stuchly [34-39] and Misra et al [40-43]. Both models were
considered for the current application. The Stuchly and Stuchly model consists of
two capacitors in parallel as depicted by Fig. 4.3, where C; accounts for fringing
fields inside the coaxial line and Cj is proportional to the permittivity of the

sample.

*

YL = ngoglcl + ngogsample CO (S)a (4.1)

*
Co (gsample ) -

Figure 4.3. Electrical equivalent circuit of the Stuchly and Stuchly model [34-39]

Where ¢ and s:amp,e are, respectively, the complex permittivity within the

line and the permittivity of the sample. The values of the two capacitors must be
determined experimentally using standards of known permittivity as presented in
[37, 38]. The inverse problem is basically the isolation of the sample permittivity

in (4.1). The Stuchly and Stuchly model was later expanded for further accuracy:

* 2.5

* * 2
YL=K1+K28 Pl +K38 p +K4€sample (S) (42)
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Where K, K, K3, and Ky, are frequency dependant constants specific to probe
geometry. Consequently, solving for the constants requires a precise knowledge
of standard material properties. These models are valid for electrically small
apertures [34].

Misra et al proposed a similar model for the aperture admittance
composed of two capacitors and a parallel radiation conductance. The model is
based on variational principles that are applied for determining characteristic
quantities such as impedances. The variational technique is a stationary
approximation to the desired quantity; which means that the formula is insensitive
to variations in an assumed field about the correct field. A quasi-static
approximation of the formulation integrand is used leading to the aperture

admittance expression:

. 2 bbnx
Y, = JZkb Ijjcos(¢ )exp( jku)drdr dg (S) 4.3)
oy [In(=)]* a2 0
a

where

u=[r? +r22rcos(¢)]"2, 4.4)
uy and k are, respectively, the permeability of free space and the wavenumber in
the material medium, and a cylindrical coordinate system is assumed for the

problem as depicted in Fig. 4.4.

1*
Observation point
(r.¢.2)
¢l
a A AR
b > )
Source point
¢
v
> Y

X

Figure 4.4. Detailed geometry for the model proposed by Misra et al
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If the electrical opening is very small then the integral expression can be
simplified to the first few terms of the exponential series expansion. It should be

noted that the model (4.3) maps to (4.2) where X is found to be zero:

_ J2aolig, . jo' g, .
L~ —_zgsample - —2 gsample +
(In(t/a)] (In(t/a)] (4.5)
ﬂw4lué i [b2 ]2 gé i g:tfr.nsple (S)
12[In(/a)]?
where
bb
I = ”]z cos(¢ ) d¢'drdr, (4.6)
aa0+r2 +r'2—2rr'cos ¢)
bbr
I, = j“cos ¢)\/r2 +r22n cos( ')d¢ drdr', 4.7)
aal

Knowing the exact dimensions of the probe one can solve for the remaining
constants producing an expression for the admittance as a function of sample
permittivity.

The inverse problem becomes much simpler under some specific
conditions. In particular, at low frequencies and for high values of the sample
permittivity modulus only K, needs to be retained in the aperture admittance
expression of (4.5):

i - 0L (438)
2ae01;

Given the generally high modulus of biological media at low frequencies
this simplified expression was deemed to be most appropriate for the current on-

line application.

4.3.2 Calibration and Error Correction

There are often discrepancies between experimental and theoretical
permittivity results. At high frequencies, the omission of higher order EM
propagation modes for most aperture admittance models produces inaccuracies.

The effects of this phenomena falls out of the frequency range of interest here. At
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low frequencies, numerous media experience different characteristic dispersions
causing uncertainty in the permittivity measurement [34]. Physical faults of the
system setup such as scratched probe surfaces, bent conductors and cables, and
bad connections between system components will influence measurements at all
frequencies. Physical disturbance of the system during a measurement, such as
surface vibrations, can also alter the measurement. An imperfect interface
between the sample and probe will skew measurements; a frequent phenomenon
is the accumulation of air bubbles at the probe surface when taking measurements
of liquids; air has a very low permittivity (¢ = 1) and so can significantly skew
results.

Measurement accuracy can be improved by proper calibration and error
correction of the probe and material analyzer. The material analyzer is most often
calibrated at the port that connects to the probe apparatus with a commercial
calibration kit. The calibration measurements include an open-circuit, a short
circuit, and a matched load. A second calibration needs to be performed at the
probe’s aperture. It is hard to achieve good calibration at the probe aperture
because it is difficult to apply a matched load and an accurate short. The most
common procedure for calibrating the probe is to first measure an open circuit by
leaving the probe in air; then, emulate a short circuit by pressing aluminum foil
against the probe surface assuring good contact between both conductors; finally
measure a standard liquid, usually distilled water, having a well described
theoretical permittivity behavior. These measurements are then used to solve for
the parameters of an error model. The problem of using a standard liquid for
calibration is its permittivity depends on factors such as temperature, atmospheric
pressure, and ion concentration. Thus, it may be difficult to produce repeatable
measurements given that each calibration can be slightly different. To improve the
calibration, prior to any measurement the probe should always be washed and
dried with a lint-free cloth to remove any particles that may alter the constitution
of the sample. When measuring liquids, the probe should be gently tapped to
dislodge any air bubbles that may be attached to the probe surface. Nonetheless
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the standard deviations of the error between the theoretical and experimental

measurements are reported to be as high as 4-15 % [16, 44].

4.4  Chapter Segue

This chapter introduced complex permittivity measurement by an open-
ended coaxial probe. The physical probe, measurement methods, and the
analytical modeling technique required to relate complex permittivity to a
reflective measurement were presented. What remains is to relate complex
permittivity of a seeded scaffold to the cells within it.

The following chapter discusses the various effective medium
approximations (EMA) that model the seeded scaffold, or cell suspension, sample.
It is the EMA that relates the sample constituents to a complex permittivity

measurement.
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CHAPTER 5

Cell Concentration Measurement via Permittivity

5.1  Effective Medium Theory

In this thesis there is a need for an effective medium approximation
(EMA) that describes the permittivity of a macroscopically inhomogeneous
media. All EMAs are based on Maxwell’s equations for the static limit [1] which
describe interfacial polarization mechanisms. The first EMA formulation,
proposed by Bruggeman [2], related a two-phase composite with the micro-
geometry of the composite, i.e., the EMA formulation defined the effective
permittivity, or conductivity, of the system as a function of the constituents from
both phases. This paradigm has been extended to various studies of
macroscopically inhomogeneous media including multi-phase composites. EMAs
have been used to characterize heterogeneous systems such as particle

suspensions, membranes in liquids, and other composite materials [3-8].

5.1.1 Cell Suspension EMA

A biological cell suspension is a heterogeneous system that has been
investigated over the past century [6] and is most relevant to the current
application. To model the effective permittivity response, the permittivity
response of each system phase — the cells and ambient solution — must be
combined. It must be stressed that the simple linear superposition of the dielectric
expressions of each phase does not describe the effects of polarization.
Consequently, the numerous approaches to describe the permittivity behavior of a
cell suspension have been based on effective medium theory [6-8]. Most EMA

formulations are defined by the bulk properties of the suspension:

f (&g (0),Em (), 602 (@), 01 ) =0, (5.1
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where ey (@),6, (@), 204 (@) are, respectively, the effective, host medium complex

permittivity (CP); while &), and ¢ are the CP and volume fraction of the k™
type of inclusion.

In the case of a cell suspension, there is only one type of inclusion, the
cells, while the host medium is the cell medium. Note that these formulations do
not account for interactions between the inclusions themselves. For low volume
fractions of inclusions EMA formulations with the structure of (5.1) produce very
similar results. Discrepancies begin to appear when the interactions between the
particles can no longer be ignored or the polarizability of a single particle is very
large.’

In general, the unknowns of the EMA formulations are the parameters of
the inclusions. The ambient permittivity measurement is that of the medium less
the inclusions. For the single shell model (3.10) the unknowns are the
conductivity and permittivity of the membrane and the cytoplasm. These
unknowns may be estimated by using a non-linear fitting algorithm to relate the
measured effective permittivity to the EMA.

Most EMA formulations assume an even inclusion organization
throughout the ambient medium. In reality clusters of inclusions often form and
inclusions are not all of the same volume or shape. However, on a macroscopic
scale the mixture must be homogenous. Also, since the EMA is based on a static
solution of the potential around an inclusion of specified permittivity it must be
assumed that the inclusions are much smaller than the EM wavelength in the
ambient medium. This is true for cell suspension measurements at radio- and
micro-wave frequencies.

A recent review presented a coherent list of the numerous EMAs available
for the modeling of heterogeneous systems [3]. Three EMAs that have been
previously applied for cell suspensions and seeded scaffolds, the Maxwell-

Wagner-Hanai, Looyenga, and Hanai functions will be discussed here.
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5.1.2 Maxwell-Wagner-Hanai Effective Medium Formulation
The Maxwell-Wagner-Hanai formulation for a heterogeneous system as

presented in [6] is:

£ (@) — £, (@) 1 (@) — e (@)
* * = Z¢ * * 5 2
eog (@) +2em(@) & eop(@)+2¢6y (@) (5.2)

The formulation is based on the original Maxwell-Wagner derivation described
previously (3.11). This EMA assumes a spherical cell model composed of two
phases as described by (3.10). The model has been successfully applied to
suspensions of erythrocytes and macrophages [6, 9]. Its accuracy was found to be
highly dependent on the cell volume fraction; at high cell concentrations it

produces innacurate results.

5.1.3 Looyenga Effective Medium Formulation
The Looyenga formulation for a heterogeneous system of small to
moderate cell volume is:

3
o (@) {z(e;‘}! @) - B @)+ 3(@} .

X (5.3)
This derivation makes no assumption as to the shape of the inclusions and is
therefore applicable to any inclusion geometry. However, if the assumed cell
model is spherical but the actual cells are not, the formulation does not fit the
empirical permittivity data well. In addition, the formula breaks down as the
ambient and inclusion permittivity become very distinct. Nonetheless, the
formulation produces excellent fits for various heterogeneous suspensions [6,10].
A comparison between the Maxwell-Wagner-Hanai and Looyenga formulation
for the measurement of Erythrocytes showed the Looyenga EMA formulation to
be more accurate [6].

The Looyenga function was used by Bagnaninchi et a/ [9] to determine the
porosity of scaffolds. The ambient measurement was ethanol, and the effective
measurement was the micro-porous scaffold immersed in ethanol. The results
were accurate within 2 % of porosity as calculated from the physical properties of

the scaffold. The Looyenga function was used for the porosity calculation since
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the microstructure of the scaffold was random and the formulation requires no

assumption are about the shape of the inclusions.

