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Abstract: Sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) is used to identify
protein presence, absence, or overexpression and usually, their interpretation is visual. Some pub-
lished methods can localize the position of proteins using image analysis on images of SDS-PAGE
gels. However, they cannot automatically determine a particular protein band’s concentration or
molecular weight. In this article, a new methodology to identify the number of samples present in
an SDS-PAGE gel and the molecular weight of the recombinant protein is developed. SDS-PAGE
images of different concentrations of pure GPN protein were created to produce homogeneous gels.
Then, these images were analyzed using the developed methodology called Image Profile Based on
Binarized Image Segmentation (IPBBIS). It is based on detecting the maximum intensity values of
the analyzed bands and produces the segmentation of images filtered by a binary mask. The IPBBIS
was developed to identify the number of samples in an SDS-PAGE gel and the molecular weight of
the recombinant protein of interest, with a margin of error of 3.35%. An accuracy of 0.9850521 was
achieved for homogeneous gels and 0.91736 for heterogeneous gels of low quality.

Keywords: sodium dodecyl sulfate-polyacrylamide gel electrophoresis; image analysis; protein band;
molecular weight; image segmentation; binary mask

1. Introduction

Among the techniques used to identify the presence, absence, or overexpression of
proteins of biological interest, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) is present. This technique separates proteins by applying an electric field to
the gel. The proteins move through the gel and are retained in different positions according
to molecular weight. The gel is stained using Coomassie blue. Each of the samples
analyzed is represented in columns (lanes), and the horizontal bands correspond to the
proteins detected in each piece. Thicker bands indicate higher protein concentration [1]
(see Figure 1).

The gels obtained are used to visually find proteins and gene fragments in DNA
gels [2—4] or as a method for disease diagnosis [3-6]. Unlike DNA gels, protein gels can
contain many bands per sample, making them difficult for the human eye to interpret (see
lane 4 in Figure 1). As a result, misinterpretations of protein gels can occur due to errors
generated by optical illusions, visual sensitivity, or fatigue [3,5-7].
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Figure 1. Image of a polyacrylamide protein gel. The vertical columns or lanes represent different
experiments placed within the gel (numbered 1 to 15). The horizontal lines or bands represent the
proteins identified per column.

Image analysis has been used to interpret the DNA and protein bands in the images of
SDS-PAGE gels. These analyses include background noise removal, lane detection, and
segmentation of the lanes to analyze the protein or gene sought [8,9].

Many techniques have been used to remove background noise, such as contourlet and
wavelet transforms, top-hat transforms, Gaussian low-pass filters, normalization, intensity
shifts, median filters, adaptive thresholding, non-linear Gaussians, Fourier analysis, fuzzy-
c-means, and some convolution matrix and image slices to search for regions of interest.
These methods have been used individually or in combination to obtain improved and
noise-free image profiles to extract gel features [1,3-5,7,8,10-20].

Several tools have been employed to detect lanes and segmentation of the
bands [1,3-5,7,8,10-16,18-22]. These techniques involve various methods to improve seg-
mentation by selecting necessary pixels related to background contrast. They include edge
detection using Bayesian approximations, thresholding, or Otsu segmentation. Users can
choose a region of interest to reduce size, minimize noise, calculate standard deviation,
and manually set a threshold to generate the gel profile. Division of the area between
user-specified lanes can be achieved using Gaussian functions or templates. Sobel filters
can be applied to identify lanes and bands in the gel.

Additionally, Gaussian processes or templates can split the region between user-
specified lanes. Sobel filters can also detect peaks and troughs in the intensity profiles,
aiding in identifying the gaps between lanes. Brightness changes can be measured, and the
number of pixels in the lanes can be counted to determine their distances using variations
in grey levels. Spectral density can be calculated to average the width of lanes, allowing
for the selection of specific regions within the image. An analysis is also performed on the
profile of the peaks through their areas to group them using techniques such as K-means,
and the bands are delimited with ellipses to avoid their intersection and to determine the
separation of the lanes. Among all the proposed methods, the ones that have shown the
best results include the user’s choice of regions of interest to reduce noise and generate
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more accurate profiles, which facilitates the identification of the minima related to the
separation of lanes in the gel.

