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Abstract

Imaging different bone sites for medical education requires the formation of
bone-equivalent materials that mimic bone density. We investigated an eco-
nomic imaging composition that characterizes bone density in imaging for
quality assurance and educational purposes. Four different compositions
were tested to reveal the best composition in simulating bone density in X-ray
imaging. Hydrated lime was discovered to be the most suitable because it is
durable (stiff and does not crumble), easy to source and process, and atte-
nuates imaging X-rays enough to resemble real bone. Hydrated lime provides
a significantly better phantom than the other combinations used.

Keywords

Bone, Phantom, Quality Assurance, Education, Hydrated Lime

1. Introduction

Radiologic anatomical phantoms are commercially available for quality assur-
ance and educational purposes. However, these phantoms are considered expen-
sive and do not demonstrate all pathological complications. Therefore, materials
that can convincingly simulate bone in X-ray imaging, for educational and qual-

ity-assurance purposes, have generated great interest.

Bone is composed of organic and inorganic compounds in the form of miner-

als. Living bone consists of 10% - 20% water and 60% - 70% minerals, with most
of the rest comprising collagen and small amounts of other substances, such as

proteins and inorganic salts [1]. Organic components, mostly collagen, represent

33% of total bone composition. Inorganic components consist of calcium (39%),
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phosphate (17%), carbonate (9.8%), sodium (0.7%) and magnesium (0.5%) [2].

The mineral component can be approximated by hydroxyapatite (HA,
Ca,(PO,)s(OH),). Since the composition of real bone minerals is much more
complex, and contains supplementary ions such as silicon and zinc, bone miner-
als have Ca:P ratios ranging from 1.37 - 1.87 [1]. Jastaniah (2016) produced a
mixture of materials that contained egg shells and cement to reproduce bones
in X-ray imaging [3]. Although egg shell is an environmentally friendly and
economical substance, it is difficult to collect, maintain hygienically, and
process.

The aim of this research was to mimic bone-chemical composition for X-ray
imaging, by constructing an economical phantom with widely available mate-
rials, whose density closely matched that of bone. Materials closely resembling
the mineral ingredients of bone, calcium (mainly), and collagen were used to
construct the phantom. The resulting product of these constituents can simulate
bone in different anatomical and pathological conditions, for both quality as-

surance and educational purposes.

2. Materials and Methods

Materials of a similar density to that of bone were chosen for X-ray imaging.
Hydrated lime (calcium hydroxide Ca(OH),) was used to represent calcium [4].
Since the molecular compositions of collagen and gelatin are almost identical
[5], agar gelatin, an environmentally friendly and economical substance, was
used to represent collagen. Agar is extracted from red seaweed (Rhodophyceae)
and was discovered in Japan in the mid-seventeenth century and introduced to
the west in 1859. Agarose, the structural unit of agar, is a linear polymer com-
posed of (1-3)-linked agarobiose units of f-d-galactopyranose (1-4)-linked to
3,6-anhydro-a-l-galactopyranose [6]. Potassium phosphatewas also used in the
construction of the phantoms, representing the phosphate content in bone.

Four samples of different proportions of various components were prepared
to investigate the chemical composition that best mimicked bone in X-ray im-
aging (see Table 1).

Hydrated lime is a building substance, purchased from a building materials
store and manufactured by Arabian Industries, Riyadh, Kingdom of Saudi Ara-
bia. Agar strips, originating from China, were purchased from a grocery store.
The agar was ground to a powder, the lime was filtered, and all solid materials
were blended together. The mixing process of four (10 cm-wide) shakes per
second for 1 minute mixed all solid materials homogeneously. These materials
were mixed with Safa (branded) water (Ca-Na-HCO,-C1-SO,) [7]. The major
ion concentrations and physical properties of the water (as indicated by the
manufacturer) are illustrated in Table 2. One ppm is equivalent to one milli-
gram of ions per liter of water (mg/L).

All solid mixtures (Table 1) were mixed with half the amount of water. For
example, if 100 g of material constituted the solid part of the sample, 50 mL of
water constituted the remainder. Due to their relatively negligible concentrations,
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Table 1. Four samples of different proportions of various components.

Sample number Chemical composition of solid materials
1 100% lime
2 70% lime, 30% gelatin
3 40% lime, 30% gelatin, 30% KPO
4 70% lime, 30% KPO

Table 2. Major ion concentrations of Safa water, as indicated by the manufacturer, in
parts per million (ppm) [7].

Ca Mg Na K Fe HCO; SO, NO, Cl F BrO,

19.0 3.0 19.0 1.80 0.00 39.0 27.0 2.80 33.0 1.00 <0.01

the ions present in the water before mixing were ignored. For example, the
weight of sodium ions (Na = 19 ppm) in 1 mL of water is only 0.0190 mg, which
is relatively insignificant. Mixtures were cast in molds to mirror bone dimen-
sions. The X-ray machine used to image the samples was a Definium 6000, Gen-

eral Electric, 2009 with imaging parameters set as 10 mA, 50 kV, and 1.6 mAs.

3. Results and Discussion

The four samples, listed in Table 1, were formed and imaged together with
shoulder bones detached from a real demonstration skeleton (Figure 1). This
arrangement allowed the bones to act as a control.

The choice of ideal sample depended on the qualitative information gathered
in Table 3. Durability of the samples means their ability to be re-used and
stand-alone without crumbling. X-ray image acceptance of different samples
compared to the real clavicle bone was obtained from highly experienced radio-
graphy personnel.

Sample one was clearly the best material and met all our specifications (Table
3). Despite sample two lacking durability (crumbling), it was the next best. Both
samples three and four X-ray images were not acceptable because of the inho-
mogeneity that can be presented in their structure. The raw materials for sam-
ples one and two are easy to find and process. Therefore, two additional samples
comprising the same materials in the same proportions as samples one and two,
but of different sizes, were prepared. The additional samples were made in cy-
lindrical-shaped molds of 2 cm diameter and 1 cm and 2 cm thickness. A radio-
graph of both samples, with a clavicle bone as a control, was obtained to ex-
amine X-ray intensity (see Figure 2).

Figure 2 shows the intensity match of different bone thicknesses with differ-
ent thicknesses in sample one. Sample two has a higher absorption of X-rays for
both thicknesses compared to bone. The difference in intensity seen in the mid-

dle of sample 1, with 1 cm thickness, reflects a change of 2 mm in thickness.
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Figure 1. Radiograph of the four samples (Table 1) with the

shoulder-bone controls.

Figure 2. Radiograph of samples 1 and 2 with 1 cm (light)
and 2 cm (dark) thicknesses, with a clavicle as control.

Table 3. Material choice characteristics.

Sample characterization

Semple number E:?Zt::iflrsld Easy to produce Durability )i;rcz)izlg:
1 Yes Yes Yes Yes
2 Yes Yes No Yes
3 No No No No
4 No Yes No No
DOI: 10.4236/0jbiphy.2019.92006 86 Open Journal of Biophysics
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4. Conclusion and Recommendations

The idea of discovering a new economical material that mimics bone density in
X-ray imaging started when trying to make phantoms of different bone fractures
and sites for medical education and quality assurance purposes. Different mate-
rials have been discovered in the literature, however, they are not economical,
durable, nor easy to produce. Among the tested materials in this study, the most
economical at mimicking bone in X-ray imaging was hydrated lime. Hydrated
lime is durable (stiff and does not crumble), easy to find and process, and has a
good X-ray image intensity compared with that of real bone. Future work should
involve X-ray imaging testing of different hydrated-lime morphologies that si-

mulate their real-bone counterparts.
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Abstract

The objective of this work is to determinate the optical properties of basal
cancer cells using an optical coherence tomography (OCT). OCT system with
He-Ne & diode laser was used to make interference pattern for the basal can-
cer, then the output was displayed by optical detector, information of an elec-
trical signal passed to the digital oscilloscope to give the object information
after Fourier transform processing for that signal, then PC and CCD were
used to display FFT signal. Finally many steps were done to determine the
optical properties for the basal cancer. The intensity of the signals was plotted
against scanning distance; the obtained graphs were used to determine the
penetration depth and absorption coefficient.

Keywords

Optical Imaging, Resolution, FT, Cancer Cell, Optical Properties

1. Introduction

Skin cancer is the most common form of cancer [1]. Nonmelanoma skin can-
cers, including basal cell carcinomas (BCCs) and squamous cell carcinomas
(SCCs), are more common than all other types of human cancers [2].

Basal cell carcinoma (BCC) is the most prevalent skin cancer among cauca-
sians [3] [4]. BCCs are derived from keratinocytes [5]. The incidence of BCC
continues to increase worldwide [6]. It is a multifactorial disease in which exces-
sive sun exposure plays a major pathogenic role [7] [8]. Treatment strategy has
changed in the last two decades [9]. Nowadays, a broad variety of imaging tech-
niques are becoming available. Optical imaging, also known as optical tomogra-
phy, has become an active research field [10]. Several optical imaging techniques
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being investigated include time resolved-optical imaging, frequency-domain
optical imaging, optical coherence tomography, optoacoustic tomography and
ultrasound-modulated optical (acousto-optical) tomography [11].

Optical coherence tomography is a relatively new noninvasive [12] [13] [14]
optical imaging modality for biomedical diagnosis. It is based on low coherence
reflectometry which was first developed for telecommunication devices of a high
precision in the range of micrometers and lateral introduce to biomedical areas
as a method to map the contour and monitor the thickness of retina [15]. The
use of optical techniques for diagnostic purpose relies on the capability to meas-
ure the optical properties of different tissues. In the fact, a degree of contrast
must exist between absorption and scattering coefficients for effective detection
of tissue alteration using optical imaging [16].

Recently, extensions of OCT technology, including Doppler flow and polari-
zation sensitive image, have been developed that permit spatially resolved imag-
ing of velocity or birefringence [17].

In ordinary diagnostic, and to understand the origins of disease, material to be
examined must be excised from the body and brought to the microscope.

While OCT has potential to go inside the tissue and give us the information
from the reflected light, OCT performs imaging by measuring the echo time de-
lay and intensity of backscattered light from internal microstructure in the tissue
[18].

The advantages of OCT, as compared to other imaging methods such as CT,
NMR and ultrasonic, are that there is no ionizing radiation involved, the method
is non invasive, and it is high precision, and lack of need for mechanical contact
between instrument and eye, high depth. Doppler imaging is capable of simul-
taneous imaging and real-time flow measurements [19].

However, there is also a demand for gaining insight into functional parame-
ters of tissue, such as the blood oxygen content. With OCT, we can diagnose
small segments of tissue as opposed to most of other imaging modalities that can
scan the whole organ; image can be acquired in vivo and in real time without
loss of information for unknown sample structure [20]. In addition, it also prec-
ludes the need for surgical biopsies and hence avoids discomfort and bleeding of
biopsies [21].

Because the velocity of light is extremely high, the echo time delay cannot be
measured directly. Instead, it is necessary to use correlation or interferometery
techniques [22].

In an OCT system the spectrum of the source is very important as it deter-
mines the maximum resolution of the image.

The general requirements of sources of OCT imaging are [23]:

1) Emission in near IR 2) Short coherence length 3) High irradiance

Since OCT has a much higher spatial resolution compared to other imaging
modalities, the ability to image internal structures without the need for mechan-
ical probing makes this technique very powerful for medical applications [24].