5.1.4 Hanai Formulation

Hanai [11] extended the EMA formulation for suspended ellipsoids, first
proposed by Bruggeman, to allow for high volume fractions of inclusions. His
robust formulation conveniently simplifies under the assumption that the
interfacial polarization dipole is in parallel with the applied electric field [3]. This
derivation, presented by Boyle [12], who showed that the function’s dependence
on the depolarization factor » is related to the morphology of the suspended

particle:

(1 _¢7) _ [5:]?’ (w) _SZell (a’) J[ 8;, (a)) ] ‘ (54)

Em(@) = Econ(®) | &o ()
The depolarization factor has three designated values for different morphologies:
i) n = 1/3 for spherical inclusions, ii) n = 1/2 for cylinders whose longitudinal
direction is perpendicular to the direction of the electric field and iii) n = 1 for a
two-planar system associated with a lamellar cell morphology.

The Hanai function and its variations have been successfully implemented
for modeling the effective permittivity of cell suspensions of various
concentrations of erythrocytes [3], macrophages [9], and pre-ostoblasts [9]. As
well, the Hanai function has been used to monitor the evolution of cell
morphology as cells adhered to the surface of the open-ended coaxial probe over a
period of time [9]. The Hanai function was chosen for this work because it
performs accurately irrespective of volume fraction and simplifies when a

lamellar cell shape is assumed — attached pre-osteoblasts are lamellar.

5.1.5 Cell Models

The EMA theory requires a description of the cell permittivity. Given that
the cell is a complex heterogenous structure a simplified model must be assumed,
such as the single shell model introduced by J. C. Maxwell and K. W. Wagner.

There are numerous cell models that assume different morphology and number of
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permittivity phases. Most cell models assume a particle of a particular shape
enveloped by a layer between its surface and the external medium. However,
multi-shell cell models [3] are being explored that may account for the lipid
bilayer of cell membranes. Cell models are formulated by solving the Laplace
equations under the boundary conditions at the interfacing surfaces [13-15]. Once
the cell has been modeled it can be applied in any EMA. However, certain EMA

formulations are tailored for a specific cell model.

5.2 Past Work on Scaffold Cell Concentration Measurement

The initial stage of this research, presented by Bagnaninchi et a/ in [16],
introduced the concept of permittivity measurement for monitoring tissue growth.
Permittivity measurements were performed with a commercial system rated for

frequencies greater than 200 MHz.

5.2.1 Porosity Measurement

First, effective measurements were performed on empty scaffolds
immersed in 100 % ethanol to demonstrate that the porosity of the scaffold could
be measured with the Looyenga EMA. In this case the inclusions where
considered to be the scaffold itself. The ambient (control) measurement was 100
% ethanol. The measurements were performed over a frequency range of 200-
2000 MHz. The estimated porosity was within 2 % of the calculated porosity

based on the chitosan density, sample volume, and weight [9].

5.2.2 Cell Suspension Measurement

The next step was to test the system with cell suspensions of different
known concentrations. Cell suspensions of mouse monocyte-macrophages were
prepared in two different concentrations: 3.1 million cells/ml and 1.6 million
cells/ml. The permittivity of the suspensions were measured from 200-1200 MHz
under sterile conditions. The Maxwell-Wagner-Hanai EMA function was used to

relate the cell parameters to the measured effective permittivity. The estimated
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cell constituent values corresponded to the real values, and the recorded cell

concentrations were within 1% of the true values [9].

5.2.3 Scaffold Cell Concentration Variation

The system was then applied to measure the cell concentration in scaffolds
of different cell concentrations. Scaffolds seeded with 1, 1.2, and 1.5 million
macrophages/ml were measured in the same manner as the suspensions. The
control measurement was that of an empty scaffold in the applied cell medium.
The system produced accurate relative cell concentration measurements for the
three sets of scaffolds [9]. However, the absolute cell concentration measurements
overestimated the actual seeded cell concentration. This error was attributed to the
accumulation of cells on the scaffold side of seeding which acted as the bio-
interface between the probe and sample.

The system response to a scaffold with a different cell-line was analyzed.
Two sets of scaffolds seeded with 1 and 2 million pre-osteoblast cells were
measured by the system; however, the Hanai function was used as the EMA, a
lamellar shape was assumed for the attached cells, and the lower limit of the
applied frequency range was set to 100 MHz. The ambient measurement was a
non-seeded scaffold immersed in the applied cell medium. As with the
measurements of the seeded macrophages, the system produced accurate relative

measurements but the absolute concentration results overestimated the true values

[17].

5.2.4 Scaffold Cell Injections

The same system was used to record the progressive cell volume fraction
change in a scaffold injected with 0.2 million cells every 3 minutes up to a total
cell count of 1.6 million. The cell injections significantly lowered the loss factor
of the measured permittivity as expected from the EMA theory of cell
suspensions. The corresponding cell concentration curve was linear for the first 4

injections. However, for the last four injections the system did not detect a
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significant cell concentration change because the added cell numbers now

constituted a cell volume fraction too low for detection.

5.2.5 Cell Signature

The cell signature vector was defined as the real permittivity of the cell
membrane (€mem), the real permittivity of the cytoplasm (¢’.,), and the
conductivity of the cytoplasm (o). These parameters were retrieved for
macrophages and pre-osteoblasts and are reproduced in Table 5.1 for
convenience. The detected cell signature was significantly different for the two

cell lines. Indicating that the system could discriminate between cell lines.

Table 5.1. Cell signature parameters retrieved from permittivity measurements of
cell seeded scaffolds [17].

€ mem € cvt Gyt
mean std dev mean std dev mean std dev
Pre-ostoeblasts 32.09 11.69 85.96 4.73 0.24 0.11
Macrophages 4.50 0.13 71.07 0.38 0.20 0.00

5.2.6 Cell Proliferation and Differentiation

Application of the system for cell proliferation and differentiation
measurement was explored using two batches of seeded scaffolds. Batch 1 was
seeded with 0.75 million cells and cultured in differentiation medium. Batch 2
was seeded with 0.4 million cells and cultured in regular medium. The scaffolds
were monitored over a 12 day period with permittivity measurements done every
second day. A DNA assay (CyQuant) was used for validation.

The relative cell concentration curve of batch 2 corresponded well to that
of the DNA assay. However, the relative cell concentration curve of batch 1
recorded a plateau of cell growth after six days where the DNA assay recorded
growth. It was hypothesized that since batch 1 was cultured in differentiation
medium, which promotes significant formation of well-mineralized extra-cellular
matrix (ECM), the permittivity measurement was modified by the presence of

ECM.

49



5.2.7 Research Segue

There were three issues with this experimental procedure. First, only a
single scaffold was sacrificed for each DNA assay prohibiting any statistical
analysis. Second, the real permittivity appeared to be corrupt at frequencies below
200 MHz. Finally, the frequency range of permittivity measurement only
overlapped the frequency range of the S-dispersion slightly. Consequently the
system was not highly responsive to cell concentration variation.

The experiments and methodology presented in this thesis are motivated
by these issues. We have designed a system to function at lower frequencies to
provide greater sensitivity to changes in cell concentration within the scaffold.
The experiments performed were robust to permit statistical analysis and to
provide a standard for comparison of future measurements. Furthermore, the work
focused on presenting a cohesive description of the system’s modules. All system
elements are presented and discussed to facilitate its reproduction and
implementation as a tool for other research into tissue growth measurement within

micro-porous scaffolds.

5.3  Chapter Segue

This chapter introduced the application of an EMA that estimates the cell
signature and concentration of a seeded scaffold. Different EMAs and their
approximations were reviewed. Past work was described to present the motivation
and need for this thesis. Here, all the elements of the system were reviewed.

The following chapter is a manuscript for submission to an appropriate
journal that presents a nondestructive system for the measurement of cell
concentration within micro-porous scaffolds. The manuscript consolidates the
information presented in the prior chapters, and describes the system in depth, and

validates its performance.
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CHAPTER 6
Proposed System for Tissue Growth Monitoring

NONDESTRUCTIVE ON-LINE /N-VITRO MONITORING OF PRE-OSTEOBLAST
CELL PROLIFERATION WITHIN MICRO-POROUS POLYMER SCAFFOLDS

D. Dziongl , P. Bagnaninchiz, RE. KeameyI , M. Tabrizian'

‘McGill University, Montreal, Canada;
’Keele University, Keele, United Kingdom.

6.1 Abstract

We present a system for the on-line, in-vitro, nondestructive monitoring of
tissue growth within micro-porous polymer scaffolds. The system is based on
measuring the admittance of the sample over a frequency range of 10 — 200 MHz
using an open-ended coaxial probe and impedance analyzer. The sample
admittance is related to the sample complex permittivity (CP) by a quasi-static
model of the probe’s aperture admittance. A modified effective medium
approximation is then used to relate the CP to the cell volume fraction. The
change of cell volume fraction is used as a measure of tissue growth inside the
scaffold.

The system detected relative cell concentration differences between micro-
porous polymer scaffolds seeded with 0.4, 0.45, 0.5 and 0.6 10° pre-osteoblast
cells. In addition, the pre-osteoblast proliferation within 56 scaffolds over 14 days
was recorded by the system and a concurrent DNA assay. Both techniques
produced cell proliferation curves that corresponded to those found in literature.
Thus, our data confirmed that the new system can assess relative cell
concentration differences in micro-porous scaffolds enabling on-line

nondestructive tissue growth monitoring.
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6.2 Introduction

Tissue engineering is based on seeding an organ-specific cell line onto a
scaffold in vitro to cultivate tissue with a predefined shape [1,2]. The aim is to
produce autologous tissue substitutes for implantation; achieving this goal would
diminish problems of site scarcity, immune rejection, and pathogen transfer [3].
Although in its infancy, tissue engineering applications are expanding quickly due
to concurrent advancements in biomaterials technology and stem cell research.
Consequently, there is a need for new diagnostic devices and methods that will
facilitate research and bring products to clinical application.

The major problem in tissue engineering is the design and construction of
the scaffold that hosts the harvested cells [4]. Micro-porous polymer scaffolds are
a popular choice due to their malleability, high porosity, and surface chemistry
that allows cell attachment, proliferation, and differentiation [5]. Once a scaffold
is seeded, it is necessary to record cell proliferation, and differentiation in stem
cell applications, to monitor the stages of tissue development and modify the
cultivation environment correspondingly. Current methods of monitoring
constituent variation within scaffolds are laborious and compromise the integrity
of the sample [6-8].

Complex permittivity measurement (CPM) over radio-wave frequencies,
also known as dielectric spectroscopy, has been shown to be an excellent, non-
destructive tool for monitoring cell growth in culture [9,10]. CPM has also
become accepted as a diagnostic tool in industrial and medical bioprocesses
[9,11,12]. Specifically, the use of open-ended coaxial probes as dielectric sensors
has become ubiquitous because of their convenient geometry and well developed
methods for extracting the CPM from the impedance measurement [13].
Consequently, dielectric probes and automated equipment that facilitates wide
spectrum measurement of dynamic time-dependant phenomena in biological
tissue, have become commercially available.

In previous work [14-16], we presented a novel methodology, based on

CPM technology, for evaluating tissue growth within micro-porous polymer
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scaffolds. The method detected differences in cell concentration in scaffolds,
scaffold porosity, and stem cell differentiation within the scaffold. However, the
formation of cell side-products, such as the ECM, resulted in underestimates of
the cell concentration. Furthermore, below 200 MHz, where CPM is most
sensitive to changes in cell concentration, the real part of CPM deviated
significantly from theoretical behavior.