Currently, programs such as Scanalytics, Gelcomparll, GelJ, Gel-Pro Analyzer, Image],
PyElph, TotalLab, PDQuest, Proteomweaver, Dcyder 2D, imageMaster, Melanie, BioNumer-
ics, Redfin, Gel IQ, Z3, and Delta2D Flicker are used to analyze images of DNA or protein
gels [1,10,23-29]. These programs employ semi-automatic filters to remove noise, meaning
the operator must manually select the column or band of interest. The user also adjusts the
intensity changes and decides the threshold that reduces the background noise. However,
due to the dependence on analysts with little knowledge of intensities and thresholding,
this often results in poor gel analysis.

In this article, the methodology described in reference [30] is used to obtain different
concentrations of pure GPN protein added to a bacterial cell extract to create SDS-PAGE
gels. The incorrect or excessive expression of some proteins may be associated with
an imbalance in health. So, this research produces gels representing patient samples
with different amounts of protein expression, including absence and different levels of
overexpression, to emulate various stages of Invasive Ductal Carcinoma (IDC) and Invasive
Lobular Carcinoma (ILC) Her2+ breast cancer. Therefore, identifying specific proteins can
be helpful in disease diagnosis. Examples of such proteins are GTPases, such as Rho, Rab27,
and GPN, which have been linked to the development of breast cancer [31]. Reference [30],
an article by the same authors as the present article, describes a new methodology for
obtaining pure GPN protein in high levels in homogeneous form. In the current research,
an algorithm was proposed for a new method to identify the lanes and bands of samples
present in an SDS-PAGE gel and the molecular weight, to identify the overexpressed
protein related to breast cancer. For that, the obtained images were analyzed using the
newly developed image analysis methodology to identify different levels of expression
of the GPN protein expressed per sample. This methodology is based on detecting the
pixel values of the white color of the histogram segmentation of images filtered by a
binary mask.

1.1. Novelty

Current investigations to search proteins in SDS-PAGE gels require manually selecting
the area corresponding to the protein of interest to locate the separation between proteins by
processing. The methodology proposed in this article automatically identifies the protein of
interest and automatically determines its overexpression levels, and has not been presented
in other works.

1.2. Limitations and Challenges

Although the algorithm performs best in finding the protein of interest automatically,
the gel image must be of a minimum good quality, otherwise, the algorithm will fail. A
database of polyacrylamide gel does not exist to apply and train a neural network to find
the overexpressed protein. It is difficult to obtain samples of various stages of IDC and ILC
Her2+ breast cancer.

This article is segmented as follows: Section 1 shows the advances in SDS-PAGE
gel image analysis to identify proteins and their overexpression. Section 2 describes
the procedure IPBBIS for obtaining overexpression gels. The IPBBIS method includes
preprocessing techniques, diagrams, and pseudocodes that determine the number of
samples present in a gel, the protein bands, and their overexpression. Section 3 details the
results obtained and their discussion. At the end for Section 4 of the article, conclusions
and future work are described.

2. Materials and Methods
2.1. Creation of Samples with Different GPN Concentrations

SDS-PAGE images corresponding to samples of different concentrations were obtained
to replicate or emulate the GPN protein overexpression in vivo during the involvement
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of IDC and ILC Her2+ breast cancer [31]. For this activity, the purification methodology
shown in [30] was followed. Images of the gels are shown in Figure 2A,B.

A
1 2 3 4 5 6 7 8 9

C
1 2 3

Figure 2. (A) Purification of recombinant GPN protein from Escherichia coli bacteria. Lane 1: Molecular
weight control. Lane 2: Positive control of GPN protein expression. Lane 3: Negative expression
control. Lane 4: Total protein extract. Lanes 5-9: purified GPN protein. (B) Different concentrations
of purified GPN protein. (C) Different concentrations of BSA protein.

In addition, to obtain SDS-PAGE images from controlled concentrations, a dilution
of bovine serum albumin (BSA) protein obtained from the Bio-Rad Protein Assay kit was
prepared to get three samples with the following concentrations: 2 mg/mL, 1 mg/mL, and
0.5 mg/mL (lanes 1, 2, and 3, respectively, in Figure 2C). This experiment demonstrated
that the methodology proposed here also achieves the set goal for other protein classes.

