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ABSTRACT

Background: Spectrophotometric measurements, both manual and automated, are
extensively used in the clinical laboratory. Thousands of such measurements per day on
rather diverse equipment are made in different laboratories across the country. Erroneous
data reported to a physician may adversely affect patients. Inapparent errors in the
spectrophotometric measurement step in an analytical procedure are critical and cause a

false result that leads to the wrong assumption, intervention, or treatment.

Methods: The research objective is to explore the replacement of spectrophotometers in
protein measurement and cell viability assays. In this study, the protein dye-binding
methods (Bromocresol Purple and the Bradford assays) were used to test the validity of
the proposed method. Four solutions were used with each method (N=4). A digital
camera was used to take a picture of the reaction well instead of a spectrophotometer.
Data were extracted from the digital image and used to drive the polynomial regression
equation. The equation was used to estimate the concentration of the unknown samples.
The results of the Bromocresol experiment was compared to a gold standard (Siemens

VISTA 500).

The cell viability experiment was conducted using the images collected from an
experiment performed by Shashi et al. The experiment used breast tissue and Paclitaxel.
Matlab was used to count the number of viable cells in the cell culture. The results of the
image analysis were compared to the results obtained from the manual cell count using

trypan blue assay and the spectrophotometric count using the MMT dye assay.
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Results: The proposed protein measurement method was equivalent to the gold standard
and within the allowable total error of 10%. The average error index (y-x)/TEA was -
0.24, with a range of -0.88 to 0.00. The largest error-index occurred at a concentration of

4.00 g/dl. Both methods correlated well with a correlation coefficient of R=0.999.

The Digital Image Processing (DIP) results were compared to the MTT assay results to
determine whether the methods are equivalent within the allowable total error (TEA) of
10 %. The difference between the two methods was within allowable error for 3 of 6
specimens (50.0%). The average error index (Y-X)/TEA was 0.87, with a range of 0.00
to 1.68. The largest error-index occurred at 53.21%. A similar comparison study was
performed between the DIP and the trypan blue assay. For the trypan blue and DIP, the
methods were equivalent within the allowable total error of 10 %. The difference between
the two methods was within allowable error for 4 of 6 specimens(66.7%). The average
error index (Y-X)/tea was 0.59, with a range of 0.00 to 1.40. The largest error-index

occurred at a concentration of 37.90 %.

Conclusion: The results obtained from the proposed image analysis technique are
equivalent to the results obtained using the spectrophotometric assay in the protein
measurement experiment. The proposed Digital Image Processing technique for the cell
viability experiment exhibited improvement in the number of counted viable cells when
compared to the conventional biochemical methods. In conclusion, digital image analysis
can be used to replace spectrophotometers in protein and cell viability measurement

experiments.
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CHAPTER |
INTRODUCTION

1.1. Statement Of The Problem

Reliable diagnosis of disease using blood and body fluids requires sensitive and
accurate detection of disease-specific analytes present in the blood or the fluid. These
analytes are often referred to as bioanalytes because they undergo bioanalysis. Optical
techniques that depend on radiant energy (light) are often utilized to measure the
concentration of analytes, including protein, enzymes, vitamins, and cell count. The
techniques may be as simple as observing the change in turbidity or color using the naked
eye. It can be complicated as in spectrophotometry, colorimetry, turbidimetry, and
fluorometry, which are utilized in laboratory instruments. Complex methodologies can
detect and identify small quantities of bioanalytes. Spectrophotometry and colorimetry

are widely used to measure the concentration of bioanalytes in the clinical laboratory.

Spectrophotometers are instruments that measure the absorbance of wavelengths
of light in solutions. Beer's Law defines absorbance as the relationship between the
amount of light that passes through a solution and the amount of light absorbed.?
Problems with the process of measuring bioanalytes using spectrophotometers were first
reported in 1973. The College of American Pathologist (CAP) performed a comparative
study to determine the accuracy of the results in 132 different laboratories. The results
showed that there is a 22% variation in absorbance between the laboratories. The

experiment was repeated in 1974; the coefficient of variation was 15%. 2
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Sources of spectrophotometer errors can be due to environmental effects,
temperature, voltage fluctuation, contamination, or vibration. These errors compromise
the testing process and halt testing completely. Other subtle measurement errors are due
to the accuracy of the wavelength scale used for measurement, the accuracy of the chosen
bandwidth of the light signal, and the presence of stray light, which is the light that is
outside the bandpass of the monochromator. Some errors are due to the presence of
reflecting surfaces before and after the sample, which leads to light reflection,
polarization, and beam shift errors. These errors contribute to false spectrophotometer
readings.® The use of standards and black coated instrument parts can improve the
performance of the spectrophotometers. However, the source of error must be identified
in order to be corrected. The errors are often subtle and very difficult to identify by the

instrument operators.

Cell viability experiments measure the change in the light absorbed due to the
change of the solution color after a reaction takes place. These experiments involve
harmful chemicals that can contribute to cell death. An accurate method that is less prone
to interferences and errors is needed to replace spectrophotometers. This study focuses on
the spectrophotometric methods used to measure the concentration of Protein (Albumin)

and Cell count.
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1.2. Significance Of The Study

Conventional spectrophotometric methods utilize wavelength reading to
determine absorbance. Color absorbance assays are measured at a wavelength of >500
nm. Small molecules have no impact on absorbance at this wavelength. However,
hemoglobin has strong absorbance around this range, which causes falsely elevated
absorbance and falsely elevated concentration. The presence of lipids, fats, and
triglycerides will cause falsely elevated absorbance and concentrations.*®. A method is
needed to detect interference. Spectrophotometers are bulky and not-cost effective due to

the expensive components like the light source and the monochromator.

Conventional biochemical assays are not the ideal method to determine cell
viability. It utilizes chemical reagents that contribute to cell death. The results are
dependent on the concentration of reagents, and the length of the incubation. The pH of
the solution plays a vital role In the experiments too. Therefore, each experiment is
exposed to multiple variables that may lead to an increased chance of false-positive or
false-negative results.’%* Although the Tetrazolium reduction assay (MTT) method is
considered a reliable method to measure the number of viable cells, the cytotoxic effect
of formazan and other chemicals that are present in the cell culture impact the accuracy
of the procedure. Formazan products precipitates accumulate inside the cell and cause
false spectrophotometric reading. Formazan crystals may harm the cells by puncturing
the cell membrane, which contributes to cell death and falsely decreased viable cell
count.*®® The insoluble precipitates must be solubilized before measuring the

absorbance. Dimethylformamide, Acidified isopropanol, and other detergents are used to
18



solubilize the precipitated salts. The color of the phenol red that is present in the cell
culture interferes with the absorbance reading. Acidifying the medium turns the phenol

red to yellow, which has less impact on the reading.101%14

Failure to correct the issues resulting from using spectrophotometers can lead to
false results that have a significant impact on the clinical decision made by the physician
regarding intervention or treatment. A falsely elevated number of dead cells during cell
viability experiments can lead to the wrong decision made regarding the efficacy of the

medication under investigation. A new approach is needed to replace spectrophotometers.

1.3. The Aim And Objective Of The Study

Aim of the study
This study aims to replace conventional spectrophotometric methods with digital
image analysis techniques. It investigates the use of digital camera and image analysis

software as an alternative to the spectrophotometer.

Obijectives of the study

1- Measures the concentration of protein by breaking down the color reaction results
to its original components (RGB), measures each component, and relates it to the
concentration instead of measuring one wavelength.

2- Check the method performance using the Bromocresol Purple (BCP) assay to

detect protein.
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3- Check the method performance using lower protein concentrations. The Bradford
assay will be used to confirm the method performance with different color
reactions.

4- Use of digital image analysis technique as a replacement for conventional cell
count methodologies that involve the use of harmful chemical reagents. Matlab
will be used to count viable cells.

5- Validate the use of the proposed methods by comparing the results to the current

in-use conventional methods.

1.4. Research Question

The research will answer the following questions: Can color image analysis
techniques replace spectrophotometers and improve the results of protein measurement

and cell viability experiments?
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CHAPTER II

BACKGROUND

2.1. Albumin

Albumin is the most commonly occurring protein in plasma. It accounts for half
of the plasma protein volume. It is a significant component of most body fluids, including
CSF, Urine, and Amniotic fluid. It is synthesized in the liver and comprised of 585 amino
acids arranged in a three-dimensional structure that represents the non-glycosylated
polypeptide chain. The calculated molecular weight of Albumin is 66,438.'> Albumin is
negatively charged at neutral pH and very stable at high temperatures compared to other
plasma proteins. It has a half-life of 15 to 19 days.'® The volume of the Albumin in
plasma plays a significant role in preserving the body’s hydrostatic pressure.!’ The
decrease in Albumin levels due to nephrotic syndromes, malnutrition, or hepatic
dysfunction causes a significant imbalance in the oncotic osmotic pressure, which is
manifested in the form of peripheral edema.'®*° The three-dimensional structure and the
negative charge of Albumin makes it an excellent transporter protein. It transports
various groups of substances including, calcium, other amino acids, drugs, fatty acids,

and unconjugated bilirubin.?:2

2.2. Cell Viability Experiments

Cell viability experiments are used to measure the number of viable cells in a
sample. It is used in testing the cytotoxic effect of chemical compounds. Colorimetric,

dye exclusion, fluorometric, and luminometric assays are used to determine cell viability.
21



All of the assays require an incubation period where the cells are incubated with the
reagents. The viable cells convert the substrate to a colored substance or generate a
fluorescence that can be detected or measured using a plate reader. For the fluorescent

assays, the strength of the signal is proportional to the number of viable cells.??

2.3. Spectrophotometry

Absorbance detection assay is a standard method used in the concentration
measurement and cell viability assays. Most of the assays depend on a plate reader to
measure the absorbance resulted from the experiment and determine the concentration of
the analyte or the cell count. Spectrophotometry utilizes the unique properties of light.
Light is a type of electromagnetic radiant energy that is used in many instruments to
determine the concentration of analytes. Plate readers are built using the concept of
spectrophotometry. During that technique, a light of a specific wavelength is emitted by a
light source and filtered before it reaches the reaction vessel or the plate. The solution
will absorb some of the light, and some will be transmitted. A reading device measures
the transmitted light, and the concentration or the cell count is determined using a

mathematical equation driven by Beer’s Law and linear regression.