Here we present a comprehensive description of a system for the non-
destructive measurement of tissue growth within micro-porous scaffolds based
solely on the imaginary part of the CPM. Consequently, the system function
works well in the frequency range of 10-200 MHz for greater response in cell
concentration measurement. The individual elements of the system are presented
along with suggested calibration methods. In this work, we implemented the
probe aperture admittance model and error correction ourselves to present a
coherent system for online measurement of cell concentration in micro-porous
scaffolds. The performance of the system was evaluated by testing its ability to
discriminate between scaffolds seeded with incrementally greater cell
concentrations. Furthermore, the application of the system as a tool for cell
proliferation was demonstrated by using it to monitor cell concentration variation
in scaffolds over a period of 14 days and validate the results by a DNA assay and
SEM analysis.

This note begins with a brief overview of CP theory related to the system.
Then, the physical system setup is discussed with focus on each element.
Subsequently, the mathematical modeling and other analytical techniques are
presented followed by a description of scaffold construction and corresponding
cell seeding. Last, experiments and a discussion of their results are presented

together followed by a system summary and conclusion.

6.3  Theory

Complex permittivity (CP) describes a substance’s reaction to an applied

electric field. The real part of CP describes the amount of energy stored in the

55



material, while the imaginary part, the loss factor, is a measure of how dissipative

the material is:

£ (0) =& (@) - j&" (@), (6.1)
where o is the angular frequency of the excitation field, &'(w)and &"(w)are,
respectively, the real and imaginary parts of CP.

There are two major responses when an electric field is applied to
biological media: ion displacement and volume density polarization, also known
as orientational polarization, oriented to neutralize the applied electric field. This
polarization process is causal with a time constant characteristic of the medium.
As the frequency of electric field variation increases the polarization vector falls
out of phase with it. The loss factor describes the frequency dependent phase
difference between electric field and the polarization vector. In addition, the loss
factor accounts for ohmic losses due to ion displacement:

_ogtop O

&" : (6.2)

Ew Eow
where,ogy, op and ¢, are, respectively, the static (ionic) and dynamic
(orientational) conductivity and the permittivity of free space.

The dielectric spectrum of a cell suspension, or a seeded scaffold, is a
function of both the cell structure and their environment. The cell structure can be
modeled as a low conducting plasma membrane enveloping a conducting aqueous
ionic medium, the cytoplasm [9]. While the environment is largely an ionic
conducting cell medium.

Consequently, from an electrical viewpoint, the system can be considered
to be a suspension of small capacitors, representing cells, in parallel with a
resistive path, the cell medium [17]. The corresponding dielectric spectrum is a
function of the capacitance of the system and therefore exhibits low pass filter
behavior. The transition between the upper and lower plateau of the dielectric
spectrum, over a frequency range of 1 Hz — 10 GHz is ideally characterized by
four dispersions: a, B, 6 and y. The a-dispersion, although not well understood, is
associated with the cellular membrane potential, sarcoplasmic reticulum

polarization, gap junctions, and the displacement of counter ions surrounding
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charged membranes and occurs at frequencies below approximately 5 kHz. The -
dispersion is most prominent and is due to the interfacial polarization between the
plasma membrane and the intra- and extra-cellular ionic solutions, a phenomenon
known as the Maxwell-Wagner effect which increases with cell volume and is
most prominent at frequencies between 0.05 - 100 MHz. The o~dispersion is
related to biopolymers, proteins, protein-bound water, and cell organelles and is
observed between frequencies of 1 M — 1 GHz. The y-dispersion is due to
reorientation of water molecules and occurs at frequencies above 1 GHz.
Dielectric spectroscopy of cell suspensions has focused on the -
dispersion from which information about the sample constituents is extracted
using an appropriate effective medium approximation (EMA). The EMA
describes the relation of dielectric spectrum to the bulk properties of the sample.

Its general form is [18]:

f(Gog (@), (@), 6 (@), 04) =0, 6.3)

where,

£ (w) : effective CP,

&y () : ambient medium CP,

&;(w) : the CP of the kyy, inclusion CP,

¢, - volume fraction of the ky, inclusions ,

o : is the angular frequency in radians.

There are numerous EMAs that follow the formulation of (6.3) and
produce substantially equivalent results [18]. In all cases, the EMA assumes an
even distribution of inclusions throughout the sample. A sensitivity analysis of
these EMA shows that the sensitivity of the effective CP to inclusion
concentration increases at the lower end of the S-dispersion frequencies [16].

CPM of biological solutions at low frequencies is prone to corruption by

electrode polarization due to the solution’s high ionic content. At low frequencies,
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the free ions in solution have time to accumulate at the electrode/sample interface
creating an electrical double layer that increases the capacitance [19]. Numerous
methods have been proposed to deal with this phenomenon; particular attention
has been given to applying a power-law frequency dependence exhibiting a
constant phase element to model polarization associated with open-ended coaxial
probes [18,19]. However, including this term increases the complexity of the
EMA formulation. Consequently, we chose a frequency range of 10 — 200 MHz
for our system. This frequency range overlaps the S-dispersion of the cells but the
loss factor is only minimally affected by the polarization phenomena and allows
for discrimination between the static and dynamic conductivities. Fig. 6.1 shows
the spectrum of an EMA for differing cell concentrations over this frequency
range. Fig. 6.1A shows the tail-end of the B-dispersion shifting to lower
frequencies with decreasing cell concentration. Fig. 6.1B shows the loss factor

decreasing progressively with increasing cell concentration.
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Figure 6.1. The theoretical dielectric spectra, as per the Hanai EMA, of pre-
ostoeblasts suspended in 0.3 N saline with cell parameters from [16], and in the
frequency range of 10 — 200 MHz. (A) The real and (B) imaginary part of
permittivity for different cell concentrations.

The well established Debye theory predicts the CP spectra for numerous
standard liquids to be:
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* Eg €

E =&y +m, (64)

where & ande, are the constant permittivities at DC and optic frequencies
respectively, and 7 is the relaxation time constant.

The Debye theory assumes that the relaxation process of the polarization
vector occurs exponentially. Here we use the Debye theory to validate system
performance when applied to standard liquids with high ionic content such as

saline solutions.

6.4 System Instrumentation

The CPM sensor used was a commercial open-ended coaxial probe
(Agilent 8507D). Such sensors can be readily constructed as presented in [22],
however, it was found that precise manufacture of small probe aperture
dimensions, needed for our application, was difficult. The Agilent probe had an
electrical opening smaller than the thickness of the sample and less than half the
sample’s surface area (inner radius: a = 0.33 mm, outer radius: » = 1.5 mm); it
was terminated by a grounded conductive flange whose diameter was
significantly greater than the sample (radius of 9.5 mm). These small probe
dimension ratios facilitate modeling the probe’s aperture fields [23].

Open-ended coaxial probes function in conjunction with material
analyzers. An impedance analyzer (Agilent E4991A) was used because it
implements an RF I-V measurement method which is considered to have better
sensitivity than the reflection coefficient measurement produced by a network
analyzer [24]. A computer was interfaced with the material analyzer through a
GPIB (National Instruments) card for control and online data acquisition.

All measurements were performed under sterile conditions. The probe
apparatus, less the impedance analyzer, with the aperture face up, was set under a
laminar flow hood and fixed in position to avoid disturbance during measurement.

A sample holder was made by cutting a 50 ml Falcon tube (Corning) and
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attaching it to the top of the probe through a well fitted rubber o-ring. The
complete system setup is illustrated in Fig. 6.2.

Laminar Flowhood for sterile

environment
Computer for control Sample holder
and data acquisition Impedance analyzer N
e o |
o | | Sample
o o | Sensor —»
o} o} o

Figure 6.2. Experimental setup

6.5 Modeling

6.5.1 Reflection Model

The probe and impedance analyzer measure the impedance, admittance,
and reflection coefficient of the sample. To extract the CPM the aperture
admittance (Y;) must be determined. This was done using the quasi-static model

presented in [25]:

2
j2ax;08* k212 k37m>£os* b2 —q?
Y, = I - + S
L [ln(,/)]z{l 2 z | up)| @ 6.5)
a
where

k= 0)\'5*50/”0 (66)

"

aa0yr +r2 2m cos(#)

dgdrdr' (6.7)

bbr
1, = [ fooslgWr> + 7721 coslg) dpdrar 6.8)
aal

Where £ is the wavenumber in the material medium, € and py are the permittivity
and permeability of free space. Note that, a cylindrical coordinate system (r, ¢ ,2)
is used where primed coordinates represent the source points while unprimed ones
represent the field points. The model requires only a single computation of its

integrals per probe geometry allowing fast online performance. Furthermore,
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isolating the sample permittivity is simplified when: the probe has a small
electrical opening, and the sample has a high modulus of CP, such as biological
tissue. When these conditions are met only the first term of (6.5) is necessary to
model the aperture admittance of the probe [26], therefore:

LA

g =—j— Yar (69)
/ 2we 1,

The inherent length of the probe, the physical imperfections of the system
and deviations from assumptions result in certain errors in the reflection
coefficient measurement. These imperfections are corrected for by a calibration
procedure based on a linear two-port network with a scattering matrix S as

presented in Fig. 6.3 [27].

\ 4

‘\3
—
\ 4

I'm Sy Siy Y I'r

Figure 6.3. 2-port scattering network

The network relates the measured reflection coefficient to the true reflection

coefficient:

Iy = Tm =511 , (6.10)
S22 — (811822 — $21512)

where I, and I'7 are respectively the measured and true reflection coefficients.
Consequently, to evaluate the three unknowns (S;;, Sz S2:57,), three
calibration standards with known dielectric behavior are required. The standards
we used were: air (I'; = 1), a short circuit, (/> =-1), and water (I, ) whose CP was
determined using the Debye equation with parameter values from [26,28]. The
admittance was then calculated from (6.5) and mapped to the reflection

coefficient:
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where Y, and I, are, respectively, the admittance and reflection coefficient of

water. The network parameters where then solved:

S” — Iﬂm3(l—‘m2 _ le)_ erml(rm2 _rm3)+ rwrm2(l—‘m3 _Fm]) (612)
_(rml _FmZ)—Fw(FmZ —Fm3)+rw(rm3 - l—‘ml)

_ D1 =Tnp) =Tz = S11)

S22
l—‘w (rm2 - Iﬂm3 )

(6.13)

S12821 = (S11 = L2 )1+ 837). (6.14)
Where, I, T2 and [,;3 are, respectively, the reflection coefficients of the
measured standards: air, short circuit and water.

The validity of this model was tested using standard liquids having well-
described CP Debye curves: 100 % ethanol, 100 % methanol, 0.1 N saline
solution, and 0.3 N saline solution. The accuracy of the model was evaluated by
calculating the percentage variance accounted for (VAF), defined as the square of
the correlation coefficient 2, between the measured and theoretical CP.