Samples numbering 2230 were used, including endogenous Escherichia coli proteins
with random addition of GPN at different concentrations. Two minibatches were used from
this dataset. The first one, 1561 samples, was called heterogeneous because the samples
presented different degrees of staining, smiley face effects. or curved lines, and even
SDS-PAGE breaks. The second minibatch comprised 669 homogeneous samples because
the gel characteristics did not vary. For each minibatch, 70% was used for training and the
rest for testing.

2.2. Image Acquisition

SDS-PAE images were obtained with a Gel Doc XR+ photo documenter system based
on CCD high resolution, using image Lab Software to capture pictures following the
specifications of the supplier Bio-Rad. The resolution of the images was 4 megapixels, and
the pixel density was 4096 ppi [32].

2.3. Preprocessing and Feature Extraction

Preprocessing and feature extraction were carried out through the identification of
the number of white pixels by an image segmentation histogram using a binary mask
(profile-based image segmentation, algorithm showed in Figure 3) as follows:

Size adjustment: The SDS-PAGE images obtained from the Gel Doc XR+ photo docu-
menter system, were resized to images of 600 by 400 pixels size. Image equalization was
performed if the samples in the gels had a high protein concentration. Subsequently, all
images were binarized and dilated, as shown in Figure 3. The images were inverted after
an erosion operation was applied.

Analysis of lanes and bands: A binary mask with a dimension of 1 pixel wide (MAXWIDE
variable) and 400 pixels high (MAXHIGH variable) was used for the lanes. For the study of
the bands present per sample, the value of 1 pixel wide for the MAXWIDE variable was
used, assigning 50 pixels for the MAXHIGH variable of the binary mask. The mask was
displaced pixel by pixel across the entire image width, that is, 600 data (one for each pixel
for lanes) or 400 data (one for each pixel for bands).
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Figure 3. Preprocessing and feature extraction to analyze the complete gel image.

Application of the binary mask: The histogram of the image region delimited by the binary
mask was calculated. Since the bands in this process are white, the value corresponding
to the number of white pixels in the histogram of the binarized image (position 255 of the
histogram) was used and stored in an array. The array data were plotted and called the
“new image profile”.

Interpretation of the “new image profile”: For the analysis of the full SDS-PAGE image,
the multiple minimum values present in the new image profile are related to the separation
between every lane of the gel image. In this region, the number of white pixel values in the
array obtained decreases, which helps find the number of lanes in the image. On the other
hand, when the analysis was performed for each lane, the multiple maximum values of the
new profile of the image were related to the position of the proteins, as they are represented
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in white. Places of maximum intensity represent the presence of proteins, and places of
lower intensity represent the absence of proteins (between two protein separations, the
average was calculated to obtain a single maximum), as shown in Figure 3.

This procedure uses several parameters. Nonetheless, more of them are set in the
program and worked well for most of the experiments carried out in this research. The
value of the structuring element for erosion and dilation was 25 for lanes and 3 for bands,
which allowed the detection of the total number of samples and bands per protein per
sample present in an SDS-PAGE gel. The threshold values for the segmentation operation
were calculated using the OTSU method. The program was developed in Python with the
Pytorch framework, OpenCV to evaluate the images and histograms, and numpy with
matplotlib to calculate the graphs.

Figure 3 presents an overall summary of the preprocessing and feature extraction. The
pseudocode is shown in Algorithm 1.

Algorithm 1. Pseudocode to find the number of lanes and bands in the polyacrylamide gel image.

Algorithm for band and lane detection

1:  Resize the image to 600 x 400 px for light processing

2:  if Excess_of_protein:

3: Histogram equalization

4: endif

5:  Obtain a binarized Image

6: Image dilation

7:  Image invert

8: Image erosion

9: Column=1
10:  If Lane detection:
11: MAXWIDE = 400 px
12:  else: # band detection
13: MAXWIDE = 50 px
14: end else
15:  end if
16:  Apply Binary Mask on the resized image
17:  Initialize Array to zero
18: while Column <= MAXWIDE:
19: Get the Histogram_of_image
20: Otsu_Segmentation_Applied_to_Binary_Mask_Size_zone

Get the number of white pixels in the Histogram of the segmented region,
21: Histogram[white_position]
# get the quantity of white color in the histogram binarized

22: Array [Column] = Number_White_Pixels_Histogram [255]
23: Column++

24:  end while

25:  Plott Array

26: if Lane_Analysis:

27: Multiple_Minimum_correlate_Lane_Separation(Array)

28: Multiple_Maximus_related_Band_Separation(Array)

29:  else#band_analysis

30: Average_Multiples_Maximums_between_separations_To_Get_One_Maximum
31: end else

32: end if

3. Results and Discussion
3.1. Traditional Analysis of GPN Protein Gels at Different Concentrations
Lanes 5 to 9 of Figure 2A reveal an image of polyacrylamide gel untreated with pure

recombinant GPN protein. These lanes show the protein concentration at different values
(see Figure 2B). An image of polyacrylamide gel untreated with GPN protein in various



Algorithms 2024, 17, 149

7 of 20

concentrations is presented in Figure 4A. The thicker bands (highlighted in red) correspond
to the GPN protein with higher concentration.
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Figure 4. (A) SDS-PAGE gel containing GPN protein expressed at different concentrations. Lane 1,
molecular weight control; lanes 2-11, GPN at the following concentrations: 2.0, 0.0, 14.5, 9.5, 27, 18,
30, 18.5, 26, and 14 ng/mL, respectively. (B) The intensity profile of lane 1 of (A) (weight control).
(C) The intensity profile of lane 4 for (A). (D) The intensity profile of the bands for the recombinant
GPN protein region, highlighted in red from the gel in (A).

Images of the SDS-PAGE gels, revealed with Coomassie blue, were analyzed using the
intensity profile as shown in Figure 4. The gel image in Figure 4A includes samples of GPN
protein at different concentrations (lanes 2 to 11 enclosed in a red box). Preliminary analyses
were performed on the image to verify whether the intensity profile plots can detect the
presence of the protein and its overexpression. Figure 4B shows the intensity profile of
the molecular weight control or ladder (lane 1, Figure 4A). The minimum values of the
graph coincide with the position of the protein bands of lane one or the control sample,
which is used to determine the molecular weight of the samples analyzed in the rest of
the gel. Figure 4C shows the intensity profile of lane 4, where the minimum enclosed in a
red box indicates the presence of the protein with the highest expression or concentration
within the lane. Finally, Figure 4D shows the intensity profile of the region containing the
GPN protein at different concentrations (graph corresponding to the proteins enclosed in
the red box in Figure 4A, lanes 2 to 11). The background noise generated by the proteins
in the total extract and the different concentrations of GPN in the samples can be seen.
The multiple maxima in the graph cannot be related to each different expression of the
GPN protein.

3.2. Preprocessing and Feature Extraction Using the Proposed Algorithm

Before analyzing SDS-PAGE images with the new methodology: “Image Profile Based
on Binarized Image Segmentation” (IPBBIS), the images were adjusted to the size defined
by the variables MAXWIDE = 600 (width in pixels), MAXHIGH = 400 (height in pixels).

The SDS-PAGE protein gel image was converted to greyscale and then binarized. In
addition, an erosion operation was performed to increase the spacing between samples and
bands (see Figure 5). Next, the IPBBIS method was applied to perform feature extraction.
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Figure 5. Preprocessing of SDS-PAGE gel images. (A) Grayscale image. (B) Binarized image.
(C) Eroded image.

The image from the preprocessing (Figures 5C and 6) was filtered with a binary mask
consisting of a matrix of 1 x 400 pixels (Figure 6B). The IPBBIS method was applied, and
different binarization techniques such as Niblack, Sauvola, and Otsu were used. There
were no significant variations in the obtained results.

A B
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g 2
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Pixels

Figure 6. IPBBIS. (A) Binarized and eroded image. (B) Representation of the binary mask with a size
of 1 x 400 pixels placed at pixel 7. (C) A simple histogram of the region contained in the binary mask,
(D) Histogram of the region after applying Otsu segmentation to (C).

By calculating the histogram in the lane region covered by the binary mask
(MAXWIDE =1 x MAXHIGH =400, for complete gel analysis or MAXWIDE =1 x MAXHIGH = 50,
for band analysis), the pattern in Figure 6C was obtained, which shows the distribution of the
pixels. On the other hand, by performing the binary segmentation of the same region (inside the
mask), the histogram shown in the graph in Figure 6D was generated. As the image is binarized,
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this pattern only shows the maximum intensity values for black (pixel 0) and white (pixel 255).
The number of white pixels is stored in an array with all gel values selected by the binary mask.