2.3.1 Beer-Lambert’s Law

Beer’s law explains the directly proportional relationship between the
concentration of the solution and light absorbance. The relationship between the
concentration of a solution and the light absorbed can be established experimentally using

a reference solution with increasing concentrations. The relationship between the
22



absorbance and solution concentration is linear up to a specific concentration. The linear
relationship is often drafted on a curve that is called the calibration curve. A calibration
curve for a known standard can be used to determine the concentration of an unknown
solution by comparing it to the results obtained from the calibration curve.?>2* Beer-
Lamber’s or Beer’s law states that the absorbance of light is proportional to the
concentration of the sample. If a light with intensity (lo) and a specific wavelength ()
pass through a sample, the resulted light intensity will be (1).2-?” The sample

transmittance can be calculated using the following equation:

T=1/lo

Where T is the sample transmittance, I, is the intensity of the light source, and 1 is the
intensity of the transmitted light. During concentration measurement experiments, a
reference cell is used to determine the impact of the reaction vessel on the transmitted
light. A solution with zero concentration of the analyte in question is added to the
reaction vessel. A light with a specific wavelength (for the analyte in question) is shined
on the reaction vessel. The intensity of the transmitted light is measured. The
transmittance of the solution is measured by replacing the lo with the intensity of the
transmitted light. Transmittance is inversely proportional to the concentration of the
solution.*3 The relationship between the concentration and transmittance varies

inversely, as shown in Figure 1.

23



Q
O
c
(1]
et
=
£
vy
c
O
.
|_

Concentration

Figure 1 The relationship between transmittance and concentration

Absorbance is the amount of light absorbed by a solution. The absorbance of a
solution is directly proportional to the concentration of the solution, as shown in Figure 2.
Absorbance is calculated using transmittance. It is the negative logarithmic value of the

transmittance.?>%’

AB=-LogT

Where AB is the absorbance, and T is the transmittance.
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Figure 2 The relationship between absorbance and concentration

2.3.2 Application Of Beer’s Law

The relationship between concentration and absorbance is often linear to a certain
point, after which the relation is described as not conforming with Beer’s law. The linear
relationship can be used to mathematically drive an unknown concentration of an analyte
in a solution based on a known reference curve.?® The reference curve is also called the
calibration curve. The calibration curve is established using a series of reference solutions
with known increasing concentrations. The reference solutions are tested on the reader.?®
The concentration is plotted (x-axis) against the instrument readings (y-axes). Linear

regression equations are driven from the plot using the following equation:

Y=a+bX
25



Where Y is the instrument reading, a is the intercept, b is the slope, and X is the value of

the concentration.3031

2.3.3 Spectrophotometers

Light is composed of energy units called photons that travel in a wavelike
manner. The distance between the two peaks is called wavelength, which is expressed in
nanometers (nm). The light used on most of the instruments has a range of 200 nm
(ultraviolet light) to 750 nm (infrared light).?® The energy of the light is inversely
proportional to its wavelength. The human eye can detect the light emitted from the sun
or a tungsten filament because it is a mixture of wavelengths that are seen by the human
eye as white. The color of a solution is determined by its capability of transmitting the
light at a specific wavelength. A solution color will appear blue if it transmits the light
between a wavelength of 440 nm-500 nm. It will appear red if it transmits the light
between 620 nm-750 nm. It will appear green if it transmits the light between 500 nm-
580 nm.?>24 Table 1 lists the relationship between the observed color and the wavelength
of the transmitted light.

Table 1 The relationship between the color and the transmitted wavelength

Observed Color Transmitted Light Wavelength
Red 620 nm-750 nm
Green 500 nm-580 nm
Blue 440 nm-500 nm
Yellow 580 nm-600 nm
Orange 600 Nnm-620 nm
Violet 380 nm-440 nm
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Figure 3 depicts the different colors presented by the colored arrows as they appear when
white light passes through a prism. The wavelength range of each color is marked on the

color.

Figure 3 The effect of a prism on white light.

Obijects appear with a specific color because they absorb some colors and reflect
or transmit the rest. The reflected or transmitted colors are the colors the human eyes see.
Figure 4 illustrates how a blue object appears with the color blue. When the white light
falls on the object, all the colors are absorbed except blue. Therefore, the object or

solution appears blue.
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Figure 4 Illustrates how blue fluids or objects appear with the color blue.
The amount of light absorbed and transmitted by the solution particles determine
the color of the solution. The more significant the number of particles in the solution, the

more significant the amount of absorbed light.?3

A spectrophotometer is a device that is used to determine the intensity of light at a
specific wavelength. It is used to determine the concentration of an analyte in a solution
by measuring the intensity of the light transmitted by the solution and comparing it to a
standard calibration curve established for a reference solution.?® A spectrophotometer is
often large. The following are the most common components of spectrophotometers: a
light source to provide the light needed for the test. A monochromator, which is used to
isolate portions of the light beam. A cuvette, which is a vessel that holds the sample. A

photodetector, which converts the light into an electric signal. A readout device for
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reading the electrical signal and transforming it into a meaningful numerical value of
absorbance and concentration.?2* Figure 5 depicts the essential components of a

spectrophotometer.

Cuvette Detector ~ Meter

Spectrophotometer

Figure 5 The essential component of a spectrophotometer

2.4. Image Analysis

The human eye is the most complicated and advanced image processing system. It
acquires three-dimensional Images and sends it to the brain where it is processed and
stored. This very advanced image processing machine quickly characterizes objects and
accurately classifies it based on its features or by linking them to images that were
previously stored in the human brain. The human eye can be affected by the pre-
conceived notions of objects which impact image classification or identification.? A

computer stores and visualizes a picture as a group of discrete values arranged in rows
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and columns of numbers.® Digital images are represented as points of numerically
defined brightness. Each point on the image will have a discrete value based on the type
of the stored image. The characteristics of an object are represented using discrete values
of pixels. The unique values of the different pixels give the object its unique features.®* A
pixel is the smallest element of an image. Each pixel represents information about the
response of an object when exposed to light.®® Pixels are assigned a single value in black
and white images. This value is either zero or one, where zero is black, and one is white.
Pixels in color images are represented by more than one value. In Red, Green, and Blue

(RGB) images, pixels are represented by three values, one value for each color.3%%

Figure 6 depicts the pixels values at the same location for different types of
images. The similar pixel location is represented by different values based on the type of
image. The RGB image shows three values that range between zero and 255 for each
color (Red, Green, and Blue). The Grayscale image shows one indexed value that ranges
between 0 and 255 with a color map that ranges between zero and one. The black and
white image shows one indexed value and a color map, either zero or one. X and Y

indicate the coordinates of the pixel.
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Figure 6 Pixels values in RGB, Grayscale, and Black & White images.

The image was obtained by Wael Hassan using the Cellavision instrument and processed
using MATLAB.

Image processing is the science that deals with image analysis and
manipulation.®An enhanced image processing system require means of acquiring,
storing, enhancing, and restoring the image. Digital image processing refers to using
digital devices, software, and computer processors to manipulate the image.**® Computer
vision is the process of extracting information from an image. Image processing
techniques include the following steps: 1-Image sensing, is the process of recognizing
and producing a visual image, 2- Image preprocessing, involves image enhancement
techniques, 3- Image segmentation, includes separating the components and the objects
of the pictures. 4- Image description involves extracting the unique features of each
segmented object. 5- Image recognition, includes identifying the object based on its

criteria.3®
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2.4.1 Image Analysis In The Laboratory

In the laboratory, image analysis is the process of obtaining useful diagnostic
information from images in an accurate and reproducible manner. The process includes
but not limited to identifying objects, counting cells, or measuring the size of objects. The
laboratory processes organs and tissues; abnormalities are usually investigated at the
tissue and cell levels. Cells are hard to visualize using naked eyes. Laboratorians use
microscopes to enlarge the cells and cell organelles to detect abnormalities.*® Measuring
the size of cells using microscopic images started in the 17" century when Leeuwenhoek

used sand grains and hair to measure the size of erythrocytes.**

Image analysis is used in the histopathology and cytopathology laboratories.
Pathologists and other laboratorians count cells, measure the size of cells, or use the
morphological characteristics of the cell to diagnose disease or monitor treatments.
Cytochemical, histochemical, and molecular features are used to diagnose or confirm the
presence or absence of disease.*! Image analysis techniques include Morphometry,
Planimetry, and Stereology. Morphometry is the quantitative measurement of geometric
features regardless of its dimensions. Planimetry is the measurement of geometric
features that are two dimensional. Stereology is the use of point or line grids to measure
the geometric features of cells or cell contents.** Counting objects are widely used in the
laboratory; especially, proliferation markers in tumors. The discovery of eosin and
hematoxylin stains facilitated the processes of counting the cells under the microscope.
Cytometry and pattern recognition are used to quantify the amount of a specific substance

in the cells or nuclei. Dyes are used for staining cells and enhancing the processes of
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pattern recognition. The amount of the dye absorbed by a specific cell content or
substance is proportional to the concentration of that content or substance. Therefore, if
the concentration of the dye is known, the concentration of the content or substance can

be quantitated.*4?

Pathologists use image analysis techniques to determine the stage and grade of
certain cancers. They integrate the image analysis results, the clinical findings, and the
results of specific biomarkers to diagnose cancer and determine the appropriate
intervention. They review a large number of slides and generate a large amount of
valuable data that is hard to store. The advances in whole slide scanning technology made
it easier and cost-effective to store images and data digitally. Pathologists spend 80% of
the time looking at normal tissue.*® Approximately 1,000,000 biopsies every year in the
USA, only 20% are positive for cancer.** That means that most of the pathologist times
and effort are directed toward normal cases when it should be directed toward
complicated abnormal cases. Entrepreneurs from the pathology and informatics field

developed an algorithm to process and automatically result and verify normal slides.

Image analysis aides the process of disease prognosis by identifying prognostic
markers that can predict disease outcome. For example, it can determine the disease
grade in breast and prostate cancer using the architecture of the tissue and the nuclear
arrangement. It contributes to theragnosis of disease, which is the combination of
therapeutics and diagnostics. It is the process of understanding and predicting the
behavior of tumors when studied at the molecular level. Symptoms of the same disease

may vary between patients. Therefore, the intervention must be tailored to fit the patient's
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symptoms and response to the treatment. The role of the automated image analysis
technique is to complement the pathologists’ role, not to replace them. It aides the

pathologists focus on harder, more complicated cases.**

2.4.2 Benefits Of Automated Image Analysis Techniques

Computerized image analysis techniques started around 1965 when JM Prewitt
and her colleagues published a paper about the morphologic analysis of cells and
chromosomes.** The interest in whole slide digital slide scanners increased over the last
decade due to the need for a secure method to store and transfer the slide between
different locations. Digital pathology improves the quality of the test results. The quality
of the results is dependent on the knowledge, training, and or the mental status of the
personnel performing the analysis. An automated image analysis program can ensure
consistency by applying the same rules to all the tests at all times. Telepathology added
great value to patient care by enhancing the capability of viewing and transporting data-
rich pathology slides digitally between different locations for remote pathology
consults.* Geller et al., 2014, surveyed 252 pathologists who interpret breast samples in
eight states regarding the value of the second opinion consults. The survey found that
83% of the pathologists obtained the second opinion. All participants believed that
diagnostic accuracy increased to 96% when the second opinion was taken.* A study by
Elmore et al. proved that the misclassification of breast biopsy specimens decreased from
24.7% to 18.1% when the cases received a second evaluation by a different pathologist.*®
The automated system can process multiple cases at the same time with the same quality.