Table 6.1 summarizes the VAF analysis between the measured and Debye
CP of the standards. The model performed best for the real CP of liquids with low
ionic content such as ethanol and methanol. However, the imaginary CP of the
low ionic liquids was less accurate, especially that of methanol. Both methanol
and ethanol have a small | £*| for low frequencies as opposed to the saline and cell
medium solutions. CP measurements of liquids with a small | ¢* |, performed with
a small aperture probe, yield greater uncertainties than for liquids with large | " |
[26]. However, in this case there was large error when calculating the real part of
saline solutions at low frequencies. Fig 6.4A shows that the measured real CP of
0.3 N saline deviated increasingly from the Debye curve with decreasing
frequency. In contrast, the loss factor measurement, shown in Fig 6.4B, remained

accurate even at low frequencies.
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spectrum of (0.3 N) saline as measured and calculated by the
Debye equation: (A) real part (VAF = 52.32 %), (B) imaginary part (VAF = 99.93

The models from [29] and [30] were implemented to verify that the

observed phenomenon was not specific to the chosen aperture admittance model,;

however, their CPM calculation showed similar errors. Thus, the error was not

model specific but exhibited the traits of polarization phenomena that become

more prevalent at low frequencies, specifically for electrolyte solutions, and

corrupts the real part of CPM. Electrode polarization is expected to occur at

frequencies below 10 MHz, in the current case the observed polarization

phenomena commences at approximately 200 MHz. Similar CPM behavior for

saline spectrums was depicted graphically in [31] but not commented on.

Table 6.1. VAF as a measure of fit between the CPM of different standard liquids
and their corresponding Debye curves

VAF (%)
Real Im.
Ethanol 99.99 93.30
Methanol 99.99 76.26
Saline 0.1 N 95.49 99.85
Saline 0.3 N 52.32 99.94
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Validation of measurements from cell suspensions, and seeded scaffolds is
difficult because there is little data on the CP spectra of cell mediums. However, it
has been noted that saline solutions generally have similar CP spectrums with
slight offsets. Therefore, it is assumed that if the real CPM of saline is in error that
of the cell medium will be too. As described below, the problem is addressed by

modifying the EMA so that it is a function of the loss factor only.

6.5.2 Effective Medium Approximation
The Hanai function, as derived by Boyle, was implemented to model a
cell-polymer matrix immersed in cell medium. The function allows for different

cell morphologies and is applicable to high volume fractions:

(1-9)= [8‘”’ () o @) ][ £ (@) ] (6.15)

Em (@) = 2o (@) | £of (@)
Where the parameter n determines the morphology of the inclusions: for lamellar
n = 1, for cylindrical n = 1/2, and for spherical n = 1/3. The effective CP is the
CPM of the cell polymer matrix immersed in o-MEM; the medium CP is the CPM
of an empty scaffold, the control, immersed in medium; the cell CP and volume
fraction are the elements that must be solved for from the empirical data. Our
application focuses on a lamellar cell morphology since attached pre-osteoblasts

are innately lamellar. Consequently, the formulation can be rewritten as:

* %
Em€
ey = CmPeell (6.16)
(1 _(o)gcell + @&y,

The cell is modeled as a lamellar cell with a plasma membrane of fixed
thickness enveloping a uniform cytoplasm of CP (e*;,,). The cell volume is related
to the EMA through the parameter v which assumes a spherical cell shape
irrespective of n. The CP of a cell is then defined as:

1
*
EmemEcyt

*
Ecell = "
“ a-v? )3:3;: +v3€mem (6.17)
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Where €’yen is the real CP of the cell membrane, &, is the complex permittivity

of the cytoplasm and v = 1-(d/r.), where r. is the cell radius and d is the thickness
of the membrane.
This expression for the effective CP can be separated into its real and

imaginary components: (6.18)

R [ . ]_ (EmEicll = EmEaci (1= ©)ebon + pen |+ (Ebonitn, + Elenep N1 - @)eley + pen, ]
e geﬂ (a)) - 1 ! 14 n
[(1-)eley + 9 | +[(1-@)eley +0em I (6.19)

t s (@) Eeetn + Slenm)l0 = 9otan + g0 )= Cmcon — emecen)ld = @econ + 055 ]
[1-p)etey +pen F +[(1-0)elen + 02y, T

From (6.18) and (6.19) it is evident that the cell volume fraction can be extracted

from either the real or imaginary part of the effective CPM. However, the real part

of the effective CP is largely a function of the real CP of -MEM’s which are

corrupted and therefore can be expected to be in error. The effective loss factor is

also a function of the real part of the CPM of o-MEM’s but it plays a minor role,

i.e., if &2 &% >> &2 then (6.19) can be closely approximated by:
. (L= )ttt Em + EmEbeni”) + PEn’ Ehent)
Imle, 4 (@) |= .
7) (A= @)eten)? +10-@)elen + 92 ] (6.20)

The accuracy of the approximation was evaluated by the normalized error defined

as:

-3

E, =, (6.21)

x
where, x and x are, respectively, the results of the true and approximate
formulations.

Fig. 6.5 shows the plot of the normalized error for volume fractions over
10 - 200 MHz. For a cell volume fraction less than 0.3 the error due to the
approximation is less than 1 % and decreases further for smaller volume fractions.
The cell volume fractions used here are at most 100 hundred times smaller that
the 0.3 limit. In our previous research and those of other groups [32] using similar
scaffolds the cell volume fraction was never greater than 0.03. Consequently, the

use of the approximation results in minimal loss to the accuracy of the EMA.
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Figure 6.5. Normalized error due to EMA approximation, i.e. the normalized
error between the imaginary Hanai formulation (6.19) and the proposed
approximation (6.20) where the host medium is 0.3 N saline as per (6.4) and the
cell parameters are from [16].

Cell parameters were retrieved by fitting (6.20) to the measured effective
permittivity. A complex non-linear fitting procedure implementing the trust
region reflective-Newton algorithm (Matlab optimization toolbox) was used to fit
the imaginary part of the complex permittivity. The mean and standard deviation
of previously published cell parameters [13-15] for seeded pre-osteoblasts were
used, respectively, as the seed values and trust regions for the applied fitting
algorithm. To determine the quality of fit the VAF between the effective and
modeled permittivity and normalized residuals were calculated and analyzed. All
mathematical modeling and algorithm implementation was performed in Matlab

(The MathWorks).

6.6  Cell Polymer Sample Preparation

6.6.1 Micro-porous Scaffold
Micro-porous polymer scaffolds were made from high molecular weight
chitosan (Sigma Aldrich) — a polysaccharide that is a partially deacytalated

derivative of chitin. Chitosan has been used often for bone tissue engineering
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because it supports Osteoblast and Chondrocyte survival and phenotypic
expression [20, 21].

Scaffolds were prepared by dissolving the chitosan at a 2% concentration
in a water acetic acid mixture (1% v/v). The resulting gel was pressure filtered
into flasks to remove non-dissolved chitosan. The flasks where sonicated for one
hour to remove air bubbles. Then, the gel was cast in 24 well plates (Corning,
U.S.A) and frozen at -20 °C over night within Styrofoam boxes to slow freezing
and generate the desired pore size [20]. Once frozen, the gels where lyophilized
over a period of three days. Subsequently, each scaffold was carefully trimmed to
yield two cylindrical samples approximately 3 mm high, with uniform top and
bottom surfaces, and a diameter of 15 mm. Flat sample surfaces are imperative to
ensure repeatability. Scaffolds from each batch were randomly selected for
porosity measurements. Porosity was calculated to be 94.3 + 2 % by the CPM
method as previously described and validated in [15].

Scaffolds were then immersed in progressively lower concentrations of
ethanol — from 100 % to 70 % over a 48 hour period to neutralize and sterilize the
sample [20]. The scaffolds were then stabilized in a phosphate-buffered saline
(PBS) solution with pH 7.2. Three hours before seeding, the scaffolds were
washed in alpha minimum essential medium (e-MEM) to remove any traces of
PBS and incubated to match the environment of the cell culture. Prior to seeding

the medium was removed from the scaffolds.

0.6.2 Cell Seeding

The Pre-osteoblast MC3T3-E1 subclone 14 (ATCC, USA) cell line was
used as the cell model because it forms well mineralized ECM after 10 days when
stimulated with differentiation medium and has been shown to attach well to
porous structures [15]. The cells were cultivated in -MEM with L-glutamine and
sodium bicarbonate at 2.5 g/L, supplemented with 10% foetal bovine serum and
1% penicillin streptomycin (Biomedia, Canada).

Each scaffold was seeded with 1 ml of solution having a cell concentration

prepared by means of a hemacytometer (Hausser Scientific). The solution was
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carefully injected into the sponge-like scaffold through a micro-pipette tip. The
resulting cell-polymer matrix was incubated at 37°C in an atmosphere of 100%
humidity and 5% CO,. The medium was changed daily when a measurement was

performed.
6.7 Experiments

CPM was performed at room temperature over a frequency range of 10 -
200 MHz with a sampling interval of 20 kHz. Each sample was gently centered
atop the probe and three CPMs were performed and averaged. The probe was

calibrated prior to each set of measurements.

6.7.1 Cell Concentration Variation

First, the system’s functionality was tested by taking CPMs of scaffolds
with incrementally greater concentrations of cells to emulate cell proliferation.
Tissue growth evaluation entails two CPMs: the effective CPM and the CPM of
the medium (the control measurement). Two methods of performing the control
measurement were explored. In the first, measurements of the scaffold were taken
prior to seeding and used as the control for all further measurements. In the
second, a separate control scaffold was used that remained unseeded throughout
the experiment but underwent the same treatment. Ideally, the control scaffold
should be cut from the same original cylindrical cast as the sample and so have a
similar structure.

CPM of thirty paired seedless scaffolds, from the same cast, immersed in
o-MEM were taken at room temperature as control measurements. The pairs were
then separated into two sets: seeded and corresponding controls. The seeded set
was further divided into five sets, seeded with 1 ml of 0.2 0.4, 0.45, 0.5, or 0.6 x
10° cells/ml suspensions. The cell-polymer matrices were then incubated for six
hours along with the controls. Prior to measurement, samples were allowed to

cool to room temperature. For every CPM of a cell-polymer matrix, a
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corresponding control CPM was performed to evaluate the two methods of control
measurement.

In previous work, we found that the calculated cell concentrations
overestimated the true values but the relative measurements were generally
correct. The overestimate was likely due to greater conglomeration of cells on the
scaffold side of seeding which also acts as the bio-interface of the probe. In the
current experiments a calibration measurement, which is used as a scaling factor,
was performed to map the cell concentration measurement to a realistic cell
number (N..;s). The set of scaffolds seeded with 0.2 x 10° cells was used for the
calibration:

N

cal

X boat (6.21)

where N, 1s the number of cells seeded onto the calibration scaffold, ¢,,,1s the

Nees = ¢meas

average calculated cell volume fraction of the calibration set, and ¢,,,1s the
measurement to be mapped to a cell number.

Fig. 6.6A shows a typical loss factor spectrum measurement from 10 —
200 MHz of a seeded scaffold with the corresponding fit and control
measurement. Seeded scaffolds had a lower effective loss factor which is
highlighted by the insert. The decrease in the loss factor is attributed to the low
conducting cell membrane and followed the expected theoretical behavior
presented in Fig 6.2B.