Its applications in ophthalmology, dermatology, endoscope, cardiology, vascular
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morphology, gastroterology, dentistry, and embryology have been demonstrated
by several groups [25]. In this study, optical properties of basal cancer were de-
termined by OCT system.

2. Materials and Methods

Laser source (diode 1550) nm, <4.25 mW, class III) constructed Michelson in-
terferometer, detector, digital oscilloscope (150 MHz), computer, printer, CCD
(LBA-100A) camera.

In this study different cancer cells samples were investigated.

First, laser light incident on the beam splitter, which reflects half of the inci-
dent light to the reference mirror which was fixed, and the other half of the in-
cident light was transmitted to the object (the basal cancer) through the concave
lens. Figure 1 shows the block diagram of the constructed system.

Then the two beams were reflected or backscattered again to the beam splitter,
and interference fringes were obtained after some adjustment done by screws on
the fixed mirror. This step was done for all the samples and to scan the sample
depth, a micrometer screw was used.

The performed pattern was received by the detector to convert it into voltage,
which was displayed on the digital oscilloscope.

Automatic calibration was used to get high accuracy for measurement. Vertic-
al position axis was used to adjust the signal position in the screen, and to dis-
play all signals information “Math” button must be pushed, then advanced func-
tions are displayed, and FT can be selected to allow acquired waveforms to be
converted into frequency domain traces.

At the last, “Measure” button must be pressed and waveforms information are
displayed.

The intensity of that signal was represented (plotted) against scanning dis-
tance; the obtained graph was used to determine penetration depth and absorp-
tion coefficient. From absorption coefficient all other optical properties can be

calculated.

3. Results and Discution

The experimental results, which related to the investigation of different cancer
samples, were represented in tables, figures and images. Figures 2-5 show the
signal recorded by digital oscilloscope.

Figure 2 shows the tissue signal, ones in the center of the figure represent
signal before FT, while the lower ones after FT. Information’s after FT are: fre-
quency 1.111 kHz, peak 240 mv, width 0.6 ms, period 0.9 ms and SNR (back-
scattered power divided by the noise equivalent bandwidth of the detection) 20
dB.

Figure 3 shows the tissue signal, (a) in normal ordinate before FT, while (b)
after FT. Information’s displayed on digital oscilloscope for second (BCC) sam-
ple are frequency 833.3 Hz, peak 330 mv, width 0.5 ms, period 1.2 ms and SNR
20 dB.
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Figure 1. Block diagram of the system.

Figure 2. The signal recorded by digital oscilloscope for first (BCC) tissue.
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(a) (®)

Figure 3. The signal recorded by digital oscilloscope for second (BCC) tissue. (a) In normal ordinate; (b) In Fourier frequency.

Figure 4 shows the tissue signal, (a) in normal ordinate before FT, while (b)
after FT. Information’s displayed on digital oscilloscope for third (BCC) sample
are frequency 1.25 kHz, peak 396 mv, width 0.6 ms and period 0.8 ms.
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Figure 4. The signal recorded by digital oscilloscope for third (BCC) tissue. (a) In normal ordinate; (b) In Fourier frequency.

Figure 5 shows the tissue signal, (a) in normal ordinate before FT, while (b)
after FT. Information’s displayed on digital oscilloscope for fourth (BCC) sample
are frequency 833.3 Hz, peak 268 mv, width 0.6 ms, period 1.2 ms.

From the signals recorded by digital oscilloscope for studied samples we no-
tice:

Third tissue has the highest peak, while the first one has the lowest one. Also
third tissue has a short period (0.8 ms), which lead to high frequency (Table 1).

From the above results one can see that the optical coherence tomography
system (OCTS) can be used to determine the depth resolution and the transverse
resolution [26], in longitudinal direction with good performance for different
tissues.

According to the above table, longitudinal resolution is higher than transverse
resolution for all samples.

Third tissue has the biggest resolution (longitudinal resolution 0.5624 pm,
transverse resolution 0.422 pm) and the minimum for fourth tissue.

From the variation of the intensity with distance, in order to obtain a spectral
tomography of the objects [27] [28].

Optical properties can be determined by fitting linear or logarithm function.
Figures 6-9 show this variation, while Table 2 illustrates the optical properties
for the samples.

There are considerable difference in the optical properties of various types
of tissue and even more significant difference in the same tissue at different
wavelength [10]. Figures illustrated the lowest backscattered signal for the
fourth.

Table 2 shows the highest absorption coefficient for second and fourth tu-
mors, which lead to low penetration depth.
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(a) (b)

Figure 5. The signal recorded by digital oscilloscope for fourth (BCC) tissue. (a) In normal ordinate; (b) In Fourier frequency.

Figure 6. Intensity of the backscattered light as a function of the depth
for the First basal cancer.

Figure 7. Intensity of the backscattered light as a function of the depth
for the second basal cancer.

4. Conclusions

1) OCT can be considered as new modality in cancer diagnosing because of its

safe considerations and its ability to be applied in vivo.
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Figure 8. Intensity of the backscattered light as a function of the
depth for the Third basal cancer.

Figure 9. Intensity of the backscattered light as a function of the
depth for the Forth basal cancer.

Table 1. List the samples results calculated from Figures 2-5.

|Samples R R(um) depth resolution ALB(um) spatial resolution
Basal cancer 0.37967 0.2832
Basal cancer 0.4398 0.3329
Basal cancer 0.5624 0.422
Basal cancer 0.368 0.259
Table 2. Samples optical properties.
(a)
Penetration depth Absorption Attenuation Scattering

Object type

(mm) coefficient (mm™) coefficient (mm™) coefficient (mm™")
Tissue (1) 0.062 12.375 16.129 3.754
Tissue (2) 0.031 30.800 32.258 1.458
Tissue (3) 0.0605 14.000 16.529 2.529
Tissue (4) 0.030 30.130 33.333 3.333
(®)
Object type Reduce'd scatteriig Reducecjl attenuat}:)n Reduced penetration
coefficient (mm™) coefficient (mm™) depth (mm)

Tissue 1 7.504 19.883 0.050294

Tissue 2 2.916 33.716 0.02966

Tissue 3 5.058 19.058 0.05247

Tissue 4 6.667 36.667 0.02727
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2) (OCTS) technique can be used to get information of internal structure of
the tissue, the contents of the tissue cells and its concentration.

3) The optical properties of different tissues can be determined using OCT.

5. Recommendations

Other types of optical tomography techniques can be used to estimate the most
efficient one in determination of the optical properties of tissues.

Automatic scanning system can be used to perform good scanning for sam-
ples, so that the thickness information of the tissues can be gained with good

accuracy.
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Abstract

One of the most frequently applied bioelectromagnetic effects is the deep
heating of the living species with EMF energy. Despite its long history,
hyperthermia is a rarely applied oncotherapy. The reason is its controversial
results and complicated control. One of the solutions is concentrating the
electromagnetic energy nanoscopically on the parts of the malignant cells in-
stead of heating up the complete tumor-mass. This approach is a kind of
non-uniform energy absorption, providing energy liberation only in the se-
lected regions. The energy-absorption of the malignant cells targets the
membranes and creates a situation far from thermal equilibrium. The selec-
tion of the malignant cells is based on their decided differences from their
healthy counterparts. The distinguishing parameters are the electromagnetic
properties of the components of the malignant tissue which are the physi-
ologic differences between the malignant cells and their healthy counterparts.
The targets realize nano-range heating, using natural nanoclusters on the
cell-membrane without artificially implementing them. This energy absorp-
tion generates consequent reactions, like programmed cell-death (apoptosis)
continued by immunogenic cell-death involving extended immune reactions.

The applied radiofrequency current is amplitude modulated by time-fractal
modulation pattern. The accurately matched impedance realizes the
self-selective mechanisms which are promoted by stochastic resonances. This
complex method is a new kind of hyperthermia, named mEHT. Our objective
is to analyze the problems of the selective, non-equilibrium energy absorp-
tion, and present a solution by the electromagnetic mechanisms for an effec-
tive and controllable hyperthermia in oncology.
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1. Introduction-Hyperthermia Challenges

Modern hyperthermia treatments in oncology use electromagnetic effects over-
heating the living object completely (whole body) or partly (regionally or local-
ly). Oncological hyperthermia is intended to be an ideal combination therapys; it
provides synergies with most of the conventional treatment modalities, boosts
their efficacy and helps to desensitize the previously non-effective treatments.

The history of hyperthermia in oncology has been hectic and controversial
[1]. In consequence, the general professional skepticism blocked its application
for a long time. Hyperthermia is a constrain energy-delivery, forcing the ho-
meostatic equilibrium to change. From this point the control of the processes
became complicated. The adequate dose and protocol of the method and the re-
producibility of the results are a complex task; its thermal status is far from equi-
librium.

There are multiple physiologic feedbacks trying to re-establish the lost ho-
meostasis. The main correction factors in the thermal control are the blood-flow
and the surface regulation processes, like the sweating, orientation control of the
hair in the skin, etc. The local heating immediately activates the physiological
controls, first of all, the blood-flow, creating intensive heat-exchange conditions
to construct a local out-of-equilibrium situation.

The locally or systemically increased blood-flow tries to compensate the
growing temperature and cools down the target volume. The blood-flow drasti-
cally modifies the specific absorption rate (SAR), irrespective of how accurately
it was focused on the tumor-mass. In consequence, the SAR and the temperature
mapping of the targeted volume could be significantly different. Therefore,
competition starts between the cell-killing potential of the heat and the can-
cer-supporting potential of the gained blood-supply by higher temperature of
the targeted volume.

The focus of the RF-energy is not an easy task, but not impossible. However,
the focus of the energy does not mean the focus of the temperature. The temper-
ature is naturally spread by the convective and conductive heat-flow, derived
from the temperature gradient and controlled by the physiologic constrains.
Temperature-spread is a natural process, its termination is impossible. The time
limit is only the heated volume. This is how the ablation techniques work. Also,
the isotherms of the heating can be defined only with the help of the time-factor.

Following the temperature distribution is a safety issue, it is important to
block the local burn of the healthy tissue, while allowing the temperature for ne-

crosis in the tumor. The temperature control shows the temperature spreading
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well, as well as the formation of the unwanted and uncontrolled hot-spots [2],
[3].

Together with the problems of the temperature measurement in depth of the
body to control the target, the technical solutions of the energy delivery are also
challenging, due to the fact that the deep-heating needs complicated bioelectro-
magnetic considerations. The energy has to be delivered in depth without over-
heating the healthy layers between and has to be focused in depth on the hetero-
geneous and non-regular form of the tumor. The penetration depth of the bio-
logical material has frequency dispersion, quickly shortened by the growing fre-
quency, and so contradicting with the demand of high frequency for precise
beaming. The bolus-transmitters have to be constructed and non-absorbing but
well transferring of the applied electromagnetic effects and the temperature of
the body surface has to be limited under the blistering threshold.

To provide enough energy in depth, it needs power of >20 W/kg [4], which is
far over the surface tolerance. Usually intensive cooling of the surface is applied
to avoid the blisters on the skin. This method has also various physiological
feedbacks. When the cooling is too large, the feedback isolates the skin from the
deeper cooling, reducing the blood-flow in the subcutane layer under the cooled
area. The extra impedance requests higher voltage to provide the same power in
the depth as before, increasing the skin jump of the electric field vector perpen-
dicular to the surface. The increased potential will increase the risk of burn.