The array obtained by applying the binary mask in Figure 6A generated the new image
intensity profile. Figure 7 shows the maxima representing the center of each analyzed band
and the multiple minima separating them.

New Image Intensity Profile

3004

250

2004

Intensity
@
o

1004

“““R”Lm

0 100 200 300 400 500 600
Pixels

Figure 7. A new image intensity profile was obtained by plotting the array’s values containing only
the white pixels generated by the IPBBIS method.

3.3. Detection of Protein Overexpression in Gels Using the IPBBIS Algorithm
3.3.1. Application of the New Intensity Profile on the Complete Gel Image

The IPBBIS method was used to identify GPN protein overexpression in the gel shown
in Figure 8A. In this Figure, lane 1 contains the ladder or molecular weight control. Lane 2
is the negative control, lane 3 is the positive control for GPN protein expression, lane 4 is the
concentrated cell extract control, and lanes 5 to 15 represent extracts with the same amount
of endogenous proteins to which different concentrations of recombinant protein have
been added. The thickness of the spots indicates a higher concentration of GPN in lanes
5,6,11, 12, and 14, while lanes 9 and 10 show a lower concentration of the protein. These
values were identified in the plot of the new image intensity profile (Figure 8B,C), where
maximum peaks are observed in lanes 5, 6, 11, 12, and 14, and lower peaks correspond
to the bands with lower concentrations of recombinant protein, i.e., lower overexpression
(lanes 9 and 10). Image analysis was performed by equalizing the image (Figure 8B) and
not equalizing it (Figure 8C).

The data of the average values resulting from the multiple maxima of the graph
corresponding to the different samples in Figure 8C are shown in Table 1. It can be
corroborated that the maximum intensity value was obtained in lane 5, indicating the
highest overexpression of GPN protein in that sample. The lowest expressions were
recorded in lanes 9 and 10, with maximum values of 23 and 29, respectively. The maxima
assigned to lanes 1 to 4 were not shown as they correspond to the ladder, controls for GPN,
and GPN with total protein extract expression.
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Figure 8. (A) A complete gel is shown. (B) A plot was generated using the image profile based on
binarized image segmentation after image equalization. (C) The IPBBIS plot was obtained from the
non-equalized Figure 6A.

Table 1. Peak maximum values obtained from the graph in Figure 8C.

Lane 5 6 7 8 9 10 11 12 13 14 15
Value 79 71 58 40 23 29 45 61 41 45 41

3.3.2. Application of the IPBBIS Method on a Sample with Controlled Concentrations

A controlled protein concentration was expressed to evaluate the method’s effective-
ness. Figure 9A shows the gel obtained, where bandwidth (or stain) increases as the protein
is concentrated. Subsequently, the image was pre-treated (binarization, dilation, color in-
version, and erosion; Figure 9B) for image analysis using IPBBIS. This procedure originated
the new image profile graph shown in Figure 9C, where the maximum peak corresponds
to the highest concentration of BSA protein (2 mg/mL). The lowest peak is related to the
lowest BSA concentration (0.5 mg/mL).

A B C
1 2 3 E I'OS I o n New Image Intensity Profile
0
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1503 L gmmer
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Figure 9. (A) SDS-PAGE gel of BSA protein with the concentrations 2 mg/mL (lane 1), 1 mg/mL
(lane 2), and 0.5 mg/mL (lane 3). (B) Image of binary, dilated, segmented, and eroded (A). (C) Plot of
the new intensity profile of the (A) gel using IPBBIS.

3.3.3. Effectiveness of the IPBBIS Method Using Known Concentrations

An experiment was carried out to evaluate the effectiveness of the method. GPN
protein concentrations with known values (Table 2) were prepared by adding diverse
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cell extracts to include different proteins and increase the background noise, obtaining
the samples presented in the gel image of Figure 10A by placing other concentrations in
randomly chosen positions.

Table 2. GPN protein concentrations with known values.

Lane > 3 4 5 6 7 8 9 10 11
Concentration 20 00 145 95 27 18 30 185 26 14
mg/mL
Gel - e e Ly ww W e @ w9
A B

New Image Intensity Profile

123 4 56 7 89 10 1112131415

Intensity

!
us

*

. L

0 100 200 300 400 500 600
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|

Figure 10. (A) Initial image of the gel with GPN samples at different concentrations before prepro-
cessing. (B) A plot was generated using the IPBBIS method applied to (A).