The proposed EMA formulation produced excellent data fits with an
average VAF greater than 99 %. In addition, the average normalized residuals, as
shown in Fig. 6.6B, were insignificant with maximum amplitude of 0.4 %, and a
minimal trend with an offset. The observed non-white nature of the residuals was
attributed to the EMA’s imperfect model of the sample (i.e. the potentially uneven
cell distribution within the sample, the varied cell morphology, and the simplified

cell model).
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Figure 6.6. Representative data for the loss factor measurement and fit: (A) loss
factor of seeded and seedless scaffold and corresponding fit (VAF = 99.99 %), (B)
the average normalized residuals, (C) calculated cell number for the four sets of
scaffolds for the two control methods: control 1 is a CPM of the scaffold prior to
seeding, control 2 is a CPM of a seedless scaffold cut from the same cast as the
sample. An analysis of variance (ANOVA) of each control group showed them
both to be statistically different (p<0.0001). However, note that the standard error
bars of control method 2 overlap for cell populations differing by 0.05 x 10 cells.
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Fig. 6.6C shows the cell numbers estimated after calibration with both
types of control methods. According to hemacytometer readings the relative cell
count in both cases is an underestimate of the seeded numbers; it is unlikely that
all the cells adhered to the scaffolds. The general progressive increase of
concentration between the sets was recorded. The nonlinearity of the trend was
likely due to disproportionate cell adhesion, between the experiment’s sets, to the
polymer scaffold. A statistical difference was recorded between sets of scaffolds
differing by 0.1 x 10° cells for both control methods. Using the same scaffold
prior to seeding as control measurement permitted greater statistical
discrimination between scaffolds seeded with cell numbers differing by 0.05 x 10°
cells. However, the resolution was far worse using an independent scaffold as a
control; it increased the measurement error and reduced the resolution of the
system as depicted by the overlapping standard error bars. Although, there is no
accurate way to validate the absolute cell numbers in the scaffolds, the cell
numbers presented in Fig 6.6C as per the calibration equation (6.21) are in good
accordance with our expectation. The detected cell numbers are expected to
underscore the number of seeded cells which should be the case since it is
expected that not all cells will attach themselves to the scaffold.

It is assumed that all the differences between the control and the seeded
samples are due to the presence of cells; thus, structural irregularities between the
control and sample will bias the cell concentration measurement. However, the
independent control method is more flexible because it allows system calibration
between measurements since the control CPM can be redone each time — an
important aspect for prolonged experiments.

The cell parameters estimated by the system are presented in Table 6.2.
Their values constitute the cell signature and volume fraction of the particular cell
line used and correspond to typical values for generic cells. It has been previously
shown [14,15] that different cell lines have particular cell signatures. Observing
the change of the cell signature over time might prove to be useful to recognize

the differentiation of a stem cell.
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Table 6.2. The cell signature and cell concentration as retrieved by the system
during the study of cell concentration variation

Seeded Cells € mem €'
M) Mean Std dev Mean Std dev
04 33.54 18.41 80.13 7.14
0.45 28.81 15.77 79.11 6.27
0.5 30.89 16.92 80.25 5.91
0.6 26.68 15.34 77.68 5.72
Seeded Cells Oyt o)
™) Mean Std dev Mean Std dev
0.4 0.1929 0.0189 0.0741 0.0075
0.45 0.1960 0.0164 0.0825 0.0064
0.5 0.1779 0.0357 0.0909 0.0071
0.6 0.1749 0.0380 0.1225 0.0045

6.7.2 Cell Proliferation

To produce a standard curve for cell proliferation within micro-porous
polymer scaffolds, fifty-six scaffolds were seeded with 0.5 x 10° cells and
observed over a period of two weeks. Four cell-polymer matrices were measured
daily, after which four scaffolds were sacrificed for use in other validation
techniques. The length of the experiment required numerous equipment
calibrations. Consequently, the control CPM used was from a non-seeded scaffold
from the same cast as the sample performed before each proliferation
measurement — such as control 2 from the cell concentration variation experiment.

Proliferation trends were validated with a DNA concentration assay
(CyQuant) of three samples per day of experiment. Scaffolds for the DNA assay
where gently washed in PBS, to remove traces of -MEM, frozen at -80 °C until
all samples were collected. They were then brought back to room temperature in
lyses buffer and the DNA concentration assay was performed and the relative
fluorescence measurement trends were compared to the relative cell
concentrations extracted from CPM. Scanning electron microscopy (SEM) was
performed on a scaffold from each measurement day to confirm cell presence,

morphology, and scaffold structure.
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Fig. 6.7A shows the CPM cell concentration estimates for scaffolds
monitored over a period of two weeks. There was an apparent decrease in
concentration over the first four days of the experiment; this is consistent with the
DNA assay curve shown per Fig. 6.7B. Cell proliferation was observed to begin
after day 4; whereupon, the cell concentration increased and then plateaued with
sporadic concentration variance after day 8. The trend in the data was not smooth,
during each measurement and medium change there is chance of cell detachment
and/or cell death. Nonetheless, the CPM and DNA cell proliferation curves
indicate a general increase in the cell concentration within the scaffolds over the

14 day experiment period.
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Figure 6.7. Proliferation study of scaffolds seeded with 0.5 x 10® pre-osteoblasts
over a period of 14 days. (A) Relative cell count as extracted by the CPM method

when applied to 4 scaffolds a day, (B) Fluorescence DNA concentration assay
applied to 3 scaffolds a day.
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Table 6.3 reports that the estimated average cell signature of the
proliferation study was within the range presented in Table 6.2 and did not vary

significantly with the change of volume fraction.

Table 6.3. The average cell signature retrieved over the 14 day proliferation study

elmem elcyt Ocyt
Mean Std dev Mean Std dev Mean Std dev
31.80 19.72 79.18 7.28 0.1929 0.0189

The large error bars of the DNA assay data are likely due to the difficulty
of proportionally removing the cells from the scaffold. DNA assays used for
scaffolds were designed for two-dimensional cell culture and therefore there is no
good protocol to remove cells from the scaffold and count them or their
parameters. Consequently, it has been reported that it is difficult to deduce
meaningful results from assays performed on three-dimensional cultures [31], i.e.,
the results should be treated as an estimate of the relative trend of the cell
proliferation. Therefore, the only significant trends of Fig 6.7B are the decrease of
cell concentration on day 4 of the experiment followed by a general increase in
cell concentration over the next 8 days. These trends correspond to the CPM cell
proliferation curve of Fig. 6.7A. As well, these data correspond well to our
previous results [15]. Furthermore, the similar trend of increased cell proliferation
over the first two weeks of incubation has been reported by other authors [32]. Of
note is that we are not aware of reports of cell proliferation measured at a daily
frequency, with such a number of cells. This is likely due to the large work load
associated with such measurements and highlights the potential of the CPM
system.

Fig. 6.8 presents the SEM analysis; there is good cell adherence to the
scaffold. Specifically, Fig. 6.8A shows that the cells are attached evenly across
the scaffold’s surfaces and are migrating well into the inclusions. The scaffolds
exhibited interconnected pore morphology and a pore size of 100 - 300 um, which

corresponds well to values reported by other groups producing polymer scaffolds
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[33]. The general cell morphology was lamellar with some small fibrillar elements
elongated across pores as shown in Fig. 6.8B. This supports our assumptions that

the cell shape is lamellar for the EMA.

McGill 2.0kV 8.8mm x100

2.0kV 8.7mm x800 SE(U)

Figure 6.8. SEM of a scaffold on the 9th day of incubation during the
proliferation study. (A) The scaffold surface interfaced with the probe, and (B) a
magnification view of a single pre-osteoblast cell attached to the same scaffold.
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6.8 Concluding Remarks

A system for tissue engineering application was built to non-destructively
assess cell proliferation within micro-porous polymer scaffolds. Based on the
CPM, the system comprises five elements: (i) the bio-interface, a micro-porous
chitosan scaffold seeded with pre-osteoblasts, (ii) the biosensor,‘ an open-ended
coaxial probe (iii) an impedance analyzer the reflection coefficient of the sample,
(iv) a quasi-static mathematical model of the probe’s aperture admittance which
related the measured reflection coefficient to the CP of the sample, (v) Hanai
EMA used to extract cell concentration and signature from the CPM.

We have demonstrated that the Hanai EMA for lamellar cell morphology
can be approximated as a function of the loss factor of the CPM with minimal
error. This approximation eliminates the corruption of the real part of CPM which
becomes prevalent at low frequencies where the CPM is most sensitive to cell
concentration.

The system successfully discriminated scaffolds seeded with different pre-
osteoblast cell concentrations as shown by Fig. 6.6C of the cell concentration
variation experiment. The CPM reported increased cell numbers for the
progressively greater cell dense scaffolds that were in good proximity to the
seeded values but did not increase linearly possibly because of uneven cell
attachment between the scaffold sets. Cell concentration measurements where
shown to be more precise when the control measurement was the scaffold prior to
seeding (control 1) versus another empty scaffold from the same cast (control 2).

The cell proliferation experiment demonstrated the potential of the system
by producing a standard data for cell proliferation monitoring by 56 scaffolds over
a period 14 days. The calculated relative cell concentration changes were similar
to the fluorescence data produced by the concurrent DNA assay and to previously
reported cell proliferation trends. In addition, the system returned the same cell
signature, irrespective of cell volume, from each set of measurements in both
experiments. Cell signature measurements could be useful for cell line recognition

and observing stem cell differentiation.
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Current studies are exploring the effects of ECM on the kinetics of the cell
concentration data. As well, there is focus on modifying the system to map the
cell distribution within the scaffold. We believe that the CPM system will evolve
into a useful tool for monitoring stem cell differentiation and proliferation in

micro-porous polymer scaffolds.
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CHAPTER 7
General Summary and Conclusion

Micro-porous polymer scaffolds provide structural and biochemical
support with a pre-defined architecture for in vitro tissue engineering. It is
important to measure cell proliferation nondestructively within these scaffolds to
monitor the cultivation environment and the stages of tissue growth.

Permittivity measurements of seeded scaffolds previously performed by
Bagnaninchi et al [1-3] were hampered by the low frequency limitation of their
system which limited the measurements of the -dispersion characteristic of cells.
Nonetheless, as a proof of principle it demonstrated the capacity of the
permittivity measurements to assess cell constituent variation within scaffolds.
The suggested research segue was to modify the system to allow for lower
frequency, more responsive, cell proliferation measurement.

This thesis investigated the components of a permittivity measurement
system for the assessment of tissue growth within micro-porous polymer scaffolds
at frequencies from 10-200 MHz. The system summary is presented in point form

below.

1. Bio-interface: Chitosan micro-porous polymer scaffold, chosen to be
representative of the current biomaterials trend.

2. Probe: Open-ended coaxial probe (Agilent, 8507D), a non-destructive
probe.

3. Material analyzer: Impedance analyzer (Agilent E4991A), chosen for its
response over 10-200 MHz.

4. Aperture admittance model: Quasi static formulation as presented by
Misra et al. The model was chosen for its on-line applicability and
simplicity when solving the inverse problem at low frequencies for
biological media.