Due to the challenges, many prospective clinical trials of conventional hyper-
thermia are questioned [5]. A recognized specialist of hyperthermia formulated a
long time ago [6]: “The mistakes made by the hyperthermia community may
serve as lessons, not to be repeated by investigators in other novel fields of can-
cer treatment.”

The modulated electro-hyperthermia (mEHT, trademark: oncothermia) offers
a new paradigm with nanoscopic heating having adequate answer to the present

complex challenges.

2. Method-Selection Parameters in Nanoscopic Range

During conventional hyperthermia applications the macroscopic heating con-
centrates on the equal (homogeneous) temperature of the entire targeted volume
or at least it constructs isothermal (isodose) patterns. The above described phy-
siological feedbacks and the very inhomogeneous malignant target make this
aim impossible. mEHT as new paradigm of hyperthermia technology declares
the non-equal heating, it does not try to reach any macroscopic “isotherm” ac-
tionsas usual goal in ionizing radiation. The isotherms are consequences of the
“bad reflex” of the equilibrium effects. Due to its heterogeneity, heating in bio-
systems are anyway far from equilibrium, when the physiological feedback as
well as the normal thermodynamical rules are contracting of the macroscopic
equilibrium. The method, mEHTdoes not heat the complete tissue in the tar-

geted volume equally [7]. It concentrates the liberation of the absorbed energy
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on the cellular membranes and on the extracellular electrolytes of malignant
cells [8]. The microscopically inhomogeneous heating is far from the thermal
equilibrium [9]. MEHT applies cellular approach selectively, heating up the ma-
lignant cells individually liberating the incident energy in nanoscopic range at
the cell-membrane [10]. The energy-absorbers are the membrane rafts, which
are clusters of transmembrane proteins, populating the membrane of malignant
cells more densely than of the cells of the healthy counterparts. This method
does not need any artificially implemented nanomaterials into the target, it uses
natural nanoscopic clusters of membrane rafts [11]. Experimental verification of
this method shows the significant inducement of apoptosis by this method on
lower average temperatures than the isothermal heating does, [12].

The heating energy is not liberated in a sudden single step but is regulated in
multiple small energy-absorption processes. This makes it possible to control the
energy-liberation and to avoid the overheating the healthy parts. The accurate
selection of malignant cells is a key step in the proper mEHT. There are robust
electromagnetic differences between the malignant and healthy cells in vivo. The
biological processes and structures of the healthy cells are distinguishably dif-
ferent from the malignant ones. These differences make it possible to accurately
select the cancer-cells by their electromagnetic behaviors and actively destroy
them without damages on their healthy neighborhood.

The main physiological differences between malignant cells and their healthy
counterparts are:

1) Differences in the metabolic rate of the malignant and healthy cells
(Warburg effect, [13]), which create higher conductivity of tumor than its
neighborhood. The increase of the current density in the tumor could be visu-
alized by the measurements of real processes by radiofrequency current density
image (RF-CDI), [14] [15] [16] [17]. The Electric Impedance Tomography (EIT)
measures and images the tumor based on the impedance differences [18]. This
effect could be applied in prophylactics like mammography [19]. Further in-
crease of the conduction selectivity is the positive feedback by growing temper-
ature, [20]. The measured gain of selectivity is active [21], which means 14% in-
crease by heating of 36°C — 43°C.

2) Differences in the dielectric constant of the extracellular electrolyte and
membrane-bound water of the malignant and healthy cells (Szent-Gyorgyi effect,
[22]); which allows the selection of malignant cells by their autonomy caused
higher dielectric permittivity. The cell-cell adhesion is decreased by the increas-
ing permittivity, [23], which harmonizes with the autonomic malignant cells
(disorder in extracellular matrix [24]) and their decreased membrane potential,
[25]. The order-disorder phase-transition indicates two different states of the
cells: their autonomy status (called alpha-state) and their connected collective
status (beta-state), [26].

3) The above two are combined with delta/beta dispersion (Schwan effect) [27]);
to select the transmembrane protein clusters (rafts) of malignant cells. There are
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various forms of frequency dependent energy-absorption mechanisms exist,
[28], creating variation of the dielectric properties, [29]. The S-dispersion [30]
(known as interfacial polarization effect) is between 0.1 - 100 MHz, it is charac-
teristically determined by the membrane capacities of the cell and the intracellu-
lar organelles, bound-water to membrane etc. Responses in this interval are
well-connected to the cell-membrane changes. The bound water to the mem-
brane has the upper frequency part of the f-dispersion, denoted by 4, [31], and
so this part is well-selective for the various cell-membrane states. Selective
treatments have to be chosen in range of S-dispersion, [32]. Especially, the dif-
ference between the malignant and healthy tissue is that all the electrolyte and
membrane properties differ, [33] [34]. The proper selection uses the dipole re-
laxation of beta-dispersion connected to the membrane bounded water, [35].

4) Structural differences (pathological pattern recognizing) between the ma-
lignant and healthy tissues (fractal physiology effect, [36]). The morphology is
an important factor of the cellular organization, [37], and varies by kind of tis-
sues. Cellular structures have coordination constrains preferring special coordi-
nation arrangements [38], and form self-organized collectivity [39] [40]. The
tendency of proliferation is low in the population having small number of cells
[41]. A critical cell density is necessary when starting significant cell division,
similarly to the observed self-synchronization of chemical oscillators [42]. Do-
minantly, a favorable topological position (cyclic symmetry of the coordination
number) chooses the actual division [43]; justified experimentally too, [44].
Healthy cells work collectively, their energy-consumption, as well as their
life-cycles and the availability of resources are controlled in collective way by the
various forms of the self-organizing, [45]. The organization process is governed
by special “social” signals [46] commonly regulating and controlling the system.
The self-organizing in topology is connected to a fractal-structure, which also
appears in the dynamic self-similar stochastic behavior of the system, [47].

The special selection effects described above are accurately applied in mEHT,
briefly summarized in Figure 1. However, the dose of energy is crucial for all the
selection steps. Applying too much energy realizes the classical hyperthermia, it
heats up all components of the target, the treatment loses its selection ability.
The popular wisdom is valid: the difference between the medicine and poison is

only the applied dose.

3. Results-Technical Realization of Nano-Heating

MEHT uses the above selection factors targeting the malignant cells with high
efficacy, heating it to high temperature very locally (nanoscopic range) and sti-
mulating the immune reactions against the malignant metastases. While the
conventional hyperthermia focuses on and targets a macro region, the nano-
heating of mEHT process, is similar to the ionizing radiation concept, which also
acts nanoscopically on the DNA of the cells. Radiotherapy destroys the DNA

strands, nanotherapy of mEHT destroys the cell-membrane of the malignant cell
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Figure 1. Main selection factors of modulated electrothermia (nanothermia, mEHT) me-
thod (to be clear, only those details are shown, which have role in the processes) {Adapted
from [48]}.

or at least induces apoptotic cell death from there, due to the energy-absorption
on the clusters of transmembrane proteins, as nanounits.

The electric effects are shown on a schematic impedance figure (Figure 2).
The various actions are not independent, effects are overlapping and synergetic.

Heating of the ECM more intensively than the cytoplasm provides a spherical
thermal gradient and consequently creates heat-flow through the membrane of
all the selected individual cells. This centrally symmetric effect avoids the ther-
mal limit of the external field application [49].

This nanoheating is far from thermal equilibrium. According to the Onsager’s
reciprocity relations [50], the induced heat-flow is coupled to charge current too,
as well as the kinetics of the processes is also coupled, [51]. This current is ~150
pA/um?, [52]. This ionic current creates a zero-mode electric current, which in
turn induces a zero-mode electric field in the cell membrane. Therefore, even
small fields with zero-th mode components could elicit biological effects.

The temperature gradient through the cellular membrane pumps the
non-equilibrium thermal processes. The gradient is quite large (~0.01°C /nm [=
107°C/m]), [46], creating a considerable heat-flow (~1.5 pW/um?). One of the
actions is the change of the intracellular pressure (1320 kPa; [46]); by the elec-
tro-osmotic conditions. Due to the rigid cell membrane of the cancerous cells
[53], the pressure could be fatal for the cell which has maximal tolerable lateral
tensile stress of omax = (2 — 10)105 Pa [54]. The high pressure (when it is not
enough to explode the cell) increases the membrane permeability, allowing the
internal HSP chaperones to be expressed on the outer membrane to ignite im-
mune reactions. This process is promoted by the temperature effect on the

membrane permeability.
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Figure 2. Action of the various selection factors in nanothermia shown in the impedance
schematics of a malignant cell {Adapted from [48]}.

Figure 3. Summary of mEHT selection effects on malignant cell {Adapted from [48]}.

The RF-current anyway has special effects characteristically acting on the
membrane of the cells. Its ohmic component directly affects the membrane,
while the displacement current (imaginary component) deflects it, causing vari-
ous mechanical effects on the outer membrane. The effect of the ohmic compo-
nent is proportional with the square of the RF-current (Joule heat) while the ca-
pacitive component simply depends on the current itself. The summary of the
effects is shown on Figure 3.

The synergy of electric field with the thermal effects selectively acts on the
malignant cells and could be well followed from laboratory to the patient’s bed,
[55]. The certain differences between the mEHT and other hyperthermia with
the same temperature are clearly shown by in vitro [56] and in vivo [57] mea-
surements. The immune-simulative effect of the method is also proven [58]. The
method has wide and successful clinical applications in various cancer types, like
gliomas [59], colorectal cancers, [60] [61]; lung cancers [62] [63], in carcinoma
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of uterine cervix [64], malignant ascites [65], sarcomas [66] [67], pancreas car-

cinoma [68] [69]; prostate cancer [70] [71].

4. Conclusion

Bioelectric explanation of heterogeneric heating of mEHT method is discussed.
The method uses nanoheating technology to select and effectively heat the rafts
of transmembrane proteins on the membrane of the malignant cells. The bio-
electromagnetic selection focuses the electromagnetic absorption on the
cell-membranes. The nano-range energy-liberation could be precisely controlled
without considerable wasted energy and without having disadvantages because
of the heating of the tumor-environment on average. MEHT results and its gen-
eral benefits open a new kind of local heating to destroy the primary and metas-

tatic tumor lesions.
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Abstract

The interactions of HSA with DA have received great attention nowadays due
to its significant effect in the biomedical field and overall health. The main
aim of this work is to examine the interaction between DA and HSA at physi-
ological conditions. Upon addition of DA to HSA, the fluorescence emission
was quenched with quenching constant K, = 1.32 x 10” L'mol™"s™' and the
binding constant of DA with HSA is found to be K = 4.4 x 10*> mainly indi-
cating dynamic quenching. The HSA conformation was altered upon binding
of DA to HSA with an increase in a-helix and a decrease in S-sheets suggest-
ing unfolding of HSA secondary structure due to weak intermolecular inte-
raction with HSA. In view of the evidence presented, it is important to un-
derstand the details of the interactions of HSA with DA which will be crucial
in the design of new DA-inspired drugs and help revealing vital details to
better understand the HSA’s role as a transporter for many drugs.