Samples with different concentrations of recombinant GPN protein are distributed on
the polyacrylamide gel in Figure 10A.

The results of applying the IPBBIS method to the image in Figure 10A (GPN protein at
different concentrations) indicated that samples with a higher protein concentration had
peaks with higher intensity values (Figure 10B). However, when comparing lane 3 (which
has no GPN protein concentration, Figure 10A), the graph showed that it has a higher peak
or maximum compared to peaks 5,7, 9, and 11 (which correspond to different GPN protein
concentrations), indicating a higher overexpression of the protein. This fact does not agree
with the prepared concentrations, with lane 3 having a concentration of 0.0 mg/mL, lane 5
of 9.5 mg/mL, lane 7 of 18 mg/mL, lane 9 of 18.5 mg/mL, and lane 11 of 14 mg/mL (see
Table 2).

This inconsistency in the results is because lane 3 had more proteins in the total extract
than in samples 5, 7, 9, and 11. This behavior corroborated that the IPBBSI method can
only calculate the overexpression of the proteins of interest when the background noise
decreases, i.e., only when there is the same amount of proteins in the total extract can
the level of overexpression of the protein of interest be detected. Proteins that are not of
interest, those on the top and bottom of the recombinant protein (GPN), can be considered
contaminants and should, therefore, be removed.

3.3.4. Elimination of Impurities through the Determination of the Molecular Weight of the
Target Protein

A procedure is proposed to eliminate contaminants. To this end, it is necessary to
find the molecular weight of the protein of interest (GPN) and separate it from the rest
of the proteins present in the same sample to apply the IPBBIS method and find its level
of overexpression.

Considering that the molecular weight control does not present background noise,
the ladder or control in Figure 10A (lane 1) was selected, separated from the rest of the
gel, changed to a horizontal orientation (see Figure 11A), and the IPBBIS method was
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applied, which provided the graph shown in Figure 11B. The multiple maxima represent
each protein position in the ladder (Figure 11C).
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Figure 11. (A) Molecular weight control was obtained from lane one or the ladder in Figure 10A.
(B) The IPBBSI plot applied to (A). (C) Bands automatically detected by IPBBIS marked with

blue lines.

A relationship was established between the molecular weights of the ladder or control
(provided by the manufacturer, Bio-Rad S.A. Mexico D.F.) and the multiple maxima ob-
tained by the IPBBIS method. Due to the absence of background noise, the positions of the
control proteins were automatically detected and marked with blue lines for identification,
as shown in the gel image of Figure 11C. At the same time, the data were stored in an
array. The stored data represent the positions of the control proteins and the values of
their molecular weights. They were processed by applying numerical methods of linear
interpolation, nearest interpolation, and cubic interpolation to obtain an equation. This
equation was used to know and predict the molecular weight of proteins present in any
position of the remaining samples of the gel image to be analyzed (see Figure 12 and
Table 3). Figure 12 shows the interpolation methods used to predict the molecular weight
of the detected proteins. The X-axis corresponds to the pixel positions of the bands, while
the Y-axis represents the molecular weights.

3004 * Pixel Position
= Cubic interpolation
m= Linear interpolation
wm==_Nearest interpolation

2004

£ 150
g
ko)
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100
50+
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0 50 100 150 200 250 300 350 400

Gel pixel position

Figure 12. Results of the interpolation methods for the molecular weight of the detected proteins.
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Table 3. The table shows the error obtained by applying three numerical interpolation methods to
the polyacrylamide gel ladder in Figure 11A.

Interpolation Method Calculated Weight (kDa) Total Error %
Linear 33.4 3.35648148
Nearest 37.0 7.060185185

Cubic 31.38 9.194960019

The results obtained in Table 3 indicate that the linear interpolation method showed
the lowest error, with a value of 3.35%, when correlating the actual weight of the GPN
protein (34.56 kilodaltons, kDa) with that predicted by the interpolation method used.