Automated image analysis remains unbiased and not impacted by pre-conceived notions
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of objects and colors. Digital pathology workflow contributes to shorter turnaround
times. A study by Baidoshvili et al., 2018, proved that more than 19 work hours per day
were saved when the digital workflow was adopted by a large regional pathology
laboratory.*” In addition to the benefits mentioned above, digital slides cannot break and
easy to store and retrieve for future educational purposes or case review purposes. It

offers cost savings on labor and storage.

2.4.3 Digital Image Analysis Features

Imperfections of the slide or the stain can prevent the human eye from
distinguishing or extracting cellular features. Image analysis extracts quantitative
information from pictorial data. The laboratory uses biological samples that produce
images that are noisy, full of artifacts that can impact the decision made by the
performing personnel. Automated image analysis instruments can apply techniques to
correct any imperfections before extracting features. It can capture the nuclear
orientation, structure, shape, and texture of cells and nuclei from hematoxylin and eosin
slides.®® It is capable of performing feature analysis or use deep learning techniques to
extract and classify features or objects. Deep learning is the process of training the
computer to read slides using a set of preprogrammed features. During this process, the

computer continues to learn new features based on user inputs.

2.4.4 Image Analysis Techniques

Image analysis starts with acquiring the image; this step is performed using a

digital camera. The images are often obtained from a microscope. One of the most
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common issues with microscope images is uneven illumination and noise at low levels of
light. The image processing step improves the picture quality by removing the noise and
adjusting the image contrast. Features extraction is the step where computer techniques
and algorithms are used to extract patterns and morphological features from the image.
This step is called image segmentation. Data collection is the final step in the process;
quantitative data is collected during this step using computational tools that are applied to
determine the properties of a specific region or quantitate object based on its features.
Figure 7 indicates the image analysis steps performed to count bacteria in a Gram-stained

slide.
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Figure 7 Counting bacterial cells in Gram-stained slides using image analysis techniques.
The image was obtained and processed by Wael Hassan Using MATLAB.
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CHAPTER Il1

LITERATURE REVIEW

A thorough literature review using the OvidSP database, Pubmed database, and
the worldwide web was conducted. The literature review process included two steps:
literature search and literature content analysis. The literature search yielded useful
articles, books, and trustworthy websites that are linked to the subject of the thesis. The
Literature analysis was used to construct the review. The search aimed to extract
information about then assays used to measure protein concentration and the methods
used to measure cell viability in cytotoxicity experiments. The focus was on the methods
used in the clinical laboratory. Table 2 indicates the inclusion and exclusion criteria used

for the literature search.

Table 2 Inclusion and exclusion criteria

Inclusion Criteria* Exclusion Criteria*
e English articles. e Non-English articles
e Primary research articles e Non-primary research articles
e Image analysis and measurement of

bioanalytes
e Color analysis and measurement of

bioanalytes.

e Cell count in Cell viability
experiments using digital image
analysis

Another search was conducted to determine if there is literature that discusses the
use of color images to measure bioanalytes. The subject of the thesis was not addressed in

the literature. Three articles were found that discuss the measurement of glucose using
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color analysis. Three articles were found that discuss cell count but not in cytotoxicity

experiments. Figure 8 depicts the search strategy flow chart.

Article search

Ovid SP
15 articles

PubMed

After applying After applying
inclusion and inclusion and
exclusion criteria exclusion criteria

0 Primary 6 Primary
research articles research articles
used used

Figure 8 Search strategy flow chart
This chapter will discuss the current measurement methodologies and related literature

for the protein measurement and cell viability measurement assays

3.1. Current Measurement Methods

This section discusses the current in use methodologies for the measurement of
protein (Albumin) and the methods used to count viable cells in the cell viability

experiments.
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3.1.1 Albumin Measurement Assays

Albumin measurement assays are used to determine abnormalities in the
concentration of Albumin. This section discusses the two most common assays, dye-

binding assays, and electrophoresis assays.

3.1.1.1 Dye Binding Methods

Dye binding procedures are the most common method used to determine the
concentration of Albumin. In this method, the Albumin charge is adjusted to a positive
charge using the PH of the solution. An Anionic dye is used to bind with Albumin, which
changes the light absorption maximums of the dye compared to the free dye. The

concentration is determined by measuring the absorbance of the dye-albumin complex.

Methyl Orange is a non-specific dye that binds with Albumin and some globulin
and lipoproteins; therefore, it is not the method of choice when trying to determine the
concentration of Albumin. 2-4-hydroxy azobenzene-benzoic acid(HABA), is more
specific to Albumin, but the presence of certain bioanalytes like conjugated bilirubin,
salicylates, and sulfonamides interferes with the dye-binding process. Although
Bromocresol Green (BCG) is a more specific Aloumin dye that is not impacted by
interfering substances, it is impacted by the Hemoglobin concentration. Doumas et al.,
1971, reported that the Albumin concentration increase by 0.1 g/dL for each 100 mg/dL
of Hemoglobin.® Speicher et al., 1978, reported that this method overestimates low
Albumin values in the presence of Alpha-Globulins.® Bromocresol Purple (BCP) is the

most common method used to determine the concentration of Albumin. BCP is particular
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to Albumin and is not affected by interfering substances. The only disadvantage of this
method occurs in patients with renal insufficiency. Maguire et al., 1986 reported that the
BCP method underestimates the Albumin results in renal insufficiency patients due to the
presence of substances that alter the structure of Albumin and prevent the formation of

the dye-albumin complex.*%->*

3.1.1.2 Electrophoresis

Electrophoresis is the process of separating bioanalytes based on their electric
charge. Albumin is a negatively charged molecule that moves the furthest toward the
anode. The charge of the protein, the size of the molecule, and the temperature determine
the distance traveled. The process requires a liquid or solid media. The protein is fixed on
the media then stained using a dye. Absorbance is measured, and the concentration is
calculated based on the absorbance measurement. Albumin is usually calculated as a
percentage of the total protein in the sample.* Table 3 indicates the techniques used to

measure Albumin concentration.
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Table 3 Current techniques used to measure Albumin concentration

Method Principle Device used Interferences
Bromcresol Albumin binds with | A spectrophotometer |  Overestimate
Green Method the dye is used to detect the low level of
(BCG) (shift in the change in Albumin in the
absorption spectrum absorption. presence of high
of dyes) (628nm) levels of Alpha-1
and Alpha-2
Globulins
Bromcresol Albumin binds with | A spectrophotometer | Very specific to
Purple Method the dye is used to detect the | Albumin and not
(BCP) (shift in the change in subject to
absorption spectrum absorption. interference.
of dyes) (603nm)
Electrophoresis | Albumin separated Gel is used to Very active with
based on the electric | separate the Albumin | no interference
charge and density band

3.2. Related Literature

A thorough literature review was conducted; two articles were found that are

related to the proposal subject. The study by Sivananthan Raja and Sankar Narayanan,

2006, investigated the use of Red, Green, and Blue (RGB) color sensors to measure the

concentration of glucose in blood samples. The study proposed the use of colorimeters

instead of using absorption meter to determine the concentration of glucose. The authors

used a modified colorimeter (See figure 9) to capture the color change based on the

change of the concentration of glucose.
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Figure 9 Use of RGB Color Sensor in Colorimeter for better Clinical measurement of
Blood Glucose propped colorimeter. Use of RGB Color Sensor in Colorimeter for Better
Clinical Measurement of Blood Glucose - Scientific Figure on ResearchGate. Available
from: https://www.researchgate.net/figure/Proposed-Colorimeter_fig3 228752313
[accessed 16 Feb, 2020]

The study focused on measuring the degree of Hue and saturation for the color
produced during the reaction based on the values of the RGB colors measured by the
colorimeter. The authors used the Chromaticity Diagram (see figure 10) to measure the

values of Hue and Saturation for each color, as shown in table 4.
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Figure 10 Use of RGB Color Sensor in Colorimeter for better Clinical measurement of
Blood Glucose. CIE, 1931 Chromaticity Diagram. Use of RGB Color Sensor in
Colorimeter for Better Clinical Measurement of Blood Glucose - Scientific Figure on
ResearchGate. Available from: https://www.researchgate.net/figure/Proposed-
Colorimeter_fig3_228752313 [accessed 16 Feb, 2020]

Table 4 The values of Hue and Saturation

Existing Modified
Glucose Colorxi- Colorimeter Saturatiomn
Concent- meter Ix1 Hue
Ration Absor- (2o0) ()
I»1 bance 1 23 G B
(mg/dl) (O.D.)

o] O 224 215 208 2.89 S8S
100 0.306 234 171 179 .31 497 c
150 0.460 226 146 161 14.24 498c
200 0.617 230 129 149 19 38 499c
250 0.790 227 115 141 23.80 S00c
300 0.896 227 101 131 28 .73 S00c
350 1.010 223 83 118 3561 S00c
400 1.144 216 66 105 43 .00 S00c
450 1.255 211 Sse o4 47.43 S00c
S00 1.31 201 45 81 52 .61 S00c
SsS0 1.36 200 40 72 55.19 499c¢
GO0 1.38 195 3s G5 58.07 498c
G50 1.406 1384 32 G2 59.31 499¢
750 1.48 178 26 S0 62 90 49T c
S00 1.57 177 23 45 G5 .62 497 c

Use of RGB Color Sensor in Colorimeter for Better Clinical Measurement of Blood
Glucose - Scientific Figure on ResearchGate. Available from:
https://www.researchgate.net/figure/Proposed-Colorimeter_fig3 228752313
[accessed 16 Feb, 2020]
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Linear and polynomial equations were used to drive the value of the concentration
in an unknown solution using the color saturation values obtained from a solution with
known concentrations.>® The accuracy and precision of the method were not discussed. A
correlation study between a gold standard method and the new method was not conducted

to determine the accuracy of the new method.

A study by Ji-Sun Kim, Han-Byeol Oh, A-Hee Kim, et al., 2015, discussed the
use of color coordinates to obtain the wavelength and purity values of a specific color
using the color’s RGB values obtained using white LED light. The authors used a device
to convert the light into a digital signal using photodiodes. The value of the output ranges
from 0 to 255. Where 0 is black, and 255 is white. The values and color coordinates were
applied to a mathematical equation to calculate the wavelength and purity values of the
color. They proposed that the device can be used as a colorimeter and a device that can

obtain transmittance and absorbance information.®’

Another study by Ji-Sun Kim, Han-Byeol Oh, A-Hee Kim, et al., 2017, explored
the measurement of the Glucose concentration in blood samples. The study proposed
using the change in color coordinates measured by a color sensor instead of using the
enzyme electrode and liquid chromatography techniques. The authors used a color sensor
to measure the RGB values, which were converted to color coordinate values to detect

the wavelength of the light obtained from the solution. See table 5.
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Table 5 A study on the detection of glucose concentration using changes in color
coordinates. The changes in RGB values, wavelength, and purity due to glucose
concentration.