Keywords

Dopamine, HSA, Binding Constant, Non-Linear Stern-Volmer Plot, Protein
Secondary Structure, FT-IR Spectroscopy

1. Introduction

Dopamine (DA), chemical structure provided in the top part of Figure 1 [1], is a

catecholamine neurotransmitter synthesized within the brain in the dopaminer-

gic neurons and is involved in regulating multiple functions including move-

ment and memory. DA transmits signals between neurons throughout human
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Figure 1. Chemical structure of dopamine hydrochloride (top).
Secondary structure of HSA (bottom).

brain and body. The elevated or reduced dopamine level may cause memory loss
related diseases, attention deficit, hyperactivity disorder, daydreaming and not
being able to stay on task. Any changes in the levels of this vital neurotransmit-
ter chemical have been proven to be related to several dopaminergic neurologi-
cal diseases depending on the affected region in the brain [2] [3] [4] [5]. For
example, neurocognitive disorders related to memory, attention, and prob-
lem-solving functions result from decline of DA in frontal lobes of the brain
which controls the flow of information from other areas of the brain [6] [7] [8].
Therefore, DA is considered a major target for drug designing applied in the
treatment of neurological diseases.

Inadequate DA levels due to the loss of DA-producing cells have been related
Parkinson’s disease which is associated with a loss in the ability of well con-
trolled movements [9] [10] [11]. Despite the ongoing research to understand
these devastating disorders, the sophisticated causes of dopaminergic cells’ loss
in Parkinson’s disease are only partially understood.

1.1. Human Serum Albumin (HSA)

Human serum albumin (HSA), secondary structure provided in the bottom part

DOI: 10.4236/0jbiphy.2019.92009

111 Open Journal of Biophysics


https://doi.org/10.4236/ojbiphy.2019.92009

I. M. Khalid et al.

of Figure 1 [12], is the most prominent protein in the human blood plasma and
it constitutes about 60% of the total plasma proteins. It is a single-chain poly-
peptide consisting of 585 amino acids residues stabilized by 17 disulfide bridges
and has a molecular mass of 66.5 kDa. HSA high importance is due to its many
important physiological functions [13] [14]. HSA is made up of three similar
structural domains I, II, and III. Each domain is further divided into subdomain
A and B. It is well documented that subdomains IIA and IITA are known as the
major drug binding sites for the majority of heterocyclic and aromatic com-
pounds [12] [13]. Recent investigation has demonstrated the capacity of subdo-
main IB in binding drugs making it a potential for various drugs delivery [15].
These binding sites empower the HSA with an exceptional ability in binding
various ligands, which adds to its biological importance in delivering number of
drugs in the blood system to their targeting organs/tissues within the human
body [16] [17]. Generally, HSA binds reversibly with wide range of drugs how-
ever some drugs with high affinity for HSA limit the drug distribution—of free
form and the bound form—as well as the elimination of the drugs. In addition,
the HAS-drug interactions play an important role in understanding the efficien-

cy of the drug as determined by the free fraction of the drug [18] [19].

1.2. Alzheimer’s Disease (AD)

AD, affecting millions of individuals worldwide, is an irreversible neurodege-
nerative disorder characterized by progressive cognitive decline and dementia
[20]. The decline in cognitive function affects recent memory first then slowly
spreads to other regions of the brain. As of now, the exact cause of AD is not
known and currently there is no cure for this devastating disease. Therefore, any
available treatment is meant to slow the progression of AD and relieves its
symptoms. It has been suggested and well documented that AD originates in the
brain [21] but a recent investigation have indicated that AD could have been
triggered by breakdowns elsewhere in the body. This finding makes is promising
in preventing AD from reaching the brain if proper drug targets the toxin pro-
tein and removes it while in the blood without the need to act directly on the
brain, which is a very challenging task to accomplish and hard-to-reach target
safely [22] [23]. In addition, electrical signaling responsible for learning and

memory is usually diminished in people with AD [24].

1.3. Parkinson’s Disease (PD)

PD, a neurological disorder that affects movement control, neurons progressively
degenerate and as a result, the amount of DA available for neurotransmission in
the brain is lowered [25] [26]. The main symptoms of PD due to DA imbalance
include resting tremor, rigidity, a gradual slowness of natural movement, poor
balance and diminished motor coordination [9] [27].

The underlying cause of PD is the progressive loss of dopaminergic neurons
in some neurons and the presence of Lewy bodies—abnormal protein aggre-

gates—in the remaining neurons [24]. The neural loss leads to dopamine defi-
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ciency which is believed to be responsible neurodegenerative “motor disease”.
The main therapy to treat PD is by dopamine replacement merely relieves the
associated symptoms but the disease continues its progression. Therefore, there
is a need for understanding the process of the neurological degeneration to de-
velop effective drugs to stop the degeneration [10] [11].

In addition to PD, alterations in the dopamine levels have been consistently
observed and reported in AD patients, including lower levels of dopamine (DA)
[28] [29]. Although research investigations have resulted in developing few
theories about AD, until now there is no definite reason standing out as the
cause of this disturbing disease [21] [30] [31]. There is evidence supporting the
conception that dopaminergic system dysfunction has a role in cognitive decline
symptoms of AD, however, the cause of dopaminergic system dysfunction in AD
remains to be elucidated [2] [24] [32].

Drug binding to HSA plays a major role in the drug efficacy—the ability of a
drug to provide a beneficial effect—which is affected by drug distribution—the
process of delivering a drug from the plasma to the tissue(s) where the drug’s ac-
tions are needed. Most of the drugs used by humans are bound to HSA which
influences the drug distribution, absorption and efficiency [15] [16] [17] [18]
[19] [33] [34] [35]. Since dopamine is recognized for its high pharmaceutical
value as a potential candidate for treatment of neurological disorders such as AD
and PD [8] [36] and it’s binding to HSA is not quite understood, therefore, the
interaction of dopamine, a potential drug, with HSA is highly important to bet-
ter understand the drug-protein complex in terms of structural changes and sta-
bility to better elucidate its pharmacological importance. Therefore, the interac-
tion of dopamine and HSA is crucial to better understand the HSA-DA com-
plexation, provide significant information about HSA-DA stability as a complex,
and underline the role of HSA in delivering DA to the blood stream. Similar to
previous investigations with various other drugs [37] [38], this endeavor is fu-
eled by spectroscopic characterization to investigate the interaction between the
HSA and DA and determine the complex stability associated with this binding.
To reach this, we used fluorescence in combination with UV absorption spec-
troscopy and Fourier transform infrared (FTIR) spectroscopy to study the inte-
raction of DA with HSA to characterize the effect of this drug on HSA confor-
mational changes resulting from such complex. FTIR spectroscopy is reliable in
monitoring conformational changes when proteins interact with drugs due to
detection of functional groups’ changes due to interactions between the drug
and the HSA thus affecting the overall secondary structure of the protein. Simi-
lar to other chemical compound, proteins have amide groups with the general
structure of (—C(=0)-N—) which are clearly detected by FTIR. Therefore, any
changes resulting from stabilization effects due to intermolecular forces, will
cause changes to vibrational modes of the amide groups of the proteins. Similar-
ly, fluorescence spectroscopy is a powerful analytical chemistry technique in

providing structural changes information due to quenching upon intermolecular
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forces. Thus, fluorescence contributes in providing data to calculate binding

constants and binding sites.

2. Experimental

2.1. Samples’ Preparations and Materials

HSA protein (66,500 Da) and dopamine (189.2 g/mol) in powder form were
purchased from Sigma Aldrich chemical company and were used without any
further purifications. HSA stock solution was prepared in a concentration of 80
mg/ml dissolved in phosphate buffered saline with pH of 7.4 which corresponds
to 1.2 mM. The final concentration of HSA in the HSA-DA complex was 40
mg/ml equivalent to molarity of 0.6 mM which is comparable to its concentra-
tion in the blood [15].

Dopamine stock solution with molarity of 4.8 mM, was prepared by dissolving
dopamine hydrochloride in enough distilled water to prepare DA stock solution.

DA standard solutions were prepared by successive dilutions. The HSA-DA
complexes were prepared by mixing equal volumes of 1.2 mM HSA molarity and
each of the standard DA solutions. The final concentration of HSA was kept at
(40 mg/ml) in all samples while the concentrations of dopamine in the final HSA
dopamine solutions was reduced to be as (0.15 mM, 0.3 mM, 0.4 mM, 0.5 mM,
0.6 mM, 1.0 mM, 1.2 mM and 2.4 mM).

2.2. Thin Film Preparation

Silicon windows (NICODOM Ltd.) were used as spectroscopic cell window. 60
ul of each sample of HSA-DA was spread on silicon window using spincoater to
obtain equal thickness of each sample, then incubator was used to evaporate the
solvent to obtain transparent thin film on the silicon window. All solutions were
prepared at the same time at room temperature and were stored under the same

conditions.

3. Instrumentation
3.1. FT-IR Spectroscopic Measurements

The FT-IR measurements were obtained used Bruker IFS 66/S spectrophotome-
ter equipped with a liquid nitrogen-cooled MCT detector and KBr beam splitter.
Silicon windows (NICODOM Ltd) were used as spectroscopic cell windows.
Complexes’ solutions (0.15, 0.3, 0.6, 0.7, 0.9) mM were prepared at room tem-
perature. 60 puL of each sample of HSA-DA was spread on silicon window using
spin coater to obtain equal thickness of each sample, and then was incubated for
two hours to evaporate the solvent in order to obtain transparent thin film on
the silicon window. The spectrophotometer was continuously purged with dry
air during the measurements. The absorption spectra were obtained in the range
of (400 - 4000) cm™". A spectrum was taken as an average of 60 scans to enhance
the signal to noise ratio, and the spectral resolution was at 4 cm™". The aperture

used in this study was 8 mm, since it gave the best signal to noise ratio. Baseline
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correction, normalization and peak areas calculations were performed for all the
spectra by OPUS software. The peak positions were determined using the second
derivative of the spectra. The infrared spectra of HSA and the HSA-DA com-
plexes were obtained in the region of (1200 - 1700) cm™". The FTIR spectrum of
free HSA was acquired by subtracting the absorption spectrum of the buffer so-
lution from the spectrum of the protein solution. For the net interaction effect,
the difference spectra {(HSA-DA) - (HSA)} were generated using the featureless
region of the spectra at (1800 - 2200) cm™.

3.2. UV-VIS Absorption Spectra

The data was collected using 5 uL samples using NanoDrop ND-1000 Spectro-
photometer for the free HSA (40 mg/ml or 0.6 mM) and for the HSA-DA com-
plexes solutions with the following concentrations (0.15, 0.3, 0.4, 0.5, 0.6, 1.0,
1.2, and 2.4) mM. UV measurements were repeated for all the samples and no
significant differences were observed. The UV-absorption spectra of HSA-DA

complex are obtained at the wavelength of 280 nm.

3.3. Fluorescence

The fluorescence measurements were obtained using NanoDrop ND-3300 Flu-
orospectometer for the following complexes concentration (0.15, 0.3, 0.4, 0.5,
0.6, 1.0, 1.2, and 2.4) mM at 25°C. The excitation source comes from one of
three solid-state light emitting diodes (LEDs) including UV LED with maximum
excitation 365 nm, Blue LED with excitation 470 nm, and white LED from 500 to
650 nm excitation. A 2048-element CCD array detector covering 400 - 750 nm,
is connected by an optical fibre to the optical measurement surface. The excita-
tion is done at the wavelength of 360 nm and the maximum emission wave-

length is at 440 nm.