Therefore, the formula used to identify the molecular weight of the proteins detected
in the rest of the samples corresponds to the linear interpolation method and is defined by
Equation (1):

o —u) (X — X
(y1+1 ‘ yz)( ‘ 1) (1)
(xz+1 - xl)
where 0 < x; < 400 corresponds to the interval containing the number of pixels correspond-
ing to the image height of each sample, and 0 < y; < 250 corresponds to the molecular
weight of the proteins.

y(x) =yi+

3.3.5. Choice of Threshold for the Elimination of Multiple Maximums

IPBBIS automatically detected the number of samples present in a gel image. The
multiple minimum values between the various maxima indicated the number of samples
in the polyacrylamide gel. Sometimes, when matching these values, marked by blue dotted
vertical lines, it was impossible to detect the number of samples in the gel image (see
Figure 13A). The amount of contaminating proteins caused the excess background noise in
the samples. We chose a threshold containing the minimum values for this case to eliminate
the background noise. In this way, we allowed the elimination of the multiple maxima
detected in the graph obtained by the new image intensity profile. These multiple maxima
were removed with a low-pass filter (represented by the black line in Figure 13B) applied
to the latest image intensity profile, and a new graph was obtained in which the minima
corresponded perfectly to the existing separations with every sample present in the gel
image (Figure 13C). This method allowed us to automatically select the regions with the
tiniest white pixels and link them to the regions where the samples are separated. As
a result, the experiments present in the gel were automatically detected and identified
with blue dotted vertical lines that perfectly matched the sample separations in the image
(Figure 13D). They were identified with blue lines drawn on the gel image to verify their
correspondence with the different samples. The data were stored in an array to determine
the position of each of the samples in subsequent analyses.

P o 100 200 00 a00 500
,,,,,,,,, 1s

Figure 13. (A) Detected maxima (blue dash lines). (B) Threshold that allows obtaining a cut-off region
that includes only the minima that represent the separation of the samples. (C) Graph obtained from
the cut-off region. (D) Total of automatically detected samples (blue dash lines).
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3.3.6. Analysis of the Region of Interest Using the IPBBIS Methods, Manual Area
Calculation, Area Calculation by K-Means Segmentation, and Area Calculation by
Otsu Segmentation

A random sample was selected on the gel to repeat the molecular weight detection
process (lane 5, Figure 14A). The developed IPBBIS method was applied to detect the
bands present per sample, as indicated in Figure 14B; knowing the molecular weight of
the GPN protein, approximately 34 KDa, the interpolation method was applied to detect it
automatically within the gel, and it was identified as indicated in Figure 14C.

B C D E

34567 891011

Figure 14. (A) Random sample selection within the gel (red box in the image). (B) Automatic band
detection using image profiling based on binarized image segmentation. (C) Molecular weight
detection using IPBBIS for GPN protein. (D) Selection of GPN protein bands from different samples
for ROL. (E) The application of the image profile is carried out in the binarized image segmentation
of (D).

Once the positions separating the samples in the gel were detected (Figure 14B),
the molecular weight of the GPN protein and its place within the gel (Figure 14C) were
identified, then the region of interest (ROI) that included the expression of the recombinant
protein at different concentrations from all samples (red box in Figure 14A including lanes
2 to 11) was selected and isolated as shown in Figure 14D. Analysis was then performed
to compare protein overexpression and to identify whether image profiling based on
binarized image segmentation can detect proteins with higher or lower overexpression.
Before this, the image color in Figure 14D was changed from RGB to HSV. The result is
shown in Figure 14E, where the height of the peaks is related to the level of overexpression
of the protein analyzed. Every sample with protein contained in the region of interest
(ROJ) in Figure 14D (lanes 2, 4, 5, 6, 6,7, 8,9, 10, and 11) was isolated to obtain a higher
precision in the analysis. IPBBIS was applied separately to obtain one graph per sample,
as shown in Figure 15. The average of the multiple maxima obtained was calculated to
produce a single maximum value per sample (Figure 15A-I), which was related to the
amount of protein concentrated in each of the different samples analyzed; these values
were aggregated in Table 4 for future reference (row ROI-GPN Table 4). Image profiling
based on binarized image segmentation was applied to each of the nine samples containing
GPN protein at different concentrations in the ROI region of interest gel in Figure 14D. As
shown in the Table 4, we obtained additional data by analyzing the different samples at
different concentrations of recombinant GPN protein distributed on the polyacrylamide
gel in Figure 14D.
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Figure 15. Image profiling of Figure 14D, based on binarized image segmentation in the region of
interest. (A) lane 2, (B) lane 4, (C) lane 5, (D) lane 6, (E) lane 7, (F) lane 8, (G) lane 9, (H) lane 10, and
(I) lane 11.