Glucose R G B Wavelength | Purity
concentration (nim) (%a)
%)

1 30 27 26 497 1.373
2 26 26 23 316 3.103
3 30 30 26 534 4.266
4 30 29 23 561 11.21
- 36 31 23 574 20.24
6 36 29 22 578 20.73
7 35 24 19 587 22.93
8 39 25 19 389 28.56
9 36 21 16 592 30.43
10 38 20 15 595 34.96
15 44 18 14 601 43.99
20 47 19 15 602 44.72
25 46 18 14 602 46.02
30 S50 19 15 603 47.77
35 57 21 16 603 52.16
40 58 21 16 603 53.16

A study on the detection of glucose concentration using changes in color coordinates.
- Scientific Figure Available from
https://www.tandfonline.com/doi/full/10.1080/21655979.2016.1227629 [accessed 16
Feb, 2020]

The study proved that the purity values tend to increase with the increase of
concentration. The study used a mathematical equation to determine the concentration of
glucose in an unknown sample. This study is different from the study published by
Sivananthan Raja and Sankar Narayanan, 2006 because it depended on the movement of
color coordinates and its relation to wavelength and purity.>® The accuracy and precision

of the method were not discussed. A correlation study with a gold standard was not

conducted to determine the accuracy of the new method.
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3.3. Cell Viability Measurement Assays

3.3.1 Dye Exclusion Assays

During this method, the viable cells do not get stained with the dye. Non-viable
cells accept the dye and appear with the dye color. The cell membrane plays an essential
role during this assay. If the cell membrane is intact and did not lose its integrity, the dye
will not penetrate the cell. If the cell membrane lost its integrity, the dye penetrates the
cell and stains it with the dye color. This procedure is simple, rapid, and requires a low
number of cells.>® However, during cytotoxicity experiments, the cell membranes may
require longer exposure time to lose its integrity. Meanwhile, viable cells may continue to
proliferate, which falsely underestimates the number of dead cells and directly impacts
the percent viability.®® Trypan blue dye exclusion assay is one of the most commonly
used dye exclusion methods. During this method, the cells are mixed with the dye, and
the mix is visually checked. The cytoplasm of viable cells appears clear while the
cytoplasm of dead cells stains with a blue color. The cells are counted using a
hematocytometer and light microscopy.®%2 Erythrosine B dye or Red No. 3 is used as a
food coloring dye and used to count viable cells in cell viability experiments. The dye
function mechanism is similar to the Trypan blue. This dye offers a bio-safe alternative to

Trypan blue.%?

3.3.1.1 Colorimetric Assays

All the methods are based on measuring a specific marker activity that is

associated with the viable cell. The reagents used in the assay develop a color that can be
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measured to determine the percentage viability. Multi-well plates are used in most of cell

viability assays.®®

3.3.1.2 Tetrazolium Reduction Assay

Tetrazolium compounds are the most commonly used compounds in cell viability
experiments. There are two groups of tetrazolium compounds. One group that penetrates
the cell and carry a positive charge for example MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) The second group contains MTS(3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium), XTT (2,3-bis-(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) , and WST (water-
soluble tetrazolium salts) . This group carries a negative charge and does not penetrate

the cell. Only MTT will be used in the thesis.

3.3.1.3 MTT Assay

During the MTT assay, the substrate is incubated with the cells for 1 to 4 hours.
Viable cells convert MTT to formazan. The reduction reaction occurs when the NADH or
other reducing molecules transfer electrons to the MMT molecule and produced the
purple-colored product that has a maximum absorbance of 570 nm. The quantity of the
formazan is directly proportional to the number of viable cells because dead cells are
incapable of converting MTT to formazan.®*®® The signal strength is dependent on the
length of the incubation, the concentration of MTT, and the number of viable cells. The
increase of the incubation time increases the strength of the color and the sensitivity of

the procedure. However, the test is limited by the cytotoxicity of the reagents used to
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detect the cells. These reagents react with cell NADH and alter the rate of MTT reduction
and formazan production. Reducing compounds interfere with the tetrazolium reduction
assays and cause false signals which increase absorbance in certain wells. Elevated pH
and extended exposure to light expedite the reduction of tetrazolium and cause an

increase in absorbance values.%6-"°

3.3.1.4 MTS Assay

The MTS assay is a colorimetric assay that is based on the conversion of
Tetrazlium salt to colored formazan. The amount of formazan is directly proportional to
the number of viable cells. The number of viable cells is measured using a
spectrophotometer at a reading of 492 nm. This assay is significantly impacted by the

incubation time. The method loses its linearity after 5 hours of incubation.”

3.3.1.5 XXT Assay

The MTS assay is a colorimetric assay that is based on the conversion of
Tetrazlium salt to orange-colored formazan. During this procedure, the cells are
cultivated with the XXT reagent for 2-24 hours. The Orange color starts to develop
during the incubation time and can be measured using a spectrophotometer. The intensity
of the formed color is directly proportional to the number of viable cells. The method
performance depends on the viable cell reductive capability and impacted by

environmental conditions like the PH and temperature.’>"
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3.3.1.6 Lactate Dehydrogenase (LDH) Assay

LDH is normally present in the cytoplasm of viable cells. Damaged Cells release
LDH in the culture. This assay quantitatively measures the amount of LDH present in the
culture. LDH is measured using the lodonitrotetrazolium (INT) salt. LDH reacts with

INT and produces a red-colored compound is measured at 490 nm.’*"

3.3.1.7 Crystal Violet (CVS) Assay

This method depends on the principle of viable cell adherence to the culture. CVS
stain cells that are viable and adhered to the culture. Dead cells are usually detached and
do not get stained. The amount of crystal violet present in the culture is directly
proportional to the number of viable cells. This method does not take into account cell

proliferation that occurs at the same time cell death occurs.”

3.3.1.8 Neutral Red Uptake (NRU) Assay

This assay depends on the ability of viable cells to uptake the supravital dye
neutral red. The dye penetrates the membranes via passive diffusion and concentrates in
the lysosome. The dye is extracted from the cells, and the absorbance is measured using a
spectrophotometer. Dead cells are unable to retain the dye. The absorbance is measured

at 540 nm using a spectrophotometer.””
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3.3.2 Fluorometric Assays

Fluorometric assays depend on the use of fluorescence microscopy. During the
assay, a fluorescent dye bind with a biomarker. The fluorescence is visually checked, and
the cell count is calculated. The amount of fluorescence is directly proportional to the

number of viable cells.”®

3.3.2.1 Protease Viability Marker Assay

This assay measures the activity of the protease enzyme in viable cells. A cell-
permeable fluorogenic protease substrate penetrates viable cells, replaces some amino
acids, and releases aminofluorocoumarin that produces fluorescent signals. The

fluorescent signal strength is proportional to the number of viable cells.”®8

3.3.2.2 Alamar Blue (AB) Assay

This assay depends on the conversion of resazurin to a pink-colored fluorescent
resorufin. The conversion occurs using the mitochondria and the diaphorase enzymes
present in viable cells. The minimum required incubation time for this method is four
hours, and the amount of fluorescence generated can be measured using a fluorometer.

The generated fluorescence is proportional to the number of viable cells.”®8%82
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3.3.3 Luminometric Assays

Luminometric Assays are the assays that produce constant, stable glow-like
signals. Micro titer plates are used during the experiments. The glow is detected and

measured using a luminometric microplate reader.®

3.3.4 Adenosine Tri-Phosphate (ATP) Assay

ATP is the most commonly occurring energy reservoir in viable cells. It is used
for multiple essential biological functions inside the cell. When the cell dies, it loses its
ability to retain and produce ATP. Therefore, this is a very sensitive and specific method
to measure cell viability. During this assay, luciferin is converted to oxyluciferin using
the luciferase enzyme and in the presence of magnesium ions and ATP. The product
yields a luminescent signal that is directly proportional to the concentration of ATP and

the number of viable cells.838

3.4. Related Literature

A study by Andreoni G, Angeretti N, Lucca E, et al., 1997 discussed the use of
digital image analysis technigues to determine the viability of neuronal cells using
densitometric techniques. The authors used crystal violet to stain viable cells. A standard
curve was used to depict the relationship between the number of cells and the optical
density of the solution.® A study by Mainul Hassan, Gabriel Hassan, Enrique Galindo, et
al., 2002 discussed the use of fluorescence-based digital image analysis to measure cell

viability in Trichoderma harzianum, which is an economically important fungus. Viable
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cells stained with fluorescent green color. A linear relationship was found between the
number of viable cells and the amount of emitted fluorescent green light. Although the
study used image analysis to measure the number of viable cells, the method is different
from the proposed method.®® A study by Eben Gering, and Carter Atkinson, 2004,
addressed the use of image analysis techniques to measure parasitemia. The study
depended on the uniform size of the red blood cells and the contrast of the Giemsa-
stained nuclei. The method reflected an accurate count of erythrocytes in a large number

of microscopic fields.®’
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CHAPTER IV

PROPOSED RESEARCH METHODOLOGY

Conventional spectrophotometric methods utilize wavelength reading to
determine absorbance. Spectrophotometers are bulky, expensive, and prone to errors due
to interference and other inherent factors. A new approach is needed to replace
conventional methodologies. The research addresses the use of color image analysis as a
replacement for spectrophotometric methods. Spectrophotometers are used in many
bioanalytes measurement experiments. The thesis address the use of spectrophotometers

in measuring the concentration of protein (Albumin) and cell count experiments.

4.1. Albumin Measurement Experiment

Bromocresol purple (BCP) dye-binding method is a diagnostic test for the
quantitative measurement of Albumin in serum or plasma. The dye binds to Albumin at a
pH of 4.9. The amount of albumin-BCP complex is directly proportional to the albumin
concentration. The complex absorbs light at 600 nm. The change of absorbance is
detected between 540-700 nm using a spectrophotometer.®® This study proposes the use
of a digital camera instead of a spectrophotometer. The reaction between the dye and the
sample will take place in a microplate. The microplate is placed in a white lightbox, and a
picture of the reaction well is taken using a digital camera. The image is loaded to a
computer, then analyzed using an image analysis software (Matlab). Figure 11 depicts the

proposed method.
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Figure 11 The proposed method for measuring the concentration of Albumin.
Matlab is used to extract the RGB values for the reaction well. The RGB values
are used to replace the intensity values in the transmittance equation. Transmittance is

calculated for each color value red, green, and blue.

Ti= It /1o where T is the red color transmittance, I, is the red pixel value, and Iy, is the

standard solution red pixel value.

Tg=lg/ Igo where Tg is the red color transmittance, lq is the green pixel value, and lqo is

the standard solution red pixel value.