4. Results
4.1. UV-Absorption Spectroscopy

The UV absorbance spectra of different concentration of dopamine with a fixed
concentration of HSA which were scanned over a range of 220 - 350 nm are
presented in Figure 2. Each spectrum indicates two absorption maximum wave-
lengths at about 230 and 280 nm. The figure shows direct relationship between
the increase in peak intensity of the HSA-DA complex and the concentration of
the DA. This increase in intensity is due to interaction between HSA and DA as
monitored in buffered solution by scanning the wavelengths. As indicated in the
figure, there is a clear absorption signal for free DA.

The reciprocal plot of 1/(A — A,) versus (1/J) is linear as indicated in Figure 3.
When a fixed concentration of HSA was allowed to complex with various
amounts of DA, there is a linear increase in the UV absorbance of HSA. A bind-
ing constant for the HSA-DA complex was calculated using UV spectra accord-

ing to published methods [16] with the assumption that there is one-to-one
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Figure 2. UV absorbance spectra of HSA-DA in 0.1 M PBS with pH 7.4 at 25°C.
Free HSA (40 mg/mL, 0.6 mM) and free HSA with different DA concentrations
(a = free DA (4.8 mM), b = free HSA (0.6 mM), c-i correspond to HSA-DA
complexes with (0. 3, 0.4, 0.5, 0.6, 1.0, 1.2 and 2.4) mM DA respectively.

Figure 3. The plot of 1/(A-A,) vs. 1/ for free HSA (40 mg/mL, 0.6 mM) and
with different HSA-DA complex concentrations in 0.1 M PBS with pH 7.4.

interaction between HSA and DA in aqueous solution to establish chemical

equilibrium as in the following equation.

HSA+ DA <> HSA: DA (1)
The corresponding formation/binding constant:
K =[HSA: DA]/[DA][HSA] ()

on the following equation.
(A= A)=1/(A=A)+1/k(A, - A)*1)) 3)

where A, corresponds to the initial absorption of HSA at 280 nm in the absence
of DA, A., is the final absorption of the 54, and A is the recorded absorption at
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different DA concentration (/).

The binding constant (K) for HSA-DA complex was estimated from the ratio
of the intercept to the slope and was found to be 8.54 x 10> M". The value for
the binding constant is an indication of a weak intermolecular force interaction
between the HSA and DA when compared to reported HSA-drug interaction
with binding constant in the range of 10* and 10° M™' [39] The importance of the
binding constant value stems from its valuable application in drug delivery and
pharmacokinetics [17] therefore, absorbance measurements were constantly re-
peated and similar results were obtained consistently. In addition, absorbance
spectra were recorded for DA free with various concentrations corresponding to
those of DA concentrations in the final HSA-DA complex. To further investigate
the nature of the complexation-interaction, the absorbance value from the spec-
tra of free HSA was added to the absorbance value of the free HSA at 280 nm.
The corresponding added absorbances’ values clearly indicate that the signal ob-
tained for the various individual added concentrations of the free HSA and free
DA are comparable in magnitude to those of HSA-DA complex with same final
concentration. This result supports the speculation that the interaction between
HSA and DA is weak interaction.

4.2. Fluorescence Emission Spectroscopy

The emission spectra in the range of 400 to 750 nm were obtained for HSA-DA
spectra are shown in Figure 4. When a fixed concentration of HSA is titrated
with various amounts of DA, a decrease in the fluorescence emission of HSA is
clearly presented. The quenching took place in a concentration dependent man-
ner; an increase in DA concentration led to decrease in HSA fluorescence inten-
sity. It is well established that HSA fluorescence is mainly due to Tryptophan
(Trp), which is located at 214 position of subdomain IIA with very minor con-
tribution from tyrosine (Try) and phenylalanine which provide very low quan-
tum yields and therefore can be ignored [19] As a result, the fluorescence
quenching is caused by addition of different concentrations of DA which causes
quenching of fluorescence emission. This quenching could be a result of DA
binding to HSA - a major drug carrier protein in the human blood plasma.
Another reason is the possibility of formation of HSA-DA complex. There is no
noticeable peak positional shift indicating that no major structural alternations
of HSA upon binding with DA. Peak shifts, appearance of new peaks, disap-
pearance of existing peaks or various combinations of the mentioned are main
characteristic of major structural changes.

The HSA fluorescence is decreased upon increasing concentrations of DA,
which indicates that the DA is interacting with HSA in the surrounding of the
HSA main fluorescent residue Trp214 in subdomain IIA. The interaction be-
tween the DA and HSA can affect HSA fluorescence upon binding to DA due to
the quenching ability of a tryptophan residue upon colliding with DA. Careful

examination of the absorption spectra does not show and major changes and
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Figure 4. Fluorescence emission spectra of free HSA and HSA-DA in 0.1 M PBS
with pH 7.4, Aex = 360 nm, Aem = 439 and temperature at 25°C. a = Free HSA (40
mg/mL, 0.6 mM), i = free DA (4.8 mM), and (b-h) correspond to HSA with dif-
ferent DA concentrations (b = 0. 3, 0.4, 0.5, 0.6, 1.0, 1.2, and 2.4) mM DA.

very little changes is observed on the absorption spectra of the HSA shape as the
DA concentration is added which is an indication of minor conformational
changes due to collisional quenching [40].

Further, to elucidate the nature of the quenching mechanism as static or dy-
namic in the HSA-DA system, Stern-Volmer equation [35] is used to plot £,/F
versus 1 and the result is shown in Figure 5. The Stern-Volmer plot is non-linear,
indicating that both types of static and dynamic quenching occur. HSA is
quenched both by collisions and by complex formation with DA. Hence,

F/F =(1+K,, [DA])*(1+ K, [DA]) (4)

where Fand F, are the fluorescence intensities with and without quencher, K, is
the dynamic quenching constant of the biomolecule and K, is the Stern-Volmer
quenching constant due to static quenching. This modified second order form of
the Stern-Volmer equation with respect to DA concentration, accounts for the
both static and dynamic quenching occur for the same fluorophore. When
quenching is due to static quenching, the second parenthesis in Equation (4) is
ignored and when the quenching is dynamic the first parenthesis is ignored.
However, when both static and dynamic quenching are present, one must ac-
count for each type.

Fluorescence quenching can be induced by different mechanisms, which are
usually classified into dynamic and static quenching. Dynamic quenching arises
from collisional encounters between the fluorophore and quencher, and static
quenching resulting from the formation of a ground state complex between the

fluorophore and the quencher [40].
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Figure 5. The Stern-Volmer plot for HSA-DA complexes.

To further understand the nature of quenching, the quadratic equation was
solved using Excel for the K, and K, values which were found to be K, = K, =
6.60 M.

Using calculated K, value of 6.6 M™" and 7, as 5 x 10™ s for HSA [40] which is
typical for diffusion controlled reaction, the quenching constant, &, is calculated
from the k
determined to 1.32 x 10° L-mol™"s' which is about the same as for collisional

« = K7, relation according to Stern-Volmer equation and which is

dynamic quenching constant for various quenchers with biopolymer (maximum
value of 2 x 10" L-mol™"-s™") [12] [13]. This result implies that quenching is
mainly due to dynamic collision and not to complex formation, but rather a dy-

namic quenching is mainly dominated [40] [41].

4.3. Accessibility of Tryptophan in HSA to Quenching by DA Using
Fluorescence

When dynamic collisional quenching dominates as quenching type of fluores-
cence for HSA with drugs, it usually results in deviation from linearity of
Stern-Volmer plots. Therefore, it becomes necessary to further analyze the
non-linear Stern-Volmer plots to determine if the quenching is purely collisional
and to determine the accessibility fluorophores. Hence the following modified

Stern-Volmer can be used: [40].
Fo/F =(1/ 1.K,) *(Y/[DA])+ (¥ ) (5)

where AF is the difference between the unquenched fluorescence and the
quenched fluorescence, £, is the fraction of the initial fluorescence that is accessi-
ble to quencher, K, is the Stern-Volmer quenching constant of the accessible
fraction, and [DA] is the dopamine concentration. The K, can be calculated
from the slope of the straight-line equation resulting from plotting F,/( AF ) vs.
1/[DA] as shown in Figure 6. The obtained value of effective binding constant,
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Figure 6. Modified Stern-Volmer plot for HSA-DA complexes for accessibility determi-
nation.

K, is determined to be determined to be 4.4 x 102 M and the accessible fraction
£,=0.05 indicating that the Trp214 is not accessible for biding with DA which is
in agreement with the small effective binding constant.

4.4. FT-IR Spectroscopy

FT-IR is used widely to analyze IR bands of structural characterization of pro-
teins and provide clear information of any changes might occur due to various
changes leading to decrease/increase in intensities of the original peaks as well as
any shifts (blue/red due to interaction and or structural changes). HSA shows
number of amide bands due to vibrations of various peptides within the protein.
[42] Specifically, the amide groups of the peptides represent characteristic vibra-
tional modes (amide modes) which are sensitive to protein structures and any
incurred changes might cause structural changes. IR spectral data for the HSA
give rise to nine characteristic IR absorption bands, namely, amide A, B, and
I-VII [43] [44] [45].

Amide I band ranges from 1700 to 1600 cm™ and is mainly due to C=0 stret-
ching vibrations of the peptide linkages. Amide II in the range of 1600 - 1480
cm™ is due to the coupling of the N—H in-plane bending to C—N stretching
vibration, while amide III band ranging from 1330 to 1220 cm™ is due to the
C—N stretching mode coupled to the in-plane N—H bending mode [45].

The FT-IR absorption spectra in the region of (1800 - 1200) cm™" are shown in
Figure 7 for HSA and various HSA-DA complexes while HSA second deriva-
tives are shown in Figure 7 for free HSA (bottom) and HSA-DA complexes
(top) while the difference spectra corresponding to free HSA and HSA-DA
complex with various DA concentrations are shown in Figure 8. In addition,
band assignments for the same spectra are presented in Table 1 according to re-
gion and DA concentrations. The second derivative of free HSA is shown in
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Figure 7. The FT-IR spectrum of 0.6 mM HSA free (bottom) and the spectra (second de-
rivative) of DA-HSA complex (top) (a-f). DA concentration of 0.0 mM, 0.3 mM, 0.4 mM,
0.5 mM, 0.6 mM and 0.7 mM.

10

— Free HSA
——DAO0.7mM
= HSA-0.3mM DA
= HSA-0.4mM DA
0.84 = HSA-0.5mM DA
) = HSA-0.6mM DA
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] Amide | "
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Figure 8. FT-IR spectra (top two curves, a (HSA free) and b (HSA + 0.7 mM DA) and
differences spectra of HSA free and various DA-HSA complexes (c, d, e, f and g) with
concentration of (0.3 mM, 0.4 mM, 0.5 mM, 0.6 mM and 0.7 mM).

Figure 8 (bottom) where the spectra is dominated by absorbance bands of amide
I and amide IT at 1655 cm ™" 1540 cm™" respectively. It is clear from the figure that
as the DA concentration increases, the intensity of the 1655 cm™ 1540 cm™
peaks decrease.

For DA-HSA interaction, the amide bands of HSA infrared spectra over all
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Table 1. absorption peak assignment (in wavenumbers, cm™) for HSA-DA at different
concentration.