5. Effective medium theory: The Boyle formulation of the Hanai function

was designed for a lamellar morphology and remains accurate for
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increasing cell concentrations. The Boyle formulation facilitates isolating
of the loss factor to remove the system’s dependence on real permittivity

of measurement.

At best performance, the system discerned between scaffolds that differed
by 0.05 million cells at seeding. To achieve such sensitivity the control ambient
measurement had to be performed using measurement of the scaffold prior to
seeding with the same system calibration. The system calibration could not be
sustained for prolonged monitoring. Thus, prior to measuring each seeded
scaffold a corresponding control measurement was performed on an empty
scaffold. When recalibration was necessary the system could only discriminate
between scaffolds that differed by 0.1 million cells at seeding

The standard cell proliferation data curve showed an increase of average
cell concentration over 14 days. The general trend of cell proliferation was in
good accordance with that from the cell proliferation DNA assay.

Our results demonstrate that the system described here can be used as an
on-line nondestructive tool for discriminating between micro-porous polymer
scaffolds seeded with different pre-osteoblast cell concentrations. When applied
as a monitoring device for seeded-scaffolds over time, the system can record cell

proliferation and recognize cell signature.

7.1 Suggestions for Future Work

The system presented in this thesis makes a number of assumptions that
facilitate the analytical description of the bio-interface formed by the cell seeded
scaffold and the open-ended coaxial probe. The development of a system that
eliminates some of these assumptions would increase system accuracy and reveal
more information about the sample. Furthermore, the current experimentation of
the CPM system was limited to one type of scaffold and two distinct cell lines. To
best characterize system performance and application, measurement of various

cell-scaffold composites should be explored under various conditions. The
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following subsections discuss the avenues of future research for the development

of a robust measurement system for tissue growth in scaffolds.

7.1.1 Scaffold Cell Distribution

A major assumption of the current system is that the vertical distribution
of cells across the scaffold is constant. Hutmacher et al reported that when
scaffolds are seeded the cells tend to remain on the scaffold side of seeding [4] as

illustrated by Fig 7.1.

Assumed cell distribution Realistic cell distribution

Figure 7.1. Scaffold cell distributions

Uniform horizontal cell distribution is also assumed in this work; however, this
assumption is relatively valid as can be seen by the scanning micrograph provided
in Fig. 6.7A as well as those presented in [1,3]. In the current experiments, cell
distribution effects were limited by using relatively shallow scaffolds. However
the problem could potentially be reduced further by modifying the aperture
admittance model to account for layered biological media. Such models have been
described in [5-8] but have not been popularly applied in dielectric spectroscopy.
The complexity of the models for layered media is much greater and they are
usually applied to material layers of evident contrasts in permittivity.

Two possible methods could be used to develop a layered media aperture
admittance model for cell polymer constructs. The simpler approach, would be to
assume the layer distribution of the sample and solve for the permittivity of each
layer. Then, the EMA could be applied to calculate the cell concentration assumed
in each layer producing an approximation of vertical cell distribution within the

sample. The second approach, would be to choose a permittivity layer distribution
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based on the best fit of the measurement to the aperture admittance model. The
result could potentially be the best vertical cell distribution found within the
scaffold. Fig. 7.2 illustrates how a scaffold could be broken down into layers of
distinct cell distribution of distinct permittivity. However, it is possible that the
layered model would be too complex to identify. Nonetheless, exploration of such

models could be valuable to the system.

Realistic cell distribution Distinct cell distribution layers

Figure 7.2. Stratified scaffold

Validation of this approximation could be performed by taking
measurements from the top and bottom sides of the scaffold. The resulting
permittivity layer distributions, for both proposed methods, should be reciprocals
of each other. An elegant demonstration of the method’s functionality would be to
visually match a scanning electron micrograph of the transverse cut of a measured

scaffold to the predicted vertical cell distribution.

7.1.2  Sample Modifications

There are numerous different types of scaffolds for tissue engineering
applications as highlighted in the introductory chapters of this thesis. The scaffold
and cell line used for this work were geared specifically towards bone
engineering. To demonstrate, the range of the CPM system application, its

efficacy should be demonstrated with different scaffold materials and cell lines.
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Whatever the material of choice, it is imperative that the scaffold surface
adhere well to the probe. Brittle and metallic scaffolds will not make good contact
with the probe. Moreover, materials of high conductivity, such as metals, will
disturb the permittivity measurement. Also, the measurement signal penetration
depth in a new material should always be measured experimentally to assure
significant sample representation.

Cell lines are pre-disposed to certain morphologies. Thus, the EMA should
be modified accordingly. Any future work applying the EMA based on the loss
factor as presented in this work to a cell-line of morphology other than lamellar
will produce errors in the cell concentration measurement. Consequently, a

general derivation for the EMA as a function of morphology is needed.

7.1.3  Cell Proliferation Kinetics

As previously reported the presence of ECM causes an underestimate of
the cell concentration measurement within the scaffold. Thus, a study of the exact
effect of ECM on the measured permittivity measurement is imperative to
measure cell proliferation beyond the pre-tissue stage of seeded scaffold
incubation. The modeling of how ECM effects permittivity would allow for its
excision from the measurement improving cell concentration measure. In
addition, an ECM model would allow for the ECM development within 3D
scaffolds to be monitored and characterized, this is of interest, in itself since it is
linked to mineralization and cell differentiation. The understanding of the ECM
permittivity kinetics as related to cell concentration would produce further insight
into the inner happenings of the 3D seeded scaffold.

The study of cell proliferation kinetics of various cell lines could lead to
the optimization of their incubation environment. The effect of growth factors and
their dosage on the cells could be explored and tailored accordingly. Resulting
growth curves could be compared and analyzed to give insight into rates of tissue
development.

Current 3D cell culture is the labor and time intensive stage of the tissue

engineering paradigm. An understanding of the cell proliferation kinetics within
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3D scaffolds based on the CPM system could lead to its use as a diagnostic device

in the automation of 3D cell culture.

7.2

[1]

[12]

[13]

[4]

[3]

[6]

[7]

8]

[9]

References

P. O. Bagnaninchi, M. Dikeakos, T. Veres, and M. Tabrizian, “Monitoring
of Stem Cell Proliferation and Differentiation using a Permittivity
Responsive Biointerface,” Materials Research Society Symposium
Proceedings, vol. 773, pp. N7.12.1, 2003.

P. O. Bagnaninchi, M. Dikeakos, T. Veres, and M. Tabrizian, “Towards
On-Line Monitoring of Cell Growth in Microporous Scaffolds: Utilization
and Interpretation of Complex Permittivity Measurements,”
Biotechnology and Bioengineering, vol. 84, pp. 343-350, 2003.

P. O. Bagnaninchi, M. Dikeakos, T. Veres, and M. Tabrizian, “Complex
Permittivity Measurement as a New Non-invasive Tool for Monitoring In-
vitro Tissue Engineering and Cell Signature through the Detection of Cell
Proliferation, Differentiation , and Pre-tissue Formation,” IEEE
Transactions on NanoBioscience, vol. 3, pp. 243-250, 2004.

M. Sittinger, D. W. Hutmacher, and M. V. Risbud, “Current Strategies for

Cell Delivery and Bone Regeneration,” Current Opinion in Biotechnology,
vol. 15, pp. 411-418, 2004.

E. Alanen, T. Lahtinen, and J. Nuutinen, “Variational Formualtion of
Open-Ended Coaxial Line in Contact with Layered Biological Medium,”
IEEE Transactions on Biomedical Engineering, vol. 45, pp. 1241-1248,
1998.

D. K. Misra, “A Quasi-static Analysis of Open-ended Coaxial lines,”
IEEE Transactions on Microwave Theory and Technology, vol. MTT-35,
pp- 925-928, 1987.

S. Fan, K. Staebell, and D. Misra, “Static Analysis of an Open-Ended
Coaxial Line Terminated by Layered Media,” IEEE Transactions on
Instrumentation and Measurement, vol. 39, pp. 435437, 1990.

S. Bakhtiari, S. I. Ganchev, and R. Zoughi, “Analysis of Radiation from an
Open-Ended Coaxial Line into Stratified Dielectrics,” IEEE Transactions
on Microwave Theory and Technology, vol. 42, pp. 1261-1267,1994.

L. S. Anderson, G. B. Gajda, and S. S. Stuchly, “Analysis of an Open-

Ended Coaxial Line Sensor in Layered Dielectrics,” IEEE Transactions on
Instrumentation and Measurement, vol. IM-35, pp. 13-18, 1986.

86



APPENDIX A
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A HIGHLY RESPONSIVE SYSTEM FOR ON-LINE /N VITRO ASSESSMENT OF TISSUE
GROWTH WITHIN MICRO-POROUS POLYMER SCAFFOLDS

D. Dziongl, P. Bagnam'nchiz, RE. Kearney', M. Tabrizian'"
"McGill University, Montreal, Canada;
‘Keele University, Keele, United Kingdom.

A.1  Abstract

We have proposed a highly responsive system for the on-line in vitro
assessment of tissue growth within micro-porous polymer scaffolds that obviates
any compromise of sample integrity. The system’s function is based on the
sample’s loss factor: the imaginary part of the complex permittivity. Reflection
measurements were performed using an open-ended coaxial probe and impedance
analyzer; they were then related to the sample’s complex permittivity by a quasi-
static model of the probe’s aperture admittance. Measurements of saline solutions
showed that the real part of permittivity was corrupted by apparent polarization
effects. Consequently, we developed a simplified formulation of the imaginary
part of the Hanai-Wagner effective medium approximation to eliminate its
dependence on the real part of complex permittivity measurement. This
formulation allows the sample’s cell concentration to be determined. The
variation of a sample’s cell concentration over time was used as a measure of
tissue growth.

Measurements in the frequency range of 10 — 200 MHz were performed
on micro-porous polymer scaffolds seeded with progressively greater number of
cells. Results demonstrated that the system detected concentration differences

between cell-seeded scaffolds

87



A.2 Introduction

The ultimate goal of tissue engineering is to produce a biological
substitute in vitro that will restore tissue damaged, or lost, of trauma or disease
[1]. The discipline’s paradigm is to regenerate tissue by harvesting an autologous
cell population, expanding it in culture, seeding it onto a scaffold, and cultivating
it until ready for implantation [2].

Micro-porous polymer scaffolds are frequently used in tissue engineering
applications because they have the favorable properties of malleability, high
porosity, and a surface chemistry that allows cell attachment, proliferation, and
differentiation [3]. Monitoring of constituent variation within seeded scaffolds is
performed to diagnose levels of tissue formation. However, the present methods
for determining tissue constituent variation in these scaffolds are time consuming,
laborious, and often destructive [4,5].

In a previous work, we proposed a novel non-destructive method that used
a complex permittivity (€") measurement (CPM) as a means of monitoring cell
differentiation and proliferation on-line in the relevant scaffold [6].