Th=1b / Ibo where Tb is the red color transmittance, Ib is the blue pixel value, and Ibo is

the standard solution red pixel value.
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Absorbance is calculated for each RGB value using the transmittance values.

Absorbance is the negative logarithmic value of the transmittance.

AB; = -Log Trwhere AB;isthe red pixel absorbance.

ABg = -Log Tgwhere ABygis the green pixel absorbance.

AByp = -Log Tp where ABy isthe blue pixel absorbance.

The values of the RGB absorbance are plotted against the concentration for
samples with known concentration to determine if there is a linear relationship. A
calibration curve is established based on the linear relationship. Establishing the
calibration curve is an essential stage in measurement procedures. It is a set of operations
that establish the relationship between the output of the measurement system and the
accepted values of the calibration standards (The instrument reading vs. the concentration
of an analyte). The process of establishing a calibration curve typically involves the
preparation of a set of standards containing a known amount of the analyte of interest,
measuring the instrument response for each standard, and establishing the relationship
between the instrument response and analyte concentration. This relationship is then used
to transform measurements made on test samples into estimates of the amount of analyte
present. Linear regression is used to depict the relationship between the instrument

response and the analyte concentration.
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In relation to calibration curves, linear regression aims to establish the equation
that best describes the linear relationship between instrument response on the Y-axis and

the analyte level on the X-axis. The relationship is described by the equation of the line.

Y=MX+C

where M is the gradient of the line, and C is its intercept with the Y-axis. Linear
regression establishes the values of M and C, which best describe the relationship
between the analyte concentration and the instrument response. After plotting the data
and examining the regression statistics, the calibration equation (linear regression
equation) can be used to estimate the concentration of the analyte in test samples.
Polynomial regression was used to drive the relationship between the RGB and

concentration during the experiments.

A comparison study against a gold standard is performed using the standards used
to set up the calibration curve. The test is performed using the Siemens Vista 1500 to
measure the concentration. The data from both methods are processed using the EP

evaluator to determine the degree of agreement/correlation.

Figure 12 depicts the steps performed during the protein measurement experiments.
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*Obtain the images
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Analysis eProcess the image using Matlab to obtain the average RGB value.
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ePerform the regression analysis
Data AnaIysis ¢Drive the regression equation

Figure 12 Indicates the experiment steps

4.2. Cell Viability Experiment

Paclitaxel (Taxol) is a cytotoxic agent used to treat multiple types of cancers,
including breast, ovarian, lung, cervical, and pancreatic cancers.**% It kills the cells by
causing chromosome missegregation on multipolar spindles. The effect of Paclitaxel is
directly proportional to its concentration in the cells.*® A Variety of conventional
biochemical assays are used to measure cell viability to evaluate the effectiveness and
efficacy of drugs. The process includes the incubation of cells with a reagent or a
chemical dye. The cells convert the substrate to a colored or a fluorescent product. The
wavelength or the degree of fluorescence can be detected using a spectrophotometer or a
plate reader. The intensity of the color or the amount of fluorescence is directly

proportional to the number of viable cells.™®
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This proposal discusses the use of image analysis techniques to measure the
viability of cells instead of using conventional biochemical assays. The image analysis
assay is performed using high-resolution cameras without adulterating the cells with
reagents or dyes. Shashi et al. experimented with comparing the results of standard

biochemical assays to image analysis when measuring cell viability.

The images obtained by Shashi et al. are processed analyzed using Matlab. The
number of cells is counted then the results of manual cell counter are compared to the
results of the digital image analysis technique. Figure 13 indicates the flow of image

processing and analysis

Image acquisition

}

Pre processing

l

Segmentation

V
Feature extraction

}

Clinical Analysis

Figure 13 Flow of image processing and analysis
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CHAPTER YV

MATERIALS AND METHODS

5.1. Protein Measurement Experiment

The experiments were done to measure the concentration of protein in samples.
Two methods were used, Bromocresol Purple (BCP) Dye-binding Method and the

Bradford assay.

5.2. Instruments

The following equipment was used during the protein measurement experiments:
A camera with Dual 12 MegaPixel (MP) image quality capability, phase detection
autofocus, 2x optical zoom, and quad-LED dual-tone flash. A 300uL microtiter plate. A

white lightbox. Five ml glass test tubes. An Eppendorf pipette.

5.3. Bromocresol Purple (BCP) Dye-Binding Method

5.3.1 Purpose

This experiment was done to validate the performance of the proposed method for a
protein solution with 4 g/dL concentration. This concentration was used to prevent
inaccurate results produced by interfering substances on the comparison method (Vista
1500). The Siemens Vista 1500 Albumin method insert sheet states that bias due to

interfering substances is less than 10% at this concentration.
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5.3.2 Method

The albumin method used in this experiment is the bromocresol purple (BCP)
dye-binding method. This method is not subject to interference. In the presence of a
solubilizing agent, BCP binds to Albumin at pH 4.9. The amount of albumin-BCP

complex is directly proportional to the albumin concentration.

pH 4.9
Albumin + BCP dye Albumin-BCP complex

5.3.3 Reagents

The following reagents were used during the experiment: Albumin protein
solution with a concentration of 4 g/dL. Bromocresol Purple (BCP) dye mixed with

Acetate buffer to maintain a pH of 4.9 for the reaction.

5.3.4 Preparations

The standard

The calibration standard was prepared using serial dilution. A 1:8 serial dilution
of the serum containing Albumin was prepared using sterile water. The tubes were
numbered and marked 1 to 5. The first tube contained 20 pL of the undiluted serum (4
g/dL). Sterile distilled water (10 pL) was added to tubes 2 to 5. A volume of 10 pl from
tube number 1 was transferred to tube number 2 to prepare the 1:2 dilution. This step was

repeated for tube 3-5 to prepare the 1:4 and 1:8 solutions. Nothing was added to tube 5.
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The blank

Ideally, the reference blank should contain everything found in the sample
solution except for the substance undergoing investigation. In this experiment, distilled
water is used to prepare the protein dilution. Therefore, the reference blank is water. The

blank was added to tube number 5.
5.3.5 The Procedure

The BCP dye and Acetate buffer reagent mix were added to all the tubes (400
pL). The reagent and samples were mixed well and left for 2 minutes to complete the
reaction. The reaction mix was transferred to the 300 pL microtiter plates. The plate was

placed on a white light source, and multiple pictures of the plate were taken.
5.3.6 Image Analysis

The images were uploaded to a computer hard drive. The pictures were imported
to MATLAB for processing. The concentrations of the standards were 4, 2,1,0.5, and 0.

Figure 14 shows a picture of the prepared microtiter plate.

6.0 b AaTat
00000

-

Figure 14 Microtiter plate with the prepared reaction mixture.
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5.3.7 Data Collection and Measurements

The pictures were analyzed using Matlab to obtain the average RGB values from
each well, as shown in figure 15. The RGB values for each reaction well were collected,
as shown in table 6. Figure 16 is a screenshot of the Matlab code used to calculate the

average RGB values.

@ F

lFile Edit View Insert Tools Desktop Window Help -~

MNMade | W SRS S 44 S O0E =m

L O JC 2C XEED)

Figure 15 The imported picture in Matlab

& Editor - C\Users\wael9\Documents\MATLAB\workingcodeforaverageRGB.m
| workingcodeforaverageRGB.m |+
1 D
2= close all
&= clear all
4— cle
5= I = imread('A442.png');
6 % Separate to RGB channel
7= Ir = I(:,:,1);
&= Ig = I(:,:,2);
9— Ib = I(:,:,3);
10 % Calculate average RGB of the region
ALl (=] Red = mean(Ir);
12— Green = mean (Ig):
135 Blue = mean(Ib);
14 % Set the region to average RGB
1= >> [mean (Red) ,mean (Green), mean (Blue)ﬂ -

Figure 16 A screenshot of the Matlab code used to calculate the average RGB values.
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Table 6 The RGB values obtained using MATLAB

Concentration | Red Color Average | Green Color Average | Blue Color Average
Pixel Values Pixels Values Pixels Value
4 112 59 0
2 143 95 0
1 185 130 0
0 216 159 0

5.4. The Bradford Assay

5.4.1 Purpose

This experiment was done to validate the performance of the proposed method

with different assay and lower protein concentration 1000 pg/ml concentration.

5.4.2 Method

The Bradford assay is a protein determination method that involves the binding of
Coomassie Brilliant Blue G-250 dye to proteins.®® Coomassie Brilliant Blue G-250 dye
binds aromatic and basic amino acids. The dye exists in three forms: anionic (blue),
neutral (green), and cationic(red).®® Under acidic conditions, the predominant dye color is
red, but when the dye binds to the protein, it changes to the blue color form.®*°2 The blue
protein-dye complex is detected at 595 nm using a spectrophotometer or microplate
reader. The dye-albumin complex is stable and constant over a 10-folds concentration.

Therefore, the concentration of protein can be accurately measured using Beer's law.%
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5.4.3 Reagents

The following reagents were used during the experiment: Bovin Serum
Albumin(BSA) protein solution with a concentration of 1000 pg/ml. Coomassie brilliant

blue G-250, 85% phosphoric acid, 95% ethanol, and distilled water.

5.4.4 Preparations

The Standard

The standard was prepared using a series of dilutions of the 1000 pg/ml Bovine
Serum Albumin. Distilled water was used as a diluent. The standard concentrations were

0, 200, 600, 800, and 1000 pg/ml.

The blank

Distilled water was used as a diluent and a blank that did not contain any protein.

The Bradford reagent

A 100 mg coomassie brilliant blue G-250 was dissolved in 50 ml 95% ethanol,
then added to a 100 ml 85% phosphoric acid. The reagent was diluted to one liter using

distilled water.

5.4.5 The Procedure

A 50 pl of each protein standard was mixed with 200 pl reagent in the microplate

wells and mixed thoroughly using a plate rotator for 30 seconds. A 250 pl of distilled
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water (blank) was transferred to the one well. The plate was placed on a white light
source, and a picture of each well was taken. Figure 17 depicts the pictures taken for each

reaction well.

Concentration ~ Image

. o«
\‘;0
600 - "
-~
-

1000 o

Figure 17 Reaction well pictures used for image analysis

5.4.6 Image Analysis

The images were uploaded to a computer hard drive. The pictures were imported
to MATLAB for processing. The concentrations of the standard were 0, 200, 600, 800,

and 1000 pg/ml.
5.4.7 Data Collection And Measurements

The pictures were analyzed using Matlab to obtain the average RGB values from

each well. The RGB values for each reaction well were collected, as shown in table 7.
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Table 7 The RGB values obtained using MATLAB

Red Color Green Color
Average Pixel Average Pixels Blue Color Average
Concentration Values Values Pixels Value
0 68 67 67
200 52 76 90
600 32 74 117
800 26 70 135
1000 11 70 158

Figure 18 is a screenshot of the image analysis code and results in MATLAB.