Bands  Range (cm™) Free HSA DA concentrations

AmideI 1700 - 1600 0.0 0.3mM 0.4 mM 0.5 mM 0.6 mM 0.7 mM

[-sheets 1609 --- 1609 --- 1610 1610
[F-sheets 1622 1621 1622 1622 1623 1623
Random 1636 1636 1636 1636 1636 1636
a-helix 1656 1654 1655 1655 1655 1655
Turns 1681 1681 1681 1680 1680 1681
[F-sheets 1695 1695 1695 1695 1695 1695

AmideIl 1600 - 1480

B-sheets 1493 1494 1494 1495 1495 1494
Random 1520 1523 1521 1523 -—- ---
a-helix 1540 1542 1543 1543 1544 1544
Turn 1574 1575 1576 1576 1575 1575
[F-sheets 1592 1594 1593 1593 1593 1593

Amide IIT 1320 - 1220

[F-sheets 1231 1231 1231 1231 1231 1231
[F-sheets 1245 1245 1245 1245 1245 1245
Random 1268 1271 1268 1267 1270 1268

turn 1294 1293 1293 1293 1291 1290
a-helix 1310 1309 1310 1310 1310 1310

shift is listed clearly in Table 1. In amide I band, the peak positions have shifted
from the HSA free to HSA-DA after addition of 0.7 mM DA as follows: 1622 >
1623 cm™, 1656 2 1654 cm™, 1681 = 1680 cm™. In addition, the peak at 1609
cm™' was fluctuating disappearing and appearing at various concentrations as
shown in the table. For amide II, the peak positions have shifted as follow: 1493
> 1494 cm™', 1520 > 1523 cm™ and disappeared at the last two highest DA
concentration, 1540-> 1544 cm™, 1574 > 1575 cm™ and 1592 = 1593 cm ™. In
amide III region, the only peak shift is on: 1294 - 1290 cm™".

The 1656 cm™ and 1540 cm™, which correspond to amide I and amide II, re-
spectively represent the location of both the amide bonds orientation are sensi-
tive to the HSA secondary structure because both groups of C=0 and the N-H
bonds are involved in the hydrogen bonding that takes place between the differ-
ent elements of secondary structure [17] [46]. The overall change in peaks posi-
tions indicate HSA secondary structural changes due to interaction with DA.
This shift in peak positions is mainly contributed to collisional electrostatic in-
teraction between the HSA and the DA. Shifts to lower wavenumbers for the
major peak in amide I e 1656 = 1654 cm™ is mainly due to stabilization by in-

termolecular interaction between the non-bonding pair of electrons on the oxy-
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gen of the carbonyl C=0 and the hydrogen of N—H thus causing the corres-
ponding amide II shift from 1540 to 1544 cm™. Looking at the overall data in
Table 1, it is obvious that the peak change (appearance, disappearance or shift)
was stabilized or reached a steady behavior when the ratio of DA to HSA was
approaching 1, specifically when the DA concentration reached 0.6 mM which
corresponds to 1:1 ratio with the HSA and beyond.

FT-IR spectra for the HSA-DA interaction are shown in Figure 8. The FT-IR
spectra (top two curves) and difference spectra {HSA-DA complex—HSA free}
for HSA-DA different ratios complexes in amide I and amide II regions are
clearly presented. There is no appearance of any new peaks or major shift in
peak position. However, in amide I region, there is a negative peak at 1655 cm™
with little shift of position that increases in intensity as the DA concentration is
increased which corresponds to increase in HSA-DA complex concentration.
Similar behavior is noted in amide II region with a negative feature at 1542 cm™".
The negative peaks behavior is attributed to the change in intensity of amide I
and II bands which is a result of change of the secondary structure of HSA after
combination with DA due to intermolecular interaction between the DA and the
C=0 and or N—H groups [46] [47].

The component bands of three amide regions, I, IT and III were attributed ac-
cording to the well-established principle [48] [49] as follows: the bands in the
range of 1610 - 1640 cm™ are generally assigned to -sheet, bands in the range
1640 - 1650 cm™ correspond to random coil, bands in the range 1650 - 1658
cm™! are attributed to a-helix and the 1660 - 1700 cm™ bands correspond to
F-turn structure. The absorption bands in amide II consist of four components
assigned in the following order: 1488 - 1500 cm™" to S-sheets, 1504 - 1525 cm™" to
random coil, 1527 - 1560 cm™" to a-helix and 1564 - 1585 cm™ to turn structure.
The component bands of amide III have been assigned as follows: 1330 - 1290
cm™ to a-helix, 1290 - 1270 cm™ to S-turn and 1220 - 1250 cm™' to S-sheets.
Percentage determination of the contribution of each secondary structural ele-
ment in the HSA-DA complex secondary structure was carried out based on the
assignment criterion for each of the HSA free and after the interaction with DA
in amides I, II, and III. The quantitative analysis of the HSA was performed to
determine any change in the secondary structure of HSA due to complexation
with DA.

The components bands of amide I, II, and III regions were assigned using
Fourier self-deconvolution (FSD) and second derivative resolution with curve
fitting as shown in Figure 9.

For amide I band, the components are assigned as follows: 1606 - 1620 cm™
represent S-sheet, 1620 - 1647 cm™ represent random coil, 1649 to 1670 cm™
correspond to a-helix, 1672 - 1687 cm™ to turn structure and 1687 - 1700 cm™
correspond to S-antiparallel. For amide II region, the absorption bands are as-
signed in the following order: 1487-1506 cm™" to S-sheet, 1506 - 1523 cm™ to
random coil, 1523 - 1558 cm™" to a-helix, 1560 - 1585 cm™" to turn structure and

1585 - 1600 cm™ to S-antiparallel. For amide III region, the bands are assigned
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Figure 9. Fourier self-deconvolutions (FSD) spectra subtraction: top {free HSA -
HSA-DA (0.7 mM)}, bottom the final result of the subtraction.

as follows: 1220 - 1256 cm™ to S-sheet, 1259 - 1287 cm™ to random coil, 1288 -
1302 cm™' to turn structure, and 1302 - 1331 cm™' to a-helix. Most investigations
have revealed that amid I bands are most sensitive in contributing to the sec-
ondary structure change however many studies reported informational contri-
bution from amide II and III and can be used to study the secondary structure of
protein. [50] [51] [52].

In this work, the percentage of each secondary element of HSA secondary
structure were calculated using normalization to integrate areas of the compo-
nents bands in amide I, II, and III divided by the total area. The obtained values
represent relative intensities for each of the secondary element with the specified
region while the area under each secondary element corresponds to its percen-
tage. Figure 10 shows the percentages determination for the secondary structure
of HSA in amide I region. Similar figures were obtained for each of amide II and
amide III regions. The obtained data in Table 2 is extracted from Figure 10 and
curve-fitted for amide I, II and III regions and secondary structure determina-
tions of the HSA free and its DA various complexes in dehydrated films. The ta-
ble clearly lists the percentages of each secondary structure of HSA before and
after the interaction with DA at different concentration. As a general trend, as
DA concentrations are increased, a-helix percentage increased in the three
amide regions which is accompanied by overall decrease B-sheet percentages in
the same regions.

The increase in a-helix percentage and the decrease in S-sheets are believed to

be due to the unfolding of the HSA in the presence of DA because of weak
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Figure 10. Deconvolution curve for determination the percentages for second-

Table 2. Secondary structure determination for amide I, amide II, and amide III regions for HSA free and HSA-DA complexes.

Bands Range (cm™) Intensity % Intensity % Intensity % Intensity % Intensity % Intensity %
Free HSA 0.3 mM 0.4 mM 0.5 mM 0.6 mM 0.7 mM
Amide I 1700 - 1600 (cm™)
F-sheets 1614 - 1628 3 5 3 3 1 1
Random 1628 - 1643 12 11 11 9 11 11
a-helix 1645 - 1672 65 56 65 55 68 70
Turns 1674 - 1687 13 14 13 16 12 11
[-sheets (Anti) 1689 - 1700 7 14 8 17 8 7
Amide II 1600 - 1480 (cm™)
[-sheets 1484 - 1500 7 6 5 6 6 6
Random 1502 - 1531 25 19 17 13 18 19
a-helix 1533- 1564 22 20 32 26 32 34
Turns 1564 - 1585 19 20 18 18 18 18
# :E:lets 1585 - 1600 27 35 28 37 26 23
Amide III 1320 - 1220 (cm™)
f-sheets 1222 - 1255 47 36 36 30 39 30
Random 1257 - 1281 18 18 19 19 20 20
Turns 1281 - 1302 15 20 23 28 20 29
a-helix 1302 - 1317 20 26 22 23 21 21
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intermolecular forces between HSA and DA at C=0 and C—N—H groups. This
intermolecular interaction which is mainly due to collisions and weak interac-
tions due to electrostatic forces between the HSA and DA causing unfolding of
HSA to increase thus increasing the a-helix percentage. [15] [16] [34] [35]. It
seems that the electrostatic forces between HSA and DA increase bonding in
a-helix which is accompanied by decrease in S-sheets due to destabilization ef-
fects due to fast dynamic equilibrium which is consistent with the small binding
constant value obtained from fluorescence in addition to weak hydrophobic

contacts.

5. Discussion/Conclusions

In conclusion, the complexation of HSA-DA has been investigated using UV
absorption spectroscopy, fluorescence spectroscopy, and FT-IR under physio-
logical conditions. DA binds to HSA with binding constant of 4.4 x 10> and
quenching constant of 1.32 x 10° L-mol™".s " at 25°C.

The UV investigation repeatedly showed no complexation and a value for the
binding constant was not determined due to the very weak interaction between
DA and HSA when compared to added absorbance signals of individual absorb-
ing HSA and DA. Fluorescence investigations indicate that the original fluores-
cence of HSA was quenched by DA through dynamic quenching mechanism
which is consistent with the obtained value of quenching constants. Simply, DA
must diffuse to HSA during the lifetime of the excited state. Once diffused and
upon contact, Trp214 returns to its ground state. The small binding constant is
in agreement with the quenching constant value.

There are several ways to distinguish between dynamic and static quenching.
The first is to realize that upon complexation the newly formed complex usually
has a different absorption spectrum from either of the complex components,
therefore, changes on the absorption spectra are almost a diagnostic of a static
quenching mechanism. The second hint usually is evident from the shape of the
absorption spectra. Linear Stern-Volmer is almost always due to static quench-
ing while non-linear is almost definitive criteria for either dynamic quenching
due to purely collisional frequency or due to a mix of both static and dynamic
quenching. Although dynamic and static processes are concurrently present in
many systems, it is very important to realize the distinctive feature of the ab-
sorption spectra of such systems which result in an upward curvature which is
not the case in HSA-DA system. Similar behavior in shape of the absorption
spectra might be obtained in cases where there is more than one fluorophore ac-
cessible to the quencher Ze, DA. In such cases, DA quenched Trp214 fluoro-
phores on the surface but was not able to penetrate the hydrophobic interior of
HSA due to hydrophobic forces from within the bulky HSA or the presence of
charged quenchers such as the chloride ion of the dopamine hydrochloride and
as a result DA would have limited surface intermolecular interaction due to in-

accessibility of the interior Trp214 residue sites and only those residues on the
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surface of the protein would be quenched. This is consistent with our findings in
terms of fraction accessible for quenching of 5%. This behavior has been ob-
served in protein fluorophore quenching by polar or charged quenchers. As a
result, Stern-Volmer plots deviate from linearity toward the x-axis.