The application of CPM in tissue engineering has been largely limited to
cell suspension measurements [7,8]. The extension of this method to monitor
tissue growth within polymer scaffolds has allowed for a non-invasive evaluation
of the inner-happenings of the cell-polymer construct. Indeed, the CPM method
has been successful in determining the porosity of the scaffold, discriminating
between different cell-lines, observing stem cell differentiation, and recording the
change in cell concentration during the pre-tissue stage of incubation [6].
However, prolonged CPM monitoring of the cell-polymer construct revealed that
the presence of significant cell side-product formation in the scaffold, particularly
the extra-cellular matrix (ECM), can skew the cell concentration measurement.

To accurately quantify and model cell growth and the effect of ECM on
the CPM it is desirable to increase the resolution of the system. A theoretical
analysis of the cell concentration measurement revealed that measurements at

lower frequencies would have greater sensitivity [6].
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The CPM system is based on the reflective method of characterizing
materials: permittivity is measured by obtaining the reflection coefficient at the
sample interface. The system’s five distinct elements are the focus of this work:
(i) the cell-polymer matrix that acts as the bio-interface of the system, (ii) a
biosensor that is an open-ended coaxial probe popularly applied in material
characterization [9], (iii) a material analyzer that works in conjunction with the
biosensor and extracts the reflection coefficient from the measurement, (iv) a
mathematical model that relates the measured reflection coefficient to the
permittivity of the sample, (v) an effective medium approximation (EMA) that
acts as the sample’s complex permittivity model. Proposed herein is a system
tailored for lower frequency (10-200 MHz), greater sensitivity, non-destructive
CPM.

A3 Materials and Methods

A.3.1 Cell-polymer Matrix

The applied micro-porous polymer scaffold was primarily composed of
chitosan — a partially deacytalated derivative of chitin, a polysaccharide. Chitosan
has been applied for bone tissue engineering because it supports Osteoblast and
Chondrocyte survival and phenotypic expression [10, 11].

Scaffolds were prepared by dissolving the high molecular Chitosan (Sigma
Aldrich) at a 2% concentration in a water acetic mixture (1% v/v). The resulting
gel was filtered into flasks and bathed in an ultra sonic bath to remove air bubbles.
The gel was then cast in 24 well plates (15 mm diameter) and frozen at -20°C to
generate an appropriate pore size [10]. Subsequently, the gels were lyophilized
over three days. Once dry, each scaffold was carefully trimmed to obtain two
samples slightly greater than a 3 mm high cylinder with uniform top and bottom
surfaces. The scaffolds were neutralized and sterilized by immersion in
progressively greater dilutions of ethanol (down to 70 %) [11].

Pre-osteoblast MC3T3-E1 subclone 14 (ATCC, USA) cell line was used

as the cell model because it has been shown to attach well to the relevant porous
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structures [6]. The cells were cultivated in alpha minimum essential medium, with
L-glutamine and sodium bicarbonate at 2.5 g/L, supplemented with 10% foetal
bovine serum and 1% penicillin streptomycin.

Then, a solution of specified cell concentration was prepared by means of
a hemacytometer (Hausser Scientific) and carefully injected into the scaffold
through a micro-liter tip. The resulting cell-polymer matrix was incubated at 37°C
in an atmosphere of 100% humidity and 5% CO, for 6 hours.

A.3.2 Instrumentation

An open-ended coaxial probe (Agilent 85070D) was chosen as the
biosensor for the CPM. The advantages of using a coaxial probe for material
characterization have been widely acknowledged [9]. The most important
advantages are: its simple and convenient geometry, the ability to perform
measurements non-destructively over a frequency range of DC up to 50 GHz, and
the elimination of tedious sample preparation [12]. The chosen probe had an
electrical opening smaller than the thickness of the sample and less than half the
sample’s surface area (inner radius: a = 0.33 mm, outer radius: b = 1.5 mm); it
was also terminated by a grounded conductive flange significantly greater than the
sample (radius of 9.5 mm). These probe-to-sample dimension ratios facilitate
modeling of the probe’s aperture fields [13].

The applied material analyzer was an impedance analyzer (Agilent
E4991A) that implements an RF I-V measurement method which has superior
measurement sensitivity in the impedance range of biological materials than the

reflection coefficient measurement produced by a network analyzer [14].

A.3.3 Reflection Model
A quasi-static model of the aperture’s admittance related the sample’s

complex permittivity [9]:

2
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and where k is the wavenumber in the material medium, €y and po are,
respectively, the permittivity and permeability of free space. Also, a cylindrical

coordinate system (r,¢4,z) is assumed where primed coordinates represent the

source points while unprimed ones represent the field points. The model requires
only a single computation of its integrals per probe geometry allowing fast online
performance. Furthermore, for low frequency measurements of materials with a
high modulus of complex permittivity, such as biological tissue, only the first
term of (A.1) is necessary [11]; which facilitates isolating the sample’s
permittivity:

R [h‘%)]z (A.5)

2wmep1;

The probe’s inherent length, the physical imperfections of the system and
practical deviation from ideal assumptions produce errors in the reflection
coefficient measurement. These errors are corrected by a calibration procedure
based on a linear two-port network that de-embeds the true reflection coefficient
[15]. The correction method requires the use of three calibration standards having
well-described complex permittivity curves. We used air, a short circuit, and
water — the complex permittivity of water was related by the Debye equation:

g —E
1+ jor (A.6)

The Debye parameters for water and other standard liquids: ¢, ¢, and 7 were

*
€ debye = &€y +

taken from [12] and [16]. The admittance of water was then calculated by (A.1)
and mapped to the reflection coefficient.

The model, as per (A.5), was tested with standard liquids having well-
described complex permittivity curves: ethanol, methanol, saline solution of 0.1

normality (0.1 N), and saline solution of 0.3 normality (0.3 N). The accuracy of
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the model was determined by calculating the percentage variance accounted for
(VAF) defined as the square of the correlation coefficient (r).

The model was only significantly inaccurate in calculating the real part of
saline solutions at low frequencies (Fig. A.1). The inaccuracy remained when the
aperture admittance models from [17] and [18] were applied implying that the
error was not model specific but rather a polarization effect that becomes more
prevalent at low frequencies, specifically for electrolyte solutions. The closest
theoretical dielectric spectrum approximation of cell medium is that of saline. In
effect, an erroneous CPM of saline implies that the cell medium CPM is also
related incorrectly. The problem was solved by modifying the EMA used to

require only the imaginary part of the measurement as described below.
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Figure A.1. Complex permittivity spectrum of saline (0.3 N) as measured and

calculated by the Debye equation: (A) real part (VAF = 18.91 %), (B) imaginary
part (VAF = 99.13 %).

A.3.4 Effective Medium Approximation

The Hanai-Wagner model [7] was implemented as the EMA to relate the
CPM to the cell-polymer’s constituents. The model is well suited for monitoring
cell growth because it considers high volume fractions and includes a parameter
(n) that can specify cell morphology. The model assumes all the cells to be
composed of a low conducting membrane of fixed thickness (dy.n) filled with

uniform cytosol; irrespective of assumed shape, the volume of the cell is related
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by a parameter v = 1-(dpem/¥cer) Which assumes a spherical cell of radius (7cen).
Given the complex permittivity of the host medium (e*,), the volume fraction of
the cells (¢p), cytosol’s complex permittivity (€*.,), the real cell membrane
permittivity (€’mem) and assuming a lamellar cell morphology (n = 1) for the
attached cell the model produces an approximation of the effective medium’s

complex permittivity spectrum [6]:

* %
g*ﬁ” — EmEecell
e
(1= P)eCen + Pem (A7)
where
* Emem gZyt
Ecell = 3 (AS)

(1- V3 )azy, +v s;”em
The imaginary component of the effective permittivity is a function of the cell

volume fraction as described by (A.9); therefore, it alone is used to relate volume

fraction change:

(A.9)

I m[ o2 w)]z (tenemQ = @)ecein) + (EcenmPem) + (EmEcent (1 — P)ecen) + (EmEcePEm)
€ [ ’ ’ ’ L .4 ” n .
(L= 0)epen)” + (@) + 2080 (1~ 0)ebey + (- @)elen)* + (0 )" + Apem(1- 0)ehe)

An analysis of (A.9) revealed that it could be approximated by (A.10) given that

e lell” >>

v 2 n v 2 r2_n
Im[ezﬁr(a))]= (1_¢)(£cell Em T EmEeell )+¢(‘9m gcell)‘

(1= @)eten)? + 11— @) loy + pely 1

(A.10)

The corresponding normalized error (Fig. A.2) shows that for the realistic range
of volume fractions (¢ < 0.3) the errors due to the approximation are less than 1
%. Consequently, the cell concentration can be determined without ever having to

use the real part of CPM.
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Figure A.2. The normalized error between (A.9) and (A.10) where the host
medium is saline (0.3 N) as per (A.6) and the cell parameters are from [6].

The cell parameters involved were determined by fitting the imaginary CPM to
(A.2). A non-linear fitting procedure implementing the trust region reflective-
Newton algorithm was implemented to fit the data. The seed value and trust
region of each cell parameter was set to the average and standard deviation of
previously published data [6], respectively. Data fit analysis was performed for

each loss factor measurement by calculating the normalized residuals and VAF.

A.3.5 Experimental Methods

As a preliminary test of the system’s functionality and resolution, CPMs
of scaffolds, seeded with incrementally greater number of cells, where performed
in the low frequency range of 10-200 MHz with a frequency sampling period of
20 kHz. All experiments were performed under sterile conditions under a laminar
flow-hood. Prior to measurement, samples were given time to settle to room
temperature.

The CPM of 24 empty scaffolds immersed in medium was taken as the
host medium measurement. The scaffolds were then divided into four sets and,
respectively, seeded with 1 ml of 0.4, 0.45, 0.5, and 0.6 M cells/ml suspensions.
The progressively incremental suspensions were to emulate cell proliferation. The
resulting cell-polymer matrices were incubated for 6 hours to let the cells adhere
to the scaffold. The sample was then centered on the probe, submerged in fresh

medium, and three CPMs were performed.
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A.4 Results and Discussion

Fig. A.3A shows a typical data fit of the loss factor measurement to
(A.10). The presence of cells is characterized by a drop in the loss factor as
highlighted by the Fig. A.3A insert. The loss factor is a function of conductivity;
therefore, the low conducting cell membrane was expected to decrease the
effective loss factor. The calculated VAF was always above 99 % while the
normalized residuals where insignificant (less than 0.5 %) as depicted by Fig.

A.3B. In effect, the loss factor EMA provided a good model for the sample.
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Figure A.3. Representative data for the loss factor measurement and fit: (A)
measurement of seeded and seedless scaffold and corresponding fit (VAF = 99.99

%), (B) the average normalized residuals, (C) the extracted cell number from the
four sets of scaffolds (rcen= 10 um).