B4 Editor - C:\Users\wael9\Documents\MATLAB\workingcodeforaverageRGB.m ® x
workingcodeforaverageRGB.m +
_1 r
2= close all
3= clear all
4— clc
5 I = imread('A22.png');
6 % Separate to RGB channel
ilim Ir = I(:,:,1);
8 — Ig = I(:,:,2);
9— Ib = I(:,:,3);
10 % Calculate average RGB of the region
Al = Red = mean(Ir);
12 — Green = mean|(Ig) ;‘
13— Blue = mean (Ib);
14 % Set the region to average RCGB
15— >> [mean (Red) ,mean (Green), mean(Blue)] =

Command Window
ans =

37.8821 81.9957 104.7665

=

Figure 18 The image analysis code and results in MATLAB
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5.4.8 Data Analysis

The intensity of the pixels produced using blank solutions (lo) was measured to

calculate transmittance using the following equation:

T=I/lo

Where T is transmittance, Where | is the RGB values of the transmitted light after
it passes through the sample and lo is the RGB values of the light after it passes through

the blank solution 10=241). The absorbance was calculated using the following equation:

AB=-Log T

Where AB is the absorbance, and T is the transmittance. Tables 8 and 9 show the

results of the calculation for both assays.

Table 8 The values of transmittance and absorbance for Bromocresol Purple Assay

Transmittance

Transmittance of Green Transmittance
of Red Pixels Pixels of Blue Pixels

0.46473029 | 0.244813278 0
0.593360996 | 0.394190871 0
0.767634855 | 0.539419087 0

0.89626556 | 0.659751037 0

Absorbance

Absorbance of Green Absorbance of
of Red Pixels Pixels Blue Pixels
0.33279902 0.611165 Null
0.226681005 0.404293 Null
0.114845314 0.268074 Null
0.047563291 0.18062 Null
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Table 9 The values of transmittance and absorbance for The Bradford Assay

Transmittance
Transmittance of Green Transmittance
of Red Pixels Pixels of Blue Pixels
0.280497925 | 0.278335881 | 0.278008299
0.215767635 | 0.315352697 | 0.373443983
0.131797336 | 0.307927495 | 0.485477178
0.107228653 | 0.290456432 | 0.560165975

Absorbance
Absorbance of Green Absorbance
of Red Pixels Pixels of Blue Pixels

0.552070347 0.555431 0.55594224
0.666013699 0.501203 0.427774533
0.880093369 0.511552 0.313831181
0.969689151 0.536919 0.251683274
1.335460272 0.536919 0.184663927

5.5. Measurement Of Cell Viability Using Image Analysis

5.5.1 Reagents And Methods

Shashi et al. used human breast cancer cells (MDA-MB-231) cultured in DMEM
medium supplemented with 10% FBS, 1% penicillin-streptomycin. Cells were suspended
in media at a concentration of approximately 76,000 cells/mL. The cells were cultured in
50ml culture vials and were stored in a 5% CO; incubator at 37°C. At the end of 24
hours, the cells were harvested by trypsinization and loaded in 96 well plates. These cells
are treated with 10uM paclitaxel concentrations ranging from 0.6-6,000 ng/ml
(logarithmic dilution- 1:10) and stored in 5% CO> incubator at 37°C. Some cells
remained untreated and were used as a control. After 72 hours of incubation, the treated

and untreated cells were quantified using MTT dye and trypan blue assays.
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5.5.2 Biochemical Assays

At the end of the treatment phase of 72 hours, the following staining assays were

carried out for analysis.

MMT Dye Assay

10 pl of MTT reagent was added to each well and incubated for 2 hours. The
media was aspirated carefully without disturbing the cells at the surface of the wells. 100
ul of 10% acidified isopropanol was added to all wells. The plate was incubated for 10

mins at 37°C and was prepared to be read at 570nm in a microtiter plate reader.

Trypan blue assay using a hemocytometer

The adherent cells were harvested with trypsin EDTA. The cells were stained
with 0.4% trypan blue reagent. A cell culture suspension of 100 pl was studied on a
hemocytometer counter to conduct a cell viability count using trypan blue diluted in PBS

(1:3). The spatial distance that is the distance between the nuclei of cells was eyeballed.

5.5.3 Digital Image Processing And Analysis

Treated and untreated cells were aspirated and placed on slides, which were then
sandwiched with a coverslip. A random section of the slide was selected. Quantitative
Image Analysis (QIA) algorithm was developed using MATLAB. The acquired images
were appropriately preprocessed and enhanced using image processing and enhancement

techniques like histogram equalization, image segmentation, intensity thresholding, and
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feature extractions. The analysis of the information gathered was collected in an excel
spreadsheet, and analytical calculations like the likelihood ratio (odds ratio), significance

tests, and correlation coefficients were calculated.

Spatial distance information was gathered as Euclidean distance in pixels, where
the distance between nuclei of cells is measured and averaged out for the random images

acquired.
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CHAPTER VI
RESULTS

6.1. The Protein Measurement Experiment

The Pixels absorbance values were plotted against the concentration values for the
standard solutions. The concentrations were plotted on the X-axis, and the absorbance
values were plotted on the Y-axis. See figurel9 and figure 20. The data were inspected

for outliers that may negatively impact the calibration line.

AB vs CONC

0 05 1 1.5 2 2.5 3 5 4 45
® Absorbance of Red Pixels ® Absorbance of Green Pixels
m— | inear (Absorbance of Red Pixels) =——[inear (Absorbance of Green Pixels)

Figure 19 Bromocresol Purple Assay RGB values (Y-axis) vs. the concentration (X-axis)

72



AB vs CONC
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® Absorbance of Blue Pixels near (Absorbance of Red Pixels)
—— Linear (Absorbance of Green Pixels) ——Linear (Absorbance of Blue Pixels)

Figure 20 The Bradford Assay RGB values (Y-axis) vs. the concentration (X-axis)

6.2. Regression Analysis

In relation to calibration curves, linear regression aims to establish the equation
that best describes the linear relationship between instrument response on the Y-axis and

the analyte level on the X-axis. The relationship is described by the equation of the line.

Y=MX+C

where M is the gradient of the line, and C is its intercept with the Y-axis. Linear
regression establishes the values of M and C, which best describe the relationship
between the analyte concentration and the instrument response. After plotting the data
and examining the regression statistics, the calibration equation (linear regression

equation) can be used to estimate the concentration of the analyte in test samples.
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Polynomial regression was used to drive the relationship between the RGB and

concentration during the experiments.

6.2.1 Bromocresol Purple Assay

The regression analysis was performed using Microsoft Excel software. The red and
green color data were used for the regression analysis. The blue color value was constant
at zero for Bromocresol Purple Assay. The values were omitted from the regression
analysis to avoid skewing the regression analysis results. The regression analysis results
confirmed the linear relationship between the red, green absorbance values, and the
concentrations. The coefficient of correlation (R= 0.98). The intercept ( 1=0). The slope
was 19.6 for the red pixels and -4.7 for the green pixels. The resulted regression analysis

equation was as follows:

X=19.6(AR) + -4.7(AG) + 0

Where X is the concentration of the unknown. AR and AG are the Red and Green
Absorbance values for the unknown. Zero is the intercept. The regression analysis
formula can be used to measure the concentration of protein in an unknown sample.

Figure 21 depicts the summary output of the performed regression analysis.
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SUMMARY OUTPUT

Regression Statistics

Multiple R 0.989869549
R Square 0.979841724
Adjusted R Square 0.469762586
Standard Error 0.460067277
Observations 4
ANOVA
df 5S MS F ignificance F

Regression 2 20.5766762 10.2883381 48.60742 0.100905
Residual 2 0.423323798 0.211661899
Total 4 21

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% ower 95.0%/pper 95.0%
Intercept 0 #N/A #N/A H#N/A #N/A #N/A #N/A #N/A
AR 19.59423939 8.074820736 2.426585064 0.136021 -15.1489 54.33739 -15.1489 54.33739
AG -4.725695349  4.248716959 -1.112264101 0.381802 -23.0064 13.55506 -23.0064 13.55506

Figure 21 Summary output of the regression analysis for the BCP assay

6.2.2 The Bradford Assay

The regression analysis was performed using Microsoft Excel software. The red,
green, and blue color data were used for the regression analysis. The regression analysis
results confirmed the linear relationship between the RGB absorbance values and the
concentrations. The coefficient of correlation was 0.997 (R= 0.997). The intercept was
132.34 (1= 132.3436. The slope values for the RGB pixels were 9.66, 2570.12, and -

2822.89. The resulted regression analysis equation was as follows:

X=((AR)*9.66)+((AG)*2570.12)+((AB)*-2822.89)+132.3436

Where X is the concentration of the unknown, AR, and AG are the Red and Green
Absorbance values for the unknown. The regression analysis formula can be used to
measure the concentration of protein in an unknown sample. Figure 22 depicts the

summary output of the regression analysis.
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SUMMARY OUTPUT

Regression Statistics

Multiple R 0.998944
R Square 0.99789
Adjusted R Square 0.991559
Standard Error 38.10424
Observations 5
ANOVA
df SS MS F ignificance F

Regression 3 686548.1 228849.4 157.617 0.05847
Residual 1 1451.933 1451.933
Total a4 688000

Coefficientsandard Err¢  t Stat P-value Lower 95% Upper 95% ower 95.0%pper 95.0%
Intercept 132.3436 463.5762 0.285484 0.822964 -5757.95 6022.637 -5757.95 6022.637

Absorbance of Red Pixels
Absorbance of Green Pixels
Absorbance of Blue Pixels

9.661997 227.1725
2570.127 1081.926
-2822.89 472.3835

0.042532  0.97294 -2876.84 2896.162 -2876.84 2896.162
2.375509 0.253658 -11177.1 16317.31 -11177.1 16317.31
-5.97585 0.105554 -8825.09 3179.309 -8825.09 3179.309

Figure 22 Summary output of the regression analysis for the Bradford method

6.3. Precision Studies

Precision is the ability to obtain the same results from the same method when the

test is repeated under the same conditions. The results of this study are used to compute

the standard deviation (SD) and the coefficient of variation (%CV).

6.3.1 BCP Assay Precision

The BCP assay precision was measured using three samples with three different

concentrations. The test was repeated six times over two days (three times each day). The

results of the study were acceptable and within the total allowable error (TEa) of 10%.

The %CV was acceptable and less than 5%, as published by the reagent manufacturer.

The results of the study are shown in table 10.
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Table 10 The BCP method precision study results

Conc Runl Run2 Run3 Run4 Run5 Run6 SD CVv

1 0862 0838 0.861 0.889 0.833 0.867 0.02 2.60%
2 2038 2.059 2035 2.023 2.047 2.050 0.07 3.70%
4 4007 4.000 4.009 4011 4.007 4.001 0.152 3.90%

6.3.2 The Bradford Assay Precision

The Bradford assay precision was measured using three samples with three
different concentrations. The test was repeated six times over two days (three times each
day). The results of the study were acceptable and within the total allowable error (TEa)
of 10%. The %CV was acceptable and less than 5%, as published by the reagent

manufacturer. The results of the study are shown in table 11.