FT-IR spectra indicate increase in partial unfolding of the protein upon DA
binding due to weak intermolecular hydrophobic electrostatic forces. The FT-IR
results are consistent with fluorescence investigation.

The results reported in this paper are helpful to improve the understanding of
the HSA interaction with DA. The biological significance of this investigation
lies in the well-recognized role of HSA as a drug transporter to target specified
organs in such a way that the target organ could be cured therefore it is very
important to understand the various types of molecular interactions of HSA with
drugs are essential in the drug delivery and in promotion alternative foundations
for new pathways of drug delivery. DA is delivered using
L-3,4-dihydroxyphenylalanine (L-DOPA), which is the precursor of DA, in
treatment of Parkinson’s disease due to lack of dopamine. We look forward to
developing alternative ways to deliver DA more effectively instead of converting
the precursor to dopamine. Now that we have such results indicating the
quenched nature for fluorescence quenching, this could be the beginning to de-
velop alternatives ways for enhancing the HSA-DA interactions enhancement to
be able to deliver DA directly. Possible ways to achieve this goal could be by ei-

ther derivatization of DA or by using nanoparticles functionalization.
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Abstract

In biological systems, self-time differs from the physical time scale. Biological
self-time is the characteristic of individual biosystems and invariantly de-
scribes the various dynamic processes in organisms. This biological inva-
riance is introduced by using 2 basic theorems: Allometric scaling and the
Weibull psychometric function. Our objective was to precisely describe the
timing phenomenon in biosystems and provide a framework to further de-
velop this analogy for other fields.
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1. Introduction

The lifetime of biological objects is measured by their dynamical development.
Studies have a surprising universality by the self-organizing [1] [2] and conse-
quently, self-similarity. A further consequence of this self-managed process is
the spatiotemporal fractal structure [3] [4], and the bioscaling behavior, [5].
These ideas are forming the similarities of the species [6], which directly leads to
an expected lifetime universality of well-selected cohorts. Heart rates are well
scaled by the a =1/4 power-law by the body-mass in mammals [7] from the
smallest to the largest. The allometry is generally applicable description from
respiratory complexes, through the mitochondria, to the largest mass animals
[8]. The heartbeat and the metabolic rate have the same mass-scaling depen-
dence. The statistical value of the heart-beat in their lifetime does not change by
the life-expectancy or by the mass of the organism and pretty stable for mam-
mals around n,, ~(7.3+5.6)x10° heartbeat/lifetime [9] which supports the
unified delivery of the nutrition, but many other factors could modify this pic-

ture. Based on the universality, it is estimated, that all biological species have the
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same basal oxygen consumption, = 10~® oxygen molecules per heartbeat [10];
this measurement defines the actual self-time. In consequence, the full lifetime

(T, ) is also scaled by the « =1/4 power-law, using the heartbeat ( f,) [9]:
Ty = nhb/lt/fh oc M¥ (1)

Self-time can be introduced on a thermodynamic optimizing basis when en-
tropy production is constant over time [11]. Self-time is connected to allometry
[12], and it scales with the allometric factor a. This power rule is strongly sup-
ported by various physiological times [13]. In a broader context, the intrinsic
time could be explained similarly to the special relativity; time is not indepen-
dent of space (only the space-time is invariant), and in biosystems, time is an in-
tegrative parameter of complex conditions [14].

Our objective is to study the self-time of biological objects in comparison to
the coordinate time (clock time) measured by the observervations outside the
studied bio-system, to develop an analogy for brittle materials by introducing the
Weibull function (cumulative form of two-parametric Weibull distribution) for
survival times. We transform time-scales and show the accuracy of the fit of

Weibull based calculation to standard allometric scaling.

2. Weibull Statistics of Brittle Materials

The generalized cumulative Weibull distribution [15] is:

W (x) =exp —(ij , (2)
X
where n is the shape factor, or form parameter, and x, is the scale parameter.
This function is widely used in physiology and psychometry [16].

Weibull’s statistics was originally developed to describe the fracture of brittle
materials [15], and it provides the probability of a damage-free survival of a giv-
en material. The Weibull investigated brittle materials, such as ceramics, to de-
scribe the probability of breaks due to mechanical stress [15] [17]. Using the no-
tation from [18], the “survival” of the material’s integrity (P and the survival
rate probability define the percentage of sample breaks when multiple probes are
tested. When processing the statistical data, the cumulative probability of sur-

vival at a homogeneous o stress on a sample with Vvolume is:

P, (o.V)=exp _Vi[ij : (3)

0\ %

where V,is the reference volume, g; is the reference stress, and 2 is the Weibull’s
form factor of the function. When experimenting with N samples, NPs pieces of
this count will not fail even under the maximum stress of o. The reference stress
and volume should be introduced into the exponent for dimensional reasons.
When we have a sample where V= ¥, and 0= ¢, and these are both indepen-

dent from the form factor n, by solving the Equation (3) we obtain:
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Py, = exp[—x—o[ﬁJ ] =0.3678. (4)

0\ %

Therefore, the survival probability of such a sample is 36.78%.
The above Weibull function (3) can be rewritten by using the familiar

2-parametric shape:

P (oV)= exp{—v”n (\%j[%]] (5)

The relationship between the individual scale parameter characteristics can be
readily associated with the Weibull statistics (2) used in the strength theory:

x=0oVY" and x, = o, V" (6)

It is possible to determine the survival probability of the same stress and vo-
lume relationship, Ze., the scaling law from the Weibull distribution in (3), when

we have the same survival probability:

_ const

O'—VT. (7)

which means a smaller sample is stronger and stabler than a larger one.

The Weibull function is based on 2 primary properties: volume dependence
and self-similarity. To formulate the above equations in another way, imagine,
that a sample is composed of 2 parts (Figure 1), and we want to express the like-
lihood of failure of the complete, complex system using the failure probability
for each individual part.

By applying the Weibull Function (3) to the scenario shown in Figure 1, the
likelihood of ostress failure of the V| + V, sample volume is:

V1+V2[a '

] J =R (G,Vl) P (0',V2 ) (8)

P, (o,V)=exp| -
S( ) [ 0 Oy

From (7), sample failure occurs at the weakest location (the structural fault
location). In the Weibull theory, the structural failure probability is proportional
to the sample volume. The effect of the form factor is shown in Figure 2.

Step-function occurs at large form factors. In other words, if o< ¢, each sam-
ple component survives, however, when o> ¢, the entire sample fails. Materials
composed of links with equal strength, that is, homogeneous chains like metals,

show such behavior.

3. Links to Survival Characteristics of Patients

A recent study attempted to describe the connection between fractal geometry
and the circulatory system with Weibull’s survival function by using the age of
the patient and body weight as its parameters [18]. Specifically, this study ex-
amined the link between brittle material fracture survival and cancer patient

survival [18]. This allometric approach links geometric and life parameters
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Figure 1. Two-part system for Weibull analysis.

Figure 2. Form factor impact on the probability of survival.

(ontogenetic growth [19]), to survival probability described by the cumulative
Weibull parametric distribution function [15]. The resulting function was used
to assess the cancer patients’ survival statistics. Since this approach utilized body
mass, it did not examine the links between other patient details, including cancer
type, vascularization or tumor size, on fractal geometry and actual survival sta-
tistics. Individuals are exposed to a variety of complex stresses—environmental,
nutritional, physical, lifestyle-related and spiritual—that are not equivalent to
the mechanical strength of inanimate material. There is no doubt, however, that
in a cohort of healthy individuals with similar life stresses, the best single para-
meter may be their collected experiences.

The above assumption is not far from strength theory, where repetitive stress
would likely be the best parameter to statistically investigate and characterize
failure. This characterization is called the fatigue test. When each stress cycle
takes a nearly identical course, the measurement can be reduced to a single pa-
rameter, and the load is characterized by the spending time. Statistical functions
can describe both inanimate objects and organisms; although living organisms
are far more complex than objects described with mechanical rheology. Indeed,
we found many similarities between machine parts and the organs of a living
body by using lifespan approximations with the Weibull function [15]. For ex-
ample, one can compare machine part wear with the wear that results from me-
chanical friction and stress at joints. Both processes cause damage to the mate-
rials and influence lifespan. Additionally, heart diseases may be caused by in-
creased electrical conductivity in specific heart regions that alters the initial sinus
node electrical signal propagation and thus modifies heart function. Similarly,
parts of a printed circuit board unit located in a wet and/or dusty environment
would likely stop functioning appropriately. The actual size of the malfunction-
ing areas does not matter (as long as they are small), but over time the collective

malfunctioning could cause failure, or disease in a biological system.
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Malignant tumors are the result of altered biological activity in an organ. Tu-
mor dynamism overloads normal systemic functions by their aggressive de-
mands for nutrients and thus alters organ function. Hence, in addition to the
tumor’s metastasis, there are 3 direct reasons why organ failure may occur due
to this malignant process:

* the cancerous metabolism overwhelms normal physiological consumption;

* tumor metabolism becomes comparable to the host organ metabolism;

* the geometric scale of the tumor makes normal organ function impossible.

Consequently, tumor size influences the individual’s lifespan. Tumor volume
is related to the structural failure probability. This parameter is constant over
time for healthy individuals; however, the tumor size is time dependent. There-
fore, there is a qualitative difference between the volumetric parameters of the
Weibull law and the so-called “faulty volume” of the disease. Naturally, the
growing cancerous tumor reduces survival probability. The increased, faulty tis-
sue volume increases the probability of structural incompatibility problems and
stress caused by the growing tumor increases the probability of failure. Thus, the
analogy between mechanical failure and survival is as follows:

* mechanical stress, g, is analogous to survival time ¢ (or observation time
during treatment);

* the reference stress, g, is analogous to the scale parameter £, (the reference
time in the therapy, when the survival probability is 36.8%);

* the volume, V; is analogous to the actual size (volume) or the actual meta-
bolic activity (energy consumption rate) of the tumor, G(t). This function is
additive and could be the volume or the metabolic rate. Both parameters are
additive in the destructive process;

* the reference volume, V, is analogous with the reference size (volume) or the
reference metabolic activity (energy consumption rate) of the tumor (G;).

Hence, the Weibull law (as in (3) and (2)), which corresponds to survival by

time (#) distribution is:

n

W (t)=exp| - t : 9)
t0

alternatively, when considered in the context of an administered therapy, it is

analogous with (3):

P, (t) = exp —%(l]n . (10)

G, (1

4. Metabolic Considerations

As discussed above, tumor size could be geometric (volume) or metabolic
(energy consumption). Extra energy demands are due to the high proliferative
and metabolic processes of cancer cells. Indeed, tumor energy consumption may
be several times higher than the metabolism of healthy cells, and energy is sup-

plied by intensive glucose production from non-oxidative glycolysis [20].
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The size of the host organism and its net metabolic rate (basal metabolic rate,
R;) can be expressed by the actual body mass () of the healthy adult individual,
as introduced by the allometric considerations (allometric law [21]):

R, o« m”. (11)

In case of satisfactory nourishment, o =, =3/4 [22].If one considers adult
individuals, who would exhibit a stable mass (M), the mass-specific basal meta-
bolic rate function would be:

R o« M, (12)
M

These allometric considerations could be applied for organs, where A is the
final, stable organ mass, and R, is the organ’s basal metabolic rate.