Fig. A.3C shows the estimated cell numbers and demonstrates that they
are overestimates of the hemacytometer cell count. As well, the recorded data
trend was not linear as expected. The observed parameter inflation can be
attributed to an inaccurate estimate of the cell model dimensions and the
assumptions of the EMA. The nonlinearity of the trend was likely due to
disproportionate cell adhesion, between the experiment’s sets, to the polymer
scaffold. Nonetheless, the relative trend of progressively increasing cell

concentration was successfully recorded by the system.

95



AS Conclusion

A highly responsive CPM system has been proposed to non-destructively
monitor tissue regeneration at frequencies of 10 — 200 MHz. As of yet, there is no
widely accepted non-destructive, non-intrusive, method of monitoring tissue
growth within micro porous scaffolds; our preliminary results exemplify the
proposed system’s function and application and have shown that the system can
track cell concentration changes within a properly produced scaffold. We are
extending our modeling and calibration methods to improve the estimates of the
cell model parameters.

We believe that as the system becomes more robust the CPM method will

become a useful measurement tool for tissue engineering.
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APPENDIX B
MATLAB Code

B.1 Cell Parameters

de

This m-file acts as the main for the procedure of extracting
ell

parameters. The function accepts the calibration (Tal2, Tsl2,
wl2),

sample (Tmeas) and control (Tmeas2)reflection coefficient
measurements
as well as the corresponding frequency vector (F).
The function returns the cell signature and cell concentration.

o0 H o0 ()

%
function cell sign = cells(Tal2, Tsl2, Twl2Z,Tmeas, Tmeas2, F)

% the values of the Integrals related to the quasi-static

approximation % have been calculated by hand and stored in the
I1I2 matrix.

open I1lI2.mat
o = ans;

Il = 0.I112.11;
I2 = 0.11I12.1I2;

[

probe dimensions
= 0.33/1000;
= 1.5/1000;

o w

% probe dielectric filling permittivity
er = 3.3;

% The theoretical reflection coefficient of water is calculated
cal = 2; % water
[TauS, yl, e theo, ymodel] = theoTau(F,a,b,er,cal,Il,I2);

% The ideal Ts of the calibration standards:
% alr reflection coeff

Tl = 1+3*0;

% liquid

T2 = TausS;

% short circuit
T3 = =1+3*0;

% de—-embedd scaffold measurement
TauSample = two port calib(F,Tal4,Twl4,Tsl4,T1,T2,T3, Tmeas);

% de-embedd control measurement
TauControl = two port calib(F,Tal4,Twl4,Tsl4,T1,T2,T3, Tmeas2);

Q

$ map reflection coefficient into admittance
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ysample = (l-TauSample)./(1l+TauSample);
% map reflection coefficient into admittance
ycontrol = (1-TauControl)./(l+TauControl);

% calculate the permittivity of the measurement
e sample = model 1(ysample, F, a, b, I1, I2);
model 1(ysample, F, a, b, I1, I2);

0]
Q
¢]
=]
jart
H
o]
—
[

Measurement are usually performed over a frequency greater then
hat

of interest. The following parameters are chosen to match the
i ndexes
of the desired frequency range.

H- o0 t oe

oo

LFmin = 1;
LFmax = 65;

freq LF = freq part(LFmin, LFmax, F);

e sampleLF = freq part(LFmin, LFmax, e sample);

e _controlLF = freq part(LFmin, LFmax, e_control);

% cell model parameters

d=0.1; % shell thickness

R = 10; % outer diameter of the shell

v = (1-0.01/10)73; % thickness-radius relationship of the cell

e

choice = 0; choice: 0 or 1, decides the method for 1lsgnl
% Choice zero allows for limiting the constituent range (this is
the

% method applied for presented results)

if choice==

options =
optimset ('LargeScale', 'on', '"MaxFunEvals',100000, 'Display’, 'on', 'To
1Fun',0.0000000001, '"MaxIter',15000);

&

lower limit for: membrane permittivity, cytosol perm, cytoplasm
conductivity, volume fraction
lower = [10 30 0.1 01;

oo

oe

upper limit for: membrane permittivity, cytosol perm, cytoplasm
conductivity, volume fraction

upper = [60 90 2 0.9];
end

oo

choice one does not limit the value of the constituents
f choice==
options =

optimset ('LargeScale', 'off', 'MaxFunEvals',100000, 'Display’', 'on','T
olFun',0.00000001, "MaxIter',15000):

lower = [1:

upper =[1;
end

%
i

Q

% starting guesses (based on literature and Pierres work):
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gl = 3; % membrane real permittivity
g2 = 11; % cytoplasm real part of permittivity

g3 = 1; % cytoplasm conductivity
g4 = 0.01 % volume fraction

o0

store guesses as a vector

guesses = [gl,g2,g3,g94]

% perform fit.

[xLF, ResnormLF, FVALLF, EXITFLAGLE, OUTPUTLF, LAMBDALF, JACOBLF] =
lsqgnonlin('HanaiWagner Fit im',guesses, lower,upper,options, freq LF
, e sampleLF, e controlLF); -

cell sign = xLF;

B.1.1 Function to Minimize

oo

The function accepts:

The guesses for the cell parameters (guess)

The frequency vector (Freq)

The seeded scaffold permittivity (Es)

The control scaffold permittivity (Em)

The function returns the difference between sample model and
measurement

d® o0 oC oo

el

function SS = HanaiWagner Fit im(guess, Freq, Es, Em)
% membrane real permitivity
er mem = guess(l);
% cytosol real permitivity
er cyt = guess(2);

% cytosol conductivity
k cyt = guess(3);

% volume fraction
phi = guess(4);

w = 2*pi.*Freq;

eo = 8.8542%107-12;
membrane conductivity
_mem = 0;

embrane thickness
em = 0.01;

Q. 00 & o°

'B =

% membrane permittivity
mem = er mem - i.*k mem./(2*pi*eo.*Freq);

0]

% Outer diameter of cell (we are assuming spherical shape for
volume)
R cyt = 10;

% cytosol permittivity
e cyt = er cyt -i.*k cyt./(2*pi*eo*Freq);
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o0

volume parameter
= (1-d mem/R _cyt)"3;

<

cell permittivity
_cell = (er mem.*e_cyt)./(((1-v).*e cyt)+(v.*er_mem));

D o°

real (Em) ;
imag (Em) ;

emr
emi

ecr = real(e cell);
eci = imag(e_cell);

oo

The imaginary formulation

ei = ((((ecr.*emi)+(eci.*emr)).*(((1l-phi).*ecr)+(phi.*emnr)))-

((emr.*ecr-eci.*emi).* ((l-phi).*eci+phi.*emi)))./...
({((l-phi).*ecr)+(phi.*emr)) .2+ (((1-

phi).*eci)+(phi.*emi))."2);

e eff ¢c = ei;
e eff ¢ = e eff ¢ - (imag(Es));

% get the length of the vector
L=length(Freq);

% Store the real part of the function to be minimized in the
first half

% of the vector

SS(l:L)=real(e_eff c);

B.1.2 Two Port Network

% Given three measured calibration standards and their ideal
reflection

% coefficients and a measured reflection coefficient of the
current

% sample the function returns the de-embedded reflection
coefficient as

Q

% per a two-port network model.

function Tau = tweo port calib(Tlm,T2m, T3m, Tmeas,T1,T2,T3,F)

oe

T with m corresponds to measured reflection coeff values.
T without m corresponds to the ideal reflection coeff values.

oo

S11 = ((T1.*T2.*T3m.*(T1m-T2m)) + (T2.*T3.*Tlm.* (T2m-T3m)) +
(T3.*TL.*T2m.* (T3m-T1m) ) )./ ((T1.*T2.*(T1lm-T2m)) + (T2.*T3.*(T2m-
T3m)) + (T3.*T1.*(T3m-T1m)));

S22 = (T3.*(S11-T2m)+T2.* (T3m-S11))./(T2.*T3.* (T3m-T2m) ) ;

S12821 = ({(T2m-S11).*(1-822.*T2))./T2;

delta = S11.*S22 - S12821;
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Tau = (Tmeas - S11) ./ (Tmeas.*S22 - delta);

B.1.3 Inverse Problem with Quasi-Static Approximation

(e

function accepts:

the measured admittance yl

the corresponding frequency F

the dimensions of the applied coaxial probe a and b

the solved for integrals of the quasi static equation Il and I2
the function returns the sample complex permittivity

g0 90 o o°

oe

function e = model 1(yl, ¥, a, b, I1, I2)
yc = 1/50;

uo = 4*pi* (107-7);
eo = (107-9)/(36*pi);

w = 2*pi.*F;

nl = (j.*2.*w.*eo0);

n2 = log(b/a)"2;

vyl = yl*yc;

e = vyl./{((nl./n2)*I1);
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5. RESEARCH PERSONNEL: (attach additional sheets if preferred) i ~ P
L : SRR o " -t % !'Trained in the safe use of bidlogical
Name. Department Job Title/Classification | safety cabinets within the last 3
. -] years? If yés, indicate training date.
Lucie Marcotte BMED Research a;sociate P L4
Jean-Philippe St-Pie’m:’ ; BMED Master student e
| cyrille Flewry_-__ | BMED . Master student - Mo
Line Mongeon BMED Technician Mo
Kim Douglas BMED PhD student N
Shahabeddin Faghihi BMED PhD student Mo

6. Briefly describe:

i) the biohazardous material involved (e.g. bacteria, viruses, human tissues, toxins of biological origin) & designated

biosafety risk group

‘bactem,cellhncs(wm,.ﬁqm-)

L €. col; (Anom r.;lu,.a,n«,.g)

i) the procedures involving biohazards

cell and bacterial culture

iif) the protocol for decontaminating spills

as requested by McGill < a;&._m( u"‘ﬁ"“’t Ll Bis ws{u/&a,\

7. Does the protocol present conditions (e.g. handling of large volumes or high concentrations of pathogens) that could .

increase the hazards?

no
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5. RESEARCH PERSONNEL (continued)

Name Depanment Job Title / Trained in the safe use of blologxcal
Classification safety cabinets within the last 3

years? If yes, indicate training date.

Shawn Carrigan BMED PhD student 1o

Dariusz Dziong BMED Master student 1S .

Myléne Gravel BMED Master student 194

Manuela Mandu BMED PhD student T

Cathy Tkaczyk .BMED PhD student e

Anna Hillberg BMED Post doctoral fellow N

8. Do the specific procedures to be employed involving genetically engineered organisms have a history of safe use?

9 What precautions will be taken to reduce producnon of infectious droplets and aerosols?

N3 &( Wt sk Ann a bSc

Hmr«ﬁ«}sw % o fMoes

10. Will the biohazardous materials in this project expose members of the research team to any risks that might require
special training, vaccination or other protective measures? If yes, please explain.

no

11. Will this project produce combined hazardous waste — i.e. radioactive biohazardous waste, biohazardous animal
carcasses contaminated with toxic chemicals, etc.? If yes, please explain how disposal will be handled.

no

12, List the biological safety cabinets to be used.

Building

Room No.

Manufacturer

Model No.

Serial No.

Date Certified

Lyman Duff

323

microzone

BK-2-4

801-4534

14/05/04

106




107