Table 11 The Bradford method precision study results
Conc Runl Run 2 Run3 Run 4 Run5 Run 6 SD cv
200 207.456 204 207.616 205.718 201.837 201 2.8 1.40%

600 571.378 575 575.453 593.354 578.518 586 8.2 1.40%
800 811.498 814.134 808.348 801.996 812.793 783.793 114 1.40%

6.4. Testing The Method Using An Unknown

Samples with unknown concentrations were used to test the proposed method.

The samples were prepared using a protein solution and the diluent.
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6.4.1 The Calibration Curve

The calibration curve is a graph that depicts the relationship between an
instrument output and the analyte concentration. The curve was produced using the
regression analysis that was performed using the data obtained from the standards.
Microsoft Excel was used to set up the calibration curve and drive the calibration curve
equation, as shown above. The equation resulted from the curve was used to calculate the

concentration of the unknown samples

6.4.2 Bromocresol Purple Assay

A sample with an unknown concentration of protein was added to well number 6 was.
The average value for the red pixels (R=198) and the green pixel (G=145) were
measured using Matlab. Transmittance and absorbance were calculated for both colors.
The calculated red pixels values were as follows: T=0.81 and AB=0.085. The green
pixels values were as follows: T=0.60166 and AB=0.2206. The AB values were used to

solve the equation:

X=19.6(AR) + -4.7(AG) + 0

X= (19.6%0.085)+(-4.7*0.2206)+0

X=0.6 mg/dl

The expected value for X was 0.6 mg/dl. The actual calculated value using the new

method was 0.6 mg/dI.
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6.4.3 Comparison Study

The standard solution samples were used to conduct the validation study. The
samples were analyzed using the Siemens Vista 500 analyzer that utilizes the same
reagents as used in the experiment to determine the degree of correlations. Protein was
analyzed to determine whether the methods are equivalent within the allowable total error
of 10%. Five specimens were compared over a range of 0.00 to 4.00 g/dl. Figure 23

shows the results of the correlation study.

Two Instrument Comparison
X Method Standard Y Method DIP

Scatter Plot Error Index

Average
Unacceptable

DIP (G/DL)
Error Index: (Y-X)/TEa

0 1 2 3 4 5 0 1 2 3 4 5
Standard (G/DL) Standard (G/DL)

Deming Regression Statistics. Y = Slope * X + Intercept. Correlation Coeff (R)
0.9990 Slope 0.925 (0.850 to 1.000). Intercept 0.030 (-0.134 to 0.194). Std Error
Estimate 0.083. N 5 of 5

Figure 23 The results of the correlation study between the manufacturer’s values and the
new method values.

The difference between the two methods was within allowable error for 4 of 4

specimens (100%). The average error index (y-x)/TEA was -0.24, with a range of -0.88 to
79



0.00. The largest error-index occurred at a concentration of 4.00 g/dl. Both methods
correlated well with a correlation coefficient of R=0.999, the slope of 0.92, and an

intercept of 0.030.

6.4.4 The Bradford Assay

A sample with an unknown concentration of protein was used to validate The
Bradford Assay results. The average value for the red pixels (R=42), the green pixel
(G=75), and the blue pixels (B=103) were measured using Matlab. Transmittance and
absorbance were calculated for the three colors. The calculated red pixels values were as
follows: T=0.174 and AB=0.758. The green pixels values were as follows: T=0.311 and
AB=0.506. The blue pixels values were as follows: T=0.427 and AB= 0.369. The AB

values were used to solve the equation:

X=((AR)*9.66)+((AG)*2570.12)+((AB)*-2822.89)+132.3436

X= ((0.758*9.66)+(0.506*2570.12)+(0.369*-2822.89)+132.3436)

The expected value for X was 400 pg/ml. The actual calculated value using the new

method was 400.45 pg/ml.
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6.5. Measurement Of Cell Viability Results

6.5.1 MMT Dye Assay Using ELISA.

The cells quantified using MTT reagent were read at 570 nm on the ELISA reader
(microplate spectrophotometer). Dose-response of paclitaxel effect on breast cancer cells

MDA-MB-231 is shown in figure 24.

0.60 MTT Assay
£ OD at 570nm
c Pac (0.6 - 6000 ng/mL) >
e 050
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§ 040 o PAC
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g o ~— Control
4 8 o030
> a =
R O
= a
0.20
0.1 1.0 10.0 100.0 1000.0 10000.0

Pac (0.6-6000 ng/mL)

Figure 24 MTT assay- optical density measurements
The cell titration curve observed and percent cell viability measured showed an
exponential decrease in cell viability at and beyond 600ng/mL of paclitaxel onwards, as

shown in Figure 25.
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Figure 25 MTT assay percent cell viability

6.5.2 Trypan Blue Assay Using A Hemocytometer

The laborious and time-consuming method to quantify viable and non-viable cells

using a hemocytometer and an inverted microscope is shown in table 10 below.

Table 12 Percent cell viability measured using Trypan blue assay and hemocytometer.

. Ealli Cell Viability
Paclitaxel
Live 0

(ng/mL) Viable Non-viable {Live T Dead} /o
0 (Control) 567 24 95.96 %

0.6 ng/mL 478 85 84.90 %

6 ng/mL 452 117 79.44 %

60 ng/mL 342 215 61.40 %

600 ng/mL 102 137 42.68 %

6,000 ng/mL 37 66 35.92 %
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Untreated cells (control) shows 96% viable cells because the cells continue to go

through the life cycle. Figure 26 shows the percentage cell viability curve for the Trypan

blue assay.
L T
100% Trypan blue dye assay
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Pac (0.6 - 6000)

. B0% 4

2 o Wiability

2 70% -
B0% 4
S50% -
40% 4

- N 1o 100 1,000 10,000

Pac (0.6-6000 ng/mL)

Figure 26 Trypan Blue assay using hemocytometer — percent cell viability

6.5.3 Image Analysis For Quantification Of Cells

Digital images are prone to a variety of noise. Noise is a result of errors in the

image acquisition process that result in pixel values of the image not to reflect the true

intensity value of the real scene. There are numerous filters available for noise removal.

The median filter is used to replace the intensity of each pixel in the image with the

median of intensities in the predefined neighborhood. It eliminates intensity spikes by

forcing areas with very distinct intensities to match the surrounding area; therefore,

smoothing the image.®® The Median filter was used to remove the salt and pepper noise

without reducing the sharpness of the image. Figure 27 indicates the original image (a)

and the image after applying the median filter (b).
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b) Median Filter

Figure 27 a) Original noisy grey image b) Noise removed using a median filter

Image enhancement improves the interpretation and perception of
information. The main objective of image enhancement is to modify the attributes of
the image. Mathematically, image enhancement is transforming an image ‘I’ into
image ‘J’ using transformation ‘7" The intensity values of each pixel in input and
output (resultant) images are a and b, respectively.®” Hence, the relationship between

aand b is given:

a=T(b)

Contrast enhancement is done using the histogram equalization command. The
command improves the quality of the image by stretching the contrast. The process
enhances the process of detail visualization. Figure 28 depicts the histogram equalization

84



Process. The intensity of the image was equally distributed throughout every pixel in the
image, which increased the contrast producing a highly enhanced image. Figure 29 is a

side by side comparison between the original gray image and the adjusted image

Figure 28a) Gray image b) Gray image histogram c) Adjusted image d) Adjusted image
histogram
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Figure 29 Original gray image and adjusted images

The image must be segmented to start the cell count step. The first step in the
segmentation process is to isolate the image background from the objects using a process
called thresholding.®2% In this case, the image has cells that have a different intensity
than the background. Identification and segmentation using threshold segmentation
allowed the proper distinction of viable cells from non-viable cells and other cell debris
in the image. As a result of image enhancing and processing steps, the clear visible
intensity values of viable cells and non-viable cells make segmentation and identification
the first milestone achieved using digital image processing. The resultant binary images
were further processed to quantify cells based on morphological characteristics such as
size and shape. This added step filtered out the structures that were either smaller or

larger than the average size of a viable cell. This step was performed for both intensities
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of viable and non-viable cells that make this quantification technique a robust model as

indicated in figure 30
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Figure 30 A) High contrast grayscale image B) Thresholded image C) Morphological
preprocessing of the image D) Live-cell segmentation

The spatial distance was measured from the nuclei of viable cells identified, and

the consequential Euclidean distance was analyzed.
Euclidean distance is calculated by d2,, jigean = (x1 — x0)(x1 — x¢)’

Where x is the centroid location matrix, x; is an individual nucleus and x; are all
the other nuclei. The average scattered euclidean distance was directly proportional to

drug toxicity or indirectly proportional to the number of viable cells.%6-%8%

The analysis of the data collected from the above techniques aided in identifying

viable to non-viable cells and cell debris. The void spatial Euclidean distance further
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confirmed the percent cell viability. Figure 31 depicts nuclei identification using

Centroids.

Figure 31 Spatial distance (Euclidean distance) - nuclei identified

6.6. Measurement Of Cell Viability

An average count of four random images for each well in the titration was
collected and analyzed. The table below shows the average (with variance) spatial
distance measured, count of viable cells, and count of non-viable cells in untreated and

serial diluted treated cells as shown in Table 11 and figure 32.