Tumor growth satisfies the allometric metabolic rule; that exhibits universal
growth dynamics [23] [24]. The approximate change in the number of tumor
cells () depends on production (proliferation, P) and cell death (annihilation,
A); Ais proportional to n1.as shown below:

dn,
dt

=P-Aand A=An, (13)

where 1™ = T'is the average life of the cell.

Energy balance has 3 components: energy to support current cells (the meta-
bolic rate of a single cell, R), energy to produce new cells (E,) and external work
(W) on the system. All of these factors originate from the energy flux of blood
flow () through capillary terminals:

d
| =R.n, + PE, +W, = R.n, +[ erC +anJEc W, (14)

Due to allometric considerations [8] [19]:
I =R,ny and W, =CnZ, (15)
where a <1 [25] [26]. Substitute these terms into (14):
dn “
Ecd_tC:(Ro_Co)nc —nC(RC+AEC). (16)

Multiply by the mass of an individual cell (12,):

(L—T:am“—bm 17)
R —C,)m&®
a:—( o= Co) M ,bz&w%.
EC EC

Due to energy flux changes by the a power of the mass during metabolism to
maintain homeostasis, (dm/d?) is positive, and thus the maximum mass (M) is

limited and can be expressed by the mass of a cell (mm,):

1

1 1
ia) [ R i)
aM“—bM=0—>M=(3j( L (1s)
b R. +AE,
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When substituting b from (18) into (17), we get the Verhulst-Pearl differential
equation [27], similar to the results of [18]:

(-a)
(L—T=am“ [1—(%) ] (19)

The solution of this differential equation describes a sigmoid curve:

(%) - —1-e” (20)

a(l-a)t (i)
r:%—ln[l—(%j ]; (21)

moreover, m, is the initial (birth) mass.

where

The ratio of energy flux for stationery stabilization and metabolism is:

10 >

MR MR B e (22)
I m.R,m* a

Using (18) and (20), the relative metabolic rate for maintaining stationary

equilibrium is:

l-a
m
r (t)y=| — =1-e7; 23
n(t) ( v j (23)
moreover, the universal energy-function used for growth is:
Ry (t)=1-r(t)=e"". (24)

n(?) and R(?) are the same functions of 7 for all organs with m mass; the
time-scale 7may be regarded as a biological self-time. ris invariant for the organ
or organism; it is a time scale that is determined wholly by the biological system
and not by any outside processes. The existence of physiologic time, which is
different from clock time, was previously hypothesized [28].

Equation (20) is a universal function, and so the above considerations are well
suited to living organisms [8] [19] and tumor growth [23] [24], when self-time is
defined as above. Maximum mass growth occurs at the inflection point, where:

d’m
——=0. (25)
dt?
Here, mass and growth rate are:
4
mz(gj M ;M; (26)
4 3
am _ 278 25 + g a0 2
dt 256 ’

when «a =, =3/4. Thus, relative metabolic rate (r,,) and the part of metabol-

ism related to growth (R, =1-r, ) are:

== and R ==, (27)
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Several investigations have estimated that 2/3 < a < 1 depends on the fractal
geometry of the nutrient supply of the tumor [25]. In the case of volumetric
supply, a = 1, while for surface supply, a = 2/3 [29]. Consequently, it is necessary
to examine the possibility of the above analogies with strength theory in the
self-time (biological time) scale, 7 (observation of biological self-time during

therapy).

5. The Relationship between the Variants of Time Scales

Identical tumor size (G(7) = G,) and biological self-time (7 = 7,) could differ
from the physical time () periods, and the survival probability (Py) in this situa-
tion would be approximately 36.8%. However, the connection between the

two-time scales, according to (20), is:

~ M(l_a) mo (1-a)
- conla (]| a5

The difference depends on the metabolic rate per unit volume, the initial size

of the tumor and actual vascularization. Generally, scaling biological self-time

shows the same survival probability of lifespan from (10) to any actual probabil-

ity:
G n
ﬂ L | =const. (29)
G, (7
Hence,
= constf—°. (30)

S|

)

Thus, survival time decreases as tumor size increases. The higher the value of

m, the more it reduces the dependency rate. The physical timescale using (30) is:

(1-a) (1-a)
t = const M %o - +In[1—(&j ] . (31)
a(l—a) (G(T)jn M

Gy

If we substitute (18) into (31) we get:

1 7, m, (=)
t = const +In|1-| = . (32)
b(l-« M
G(r)

()

Consequently, if the enlarged initial mass decreases, the surface supply in-

~—

S|

creases the physical lifetime. It is also clear from (32) that individuals with high-
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er G(7) would exhibit a reduced survival, especially when 7 is relatively small.

6. The Scaling Law and the Physical Timescale

From above, the Weibull law is applicable to biological self-time and also corre-
lates with physical time. Lifespans connected to the same survival probability

have a dependence as shown in (10) and similarly to (29):

G (T) (lj = const, (33)
GO 0

from which we conclude, that survival time decreases as tumor size increases:

t= constt—"l. (34)
G
GU

The greater the value of n, the more independent ¢is of G.
We know from [19] that the metabolic flux is:

® =cm®, (35)

where cis a constant with a peculiar dimension, that is, the nutrient flux per unit
weight of the system. This is not a good measure since it is not additive. The ad-
ditive rate is:

1 1 1 1
G(t)=®* =com(t) and G(r):=d* =com(7); (36)
alternatively, any of its homogeneous linear function.
From a mathematical point of view, 2 cases will produce a biparametric Wei-

bull function:
G(r)=const=K or G(r)=7’" (37)

The G(7) = const case occurs when the tumor has almost reached its final size.
This scenario may occur if tumor vascularization cannot sufficiently supply the
required nutritional demand and/or due to interventional therapy. However,
here a = 1, denoting conformity with surrounding surface supply. This case is
termed as a stagnant cancer. The second case is equivalent to the long physical
time related to short biological time. This phenomenon could occur with a large
M (matured tumor mass) or when the tumor supply is volumetric. 7 could be m3,
=~ 1 and a = 1; hence, the observed real-time survival would be accompanied
with a very short biological self-time. This case represents a rapidly growing tu-
mor.

When ris small, the Equation (20) is well approximated by the linear function
1-e™ = 7. Comparing this biological self-time scale set to the allometric law,

the rate of weight is:

G(r)=m(r)=M [(ﬁj JM YE=3 (38)
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Substituting (37) for the Weibull function using the analogy of biological
self-time, we get:

q
q
M|( 7 T
S [ M, To/q ] v ﬂl/q
MO

q—n+L
l1-a'

where the selected reference is the metabolic flux of the tumor with the power q,
and M, corresponds to the healthy reference G,. If the tumor is near to the en-
tirely surface-determined supply (a = 1), the exponent will be large, the pheno-
menon will become digital (1 or 0, e.g., all or none) and the deviation of survival

times will be low. The scaling law in this case would be:

Q|-

T =const-7- (—MO j (40)
=~ ? .
M

This equation again shows that in the case of tumor surface feeding, survival
time becomes independent of the parameters.
When the first condition of (37) is valid, then:

M. \n
r=const-7,| —= | . 41
0 [ v j (41)
When the second condition of (37) is valid (metabolic rate is high), then:

N A =2 S
G(r)=aV“m(r)=a”“M[(ﬁj ] ~a*Mrle, (42)

When we substitute (41) into the Weibull function obtained by using the bio-

logical self-time analogy, we get:

Ya a
a’*M T T
P, =exp ——( ) ] =exp| -| —— | |. (43)
[ 2"M, (77" e (a3/3M° Tq
s e
a’“M

Concerning the metabolic flux of the reference tumor with allometric expo-
nent a, we used a, = 3/4 for the healthy (7, reference) exponent.
It again appears that at a near surface supply condition, the exponent will be

large and a digital behavior will occur. From this point of view, the scaling law is:

4

M
T =const-z; * y (44)

a“M
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Again, the above equation describes universal behavior, namely, that survival
time increasingly becomes independent in the case of surface supply. According
to the second equation of (42), a simple deduction to the real physical time scale

from the above equation to describe biological self-time leads to:

a(l-a)t
r;%:b(l—a)t. (45)
Substituting (44) into (43), we get the Weibull law associated with the physical
time scale:
q
Ya d
a’ ‘M t
i exp(_ M ( % J J ahd I romrrasc Tl Bl SR
o Mo\ 7o 75 a, "M,
b(l-a) a¥*M
Consequently:
. 1
l-a 3 M
t = const . — aol ol . (47)
b(l-a)| *
a‘M

We again see that the supply tends to become localized at the surface when «a
- 1, and so the growth of the tumor becomes independent of the survival para-

meters.

7. Allometry Scaling and Weibull Function

Several theories describe the growth of cell populations (including tumors). The
time dependence of tumor size has several competing theories, but recently
hyperbolic growth models have been proposed [30]. Weibull’s law provides a
simplified version of the general hyperbolic fit. The tumor size (e.g., the mass)

satisfies the following equation in the hyperbolic model:

()
_M:[l_ﬂj A tH7 (48)

dt M) p*

where M is the final tumor size. This equation is actually the Weibull equation.
m m tY
—=1-|1-—|exp| —-|—| |; (49)
M M y/j

=1-e7,; (50)

The solution is:

or slightly modified:
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If my <M, then:

%:1—(3[;] , (51)

and the equation is returned to the well-known Weibull law. Considering (20),

the allometric law could be formulated as:

m

W)
V:(l—e ) ' .

(52)

A simple comparison shows the validity of the approximation of the allome-

tric law using the Weibull’s function (Figure 3).
The Shannon entropy of the Weibull functions for fits to « :g and o :%

are S,,=1.403,and s,; =1.452; respectively. This = 3.5% difference shows a

. s . 2 . 3
more certain death (less lifetime) in the « :§ case than in « :Z , because

the growing entropy shows a growing uncertainty.
This observation reveals a more profound relationship and can be proven by
rigorous mathematical calculation. If a and S are large values in (50), then the

following linear approximation is valid:

A
m t
— x| = . 53
M (ﬂj 9
Thus, rapidly growing tumors could also be described by the Weibull evolu-

tive equation. Note, that the probability of cumulative survival covariates with

the normalized tumor size, i.e.

(t). (54)

(a) (b)
Figure 3. The allometric law (solid line) of survival could be well approximated by the
Weibull function (dashed line). (a) a= %; n=1.698,t, = 2.005;error < 2x10° (b)

a= %;n =1.917,t, = 2.286;error < 2x107°. (The error is defined by the integral of the

square of the differences of the functions in the [0, 10] interval.)
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The same can also be formulated in a more approximate version. The cumula-
tive survival probability is the self-similar function of (1 — m/M). In other words,

the slopes of Equations (55) and (56) are equal, and the straight lines are parallel.
In(t) - In(In(F (1))); 55)

In(t)H—In(In(l—%D. (56)

This formulation allows the fitting of the f scale parameter of survival to the
final mass of the tumor (or to fit other tumor characteristics). In other words,
In ( Fs (t)) is a self-similar function of In(1 — m/M), so:

m
In(In(F (1)) = K, In(K, )In (1_Vj’ (57)
where K, and K, are constants.

8. Conclusion

We proposed an intrinsic time model that differs from clock time. We analyzed
the self-time for tumor growth and showed its scaling based on allometric scal-
ing as well as compared it to the Weibull physiologic function. The allometric
function could be well approached by the Weibull function which highlights the
intrinsic values of both the bioscaling and the Weibull physiologic function for

living objects.
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