88



Table 13 Percent cell viability measured using digital image processing and analysis

Average %
Average spatial | Average number number of Viability
distance of viable cells non-viable
cells
Control (0 624.53 0
ng/mL) (+ 52.00) 63.5 (£18.70) 4.5 (£ 2.30) 100.00%
0.6 ng/mL 627.56 (+55.38) | 53.8 (+30.00) 5 (+ 4.60) 91.12%
6 ng/mL 630.79 (x10.63) | 40.0 (x42.00) 8 (x7.14) 83.20%
60 ng/mL 8‘7‘83'8;“’ (* 3525 (+13.32) | 12(+543) | 70.00%
600 ng/mL 22361)3 (* 3140 (+2355) |14 (+3.40) | 56.24%
6000 ng/mL 22362)3 (* 24.4 (£23.51) 25 (+£16.60) 51.90%
100%:
Digital image processing assay
% Wiability
Pac (0.6 - 6000)
= 80%
= Serie
= s1
60%
40%
] 1 1'_3 100 1,000 10,000

Figure 32 Digital image processing assay - percent viability

6.6.1 Comparison Study

A Cell Count was analyzed by methods MTT and DIP to determine whether the

methods are equivalent within the allowable total error (TEA) of 10 %. Six specimens

were compared over a range of 42.62 to 100.00 %, as indicated in figure 33.
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Two Instrument Comparison

X Method MTT Y Method DIP
Scatter Plot Error Index
110 15
S Aveage
- 4 Unacceptable
100 oA -
Ny P T+
P .
d e d [
a0 ) pd wi
s 4 E 05
o 7 ~ =
~ g0 . . ;
= P & - >
— e r B L
=3 S A Ve 5 0 .
o 70 LI o /s E
/ S ="
e /- / g -05
et i
. / S
A A 1
sot* S
.
o
40 ¥ i — — -1.5 — —_— —
40 50 60 70 80 90 100 110 40 S50 60 70 80 90 100 110
MTT (%) MTT (%)

Deming Regression Statistics: Y = Slope * X + Intercept. Correlation Coeff (R)
0.9833. Slope 0.791 (0.590 to 0.992). Intercept 22.609 (8.476 to 36.741). Std
Error Estimate 3.932. N 6 of 6

Figure 33 MTT and DIP two method comparison
The difference between the two methods was within allowable error for 3 of 6
specimens (50.0%). The average error index (Y-X)/TEA was 0.87, with a range of 0.00

to 1.68. The largest error-index occurred at 53.21%,

Cell count was analyzed by methods trypan blue and DIP to determine whether
the methods are equivalent within the allowable total error of 10 %. Six specimens were

compared over a range of 37.90 to 100.00%. See figure 34.
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Two Instrument Comparison
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Deming Regression Statistics: Y = Slope * X + Intercept. Correlation Coeff (R)
0.9973. Slope 0.773 (0.694 to 0.851). Intercept 21.684 (15.952 to 27.417). Std
Error Estimate 1.575. N 6 of 6

Figure 34 Two method comparison
The difference between the two methods was within allowable error for 4 of 6
specimens(66.7%). The average error index (Y-X)/tea was 0.59, with a range of 0.00 to

1.40. The largest error-index occurred at a concentration of 37.90 %.

Table 12 and figure 35 briefly compare the percent viability of the biochemical
assays to digital image processing and analysis. The known differences in the techniques
studied are the additional reagents and dyes used that are known to have positive or
negative effects on viable cells, whereas digital image processing is a combination of the
sample and the drug studied. The table and the graph below clearly shows an added

toxicity.
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Table 14 Biochemical assays and digital image processing percent viability comparison

table
MTT Trypan Blue and Digital image
hemocytometer processing
el 100.00% 100.00% 100.00%

(0 ng/mL)

0.6 ng/mL 88.69% 88.30% 91.12%
6 ng/mL 72.94% 82.60% 83.20%
60 ng/mL 53.21% 63.90% 70.00%

600 ng/mL 43.05% 44.44% 56.24%

6000 ng/mL 42.62% 37.90% 51.90%
% Viability Comparison
50.00%
I
S e e e e S DL >
X
20%
0.1 i 10 100 1000 10000 1070000
Pac 06--6000 ng/mL
—4&#> MTT —> TrypanBlue —4> DIP ---> 50.00%

Figure 35 Percent viability comparison chart (biochemical assays and digital image

processing)
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CHAPTER VII

CONCLUSION AND DISCUSSION

Quantitation of total protein, Aloumin content, and cell viability experiments are
standard diagnostic tests in the clinical laboratories. The basic concept of these assays is
the binding to a dye. The formed Protein or cell-dye complex changes the color of the
resulted environment, which leads to a shift in the absorbance maximum. Absorbance is
used to quantitate the content under investigation. Absorbance is measured using the
spectrophotometer reading at a specific wavelength. The study methodology proposes the

use of digital cameras instead of Spectrophotometers.

In the case of the protein measurement experiments, a picture of the reaction well
was used to detect the change in the red, green, and blue pixel values. The method was
tested using unknowns. The results of the unknow for Bromocresol Purple Assay, and
Bradford Assay matched the expected results for the concentration of protein. In order to
validate the results of the proposed method, a comparison with a gold standard method
was conducted. The new method results successfully correlated with the results obtained

using the Siemens Vista analyzer.

Although the preliminary results of the study indicate that the RGB color analysis
technique can be used to determine the concentration of protein in an unknown sample,
more studies need to be done to evaluate the performance of the method at higher
concentrations. Additional accuracy and precision studies are needed to confirm the

performance of the proposed method.
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For the cell viability experiments, statistical significance studies of percent
viability among the methods conclude that the methods are significant to each other. The
significance studies between MTT and DIP conclude that the methods are highly
significant to each other where p = 0.0209. Similarly, the significance studies between
Trypan blue assay (using hemocytometer) and DIP conclude that the methods are faintly

significant to each other where p = 0.0578.

In addition, the correlation coefficient of Euclidean distance (in pixels) and
percent cell viability was measured to be -0.98357. This concludes that the spatial

distance (Euclidean distance) is inversely correlated to percent cell viability.

Although the techniques to measure cell viability indicate that they are significant
to each other, literature expresses strong evidence of error constants to be considered
while using both MTT and trypan blue assays. Errors in the range of 8-10% are common
in a hemocytometer count or trypan blue assay method due to pipetting errors, chamber
volume errors, errors from the volume of sample introduced into the chamber,
cytotoxicity errors as trypan blue adds to the toxicity values in toxicity studies. Also,
trypan blue stains cannot be used to distinguish between viable, healthy cells and the cells
that are viable but losing cell functions. Similarly, about 7-10% of the errors are
considered during cytotoxicity studies as the amount of signal generated depends on
several factors like incubation periods after the addition of MTT dye and solubilizing
chemicals like acidified isopropanol, cell confluence and pH of the solution after adding
the dye. Digital image processing and analysis is a method where either minimal or no

added stress is shown on the sample cells in cell viability and cytotoxicity studies.
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7.1. Future Directions Of The Research

For the protein measurement experiments, the method response to hemolyzed
samples needs to be investigated. Hemolysis if red blood cells result in the presence of a
red-colored plasma or serum. The interference of the red color will be apparent in the
value of the red pixel. A new study is needed to determine if the values of the green and
blue pixels will be enough to calculate the concentration of protein if the red pixels value

is omitted due to hemolysis.

For cell viability experiments, future studies should focus on using digital image
processing and analysis in drug efficacy studies by quantifying Euclidean distance and
viable cell count at specified intervals of time to calculate and study the drug kinetics on

the sample cell.

The information gathered as a result of image processing makes analysis a simple
task in comparison to the laborious biochemical techniques. The analysis of measuring
cell viability was compared to the concept of spatial distance in the image that inversely

relates to percent cell viability or the number of viable cells present.

As the drug concentration in the titration increased, the Euclidean distance
increased, and the count of viable cells decreased. The direct relationship between the
distance between cells and count of non-viable cells or cell death cannot be measured
using standard biochemical assays, whereas when it is measured using digital image

processing and analysis, it strengthens the model.
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In conclusion, the study shows promising results and a promising future for
digital image processing in the clinical laboratory. It provides evidence that
Spectrophotometers can be replaced by digital cameras in some protein measurement and
cell viability experiments. Spectrophotometers are used in many clinical laboratory
experiments. Replacing the spectrophotometers with a digital camera means significant
cost and space savings. The integration of small size, high-quality digital cameras, and
the advanced handheld computer and tablet platforms with the proposed method can

bring more tests to the point of care that were not available before.
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APPENDIX A

THE CODE USED TO CALCULATE THE AVERAGE RGB

close all

clear all

clc

| = imread('A442.png’);

% Separate to RGB channel

Ir=1(,:,1);
g =1(,:,2);
Ib=1(:3);

% Calculate average RGB of the region
Red = mean(lr);

Green = mean(lg);

Blue = mean(lb);

% Set the region to average RGB

>> [mean(Red),mean(Green), mean(Blue)]
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APPENDIX B

CELL COUNT CODE

clear all

close all

clc

A=imread ('cells.png’);

B=medfilt3(A, [3 3 3]);

figure, imshowpair(A,B, 'montage’), title 'Original vs Median Filter’;
C=rgb2gray(B);

figure, imshow(C), title 'Gray’;

figure, imhist(C), title 'Gray Image Histogram’;
D=imadjust(C)

figure, imshow(D), title 'Adjusted’;

figure, imhist(D),title 'Adjusted Histogram’;

figure, imshowpair(C,D, 'montage’), title 'Gray vs Adjusted’;
level=graythresh(D)

E=im2bw(D, level);

figure, imshow(E), title "Thresholded Image’;
F=imcomplement (E),

figure, imshow(F),

J=bwareaopen(F,50);

figure, imshow(J);
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s = regionprops(J, D, {'Centroid’,'WeightedCentroid'});

figure, imshow(D)

title("Weighted (red) and Unweighted (blue) Centroids");
figure, imshow(D); title("Weighted (red) and Unweighted (blue) Centroids");
hold on

numObj = numel(s);

for k =1 : numObj

plot(s(k).WeightedCentroid(1), s(k).WeightedCentroid(2), 'r*");
plot(s(k).Centroid(1), s(k).Centroid(2), 'bo");

end

hold off

s = regionprops(J, D, {'Centroid’,'PixelValues','BoundingBox'});
imshow(D);

title("Standard Deviation of Regions’);

hold on

for k =1 : numObj

s(k).StandardDeviation = std(double(s(k).PixelVValues));
text(s(k).Centroid(1),s(k).Centroid(2), ...

sprintf('%2.1f", s(k).StandardDeviation), ...
'‘EdgeColor','b','Color','r");

end

hold off

figure
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bar(1:numObyj,[s.StandardDeviation]);

xlabel('Region Label Number");
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APPENDIX C

MEASURING EUCLIDIAN DISTANCE

| = propsSynthesizelmage;

imshow(l)

title('Synthetic Image’)

BW=1>0;

imshow(BW)

title('Binary Image")

s = regionprops(BW, I, {'Centroid’,'WeightedCentroid'});

imshow(l)

title("Weighted (red) and Unweighted (blue) Centroids");

hold on

numObj = numel(s);

for k =1 : numObj
plot(s(k).WeightedCentroid(1), s(k).WeightedCentroid(2), 'r*");
plot(s(k).Centroid(1), s(k).Centroid(2), 'bo");

end

hold off

s = regionprops(J, D, {'Centroid’,'PixelValues','BoundingBox'});

imshow(D);

title("Standard Deviation of Regions");

hold on
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for k =1 : numObj
s(k).StandardDeviation = std(double(s(k).PixelValues));
text(s(k).Centroid(1),s(k).Centroid(2), ...
sprintf('%2.1f", s(k).StandardDeviation), ...
'EdgeColor','b’,'Color’,'r");
end
hold off
figure
bar(1:numObj,[s.StandardDeviation]);
xlabel('Region Label Number');
ylabel('Standard Deviation');
sStd = [s.StandardDeviation];
lowStd = find(sStd < 50);
imshow(l);
title('Objects Having Standard Deviation < 50');
hold on;
for k = 1 : length(lowStd)
rectangle('Position’, s(lowStd(k)).BoundingBox, ...
'EdgeColor','y";
end

hold off;
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