Table 4. Different samples Data of GPN concentrations.

Lane 2 3 4 5 6 7 8 9 10 11
Concentration 2.0 0.0 145 9.5 27 18 30 185 26 14
mg/mL
ROI-GPN 10.38 0.0 2055 1867 2734 2287 2882 2308 2726 2011

Area Manual
Area K-means
segmentation

Area Otsu segmentation

513.62 0.0 830.25  680.12 1373.80 830.00 1061.50 934.50  983.50  869.25
495.50 0.0 969.62  933.00 1457.20 1132.20 1336.20 113490 1422.10 993.13
535.75 0.0 1189.8 10234 16468 13182  1557.1 1269.1 15859  1174.6

The array data obtained (ROI-GPN row in Table 4) revealed that the lane 2 sample
(with a maximum value of 10.38 and a concentration of 2 mg/mL) shows the lowest
overexpression, followed in order of overexpression by lane 5 (18.67, 9.5 mg/mL), lane 11
(20.11, 14 mg/mL), lane 4 (20.55, 14.5 mg/mL), lane 7 (22.87, 18 mg/mL), lane 9 (23.08,
18.5 mg/mL), lane 10 (27.26, 26 mg/mL), lane 6 (27.34, 27 mg/mL), and lane 8 (28.82,
30 mg/mL). These results show that the array data obtained for the new image profile
calculated by the IPBBIS method for each sample are related to the concentration of each
protein and can be used to calculate the level of GPN overexpression by comparing every
sample present in the gel image.

3.3.7. IPBBIS Study on the Image Dataset Using the Confusion Matrix

After verifying that the IPBBIS method can automatically identify the level of overex-
pression in each sample, the polyacrylamide gel image dataset was divided into homoge-
neous and heterogeneous gels to test their efficiency.

The so-called homogeneous gels (dataset of 44 gels with a total of 669 samples) showed
similar characteristics, such as the same color and quality, and no imperfections, such as
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breaks or distortions due to incorrect preparation. In this research, a confusion matrix
defines true positives (TP) as cases where IPBBIS correctly detected the lane or protein band.
False negatives (FN) occurred when the lane existed but was not found, false positives (FP)
when the lane did not exist but was detected, and true negatives (TN) when the lane did
not exist and was also not detected. The confusion matrix obtained after analyzing the
669 samples is presented in Table 5. The precision obtained was 0.985052 (see Table 6, the
precision of homogeneous gels).

Table 5. Confusion matrix obtained by analyzing 669 samples expressing GPN protein at different
concentrations on homogeneous SDS-PAGE gels.

Predicted
Positive Negative
Real Positive TP =310 FN =8
ca Negative FP =2 TN = 349

Table 6. The Table shows the accuracy results obtained from the confusion matrices in Tables 5 and 7.

Accuracy of Homogeneous Gels Accuracy of Heterogeneous Gels
0.985052 0.91736

Table 7. Confusion matrix obtained by analyzing 1561 samples with GPN protein expressed at
different concentrations on heterogeneous SDS-PAGE gels.

Predicted
Positive Negative
Real Positive TP = 671 FN =105
ca Negative FP =24 TN =761

Then, the analysis was repeated using the IPBBIS method on the heterogeneous gels,
a total of 90 gels with different conditions, which included distorted (smiley face effect),
broken, or incorrectly stained gels. In total, 1561 samples were analyzed for GPN protein
overexpression. The accuracy of this analysis was measured using the same confusion
matrix with the TP, FN, TN, and FP values defined above for the homogeneous gels. The
confusion matrix is shown in Table 7, and the precision obtained was 0.91736 (see Table 6,
the precision of heterogeneous gels). This precision was lower than that obtained with
homogeneous gels since the SDS-PAGE gels analyzed present characteristics that make
them different, such as breaks, distortions due to incorrect preparation, or insufficient
Coomassie blue staining.

3.3.8. Functionality of the Methods Analyzed to Find GPN Protein Overexpression: IPBBIS,
Manual Area Calculation, Area Calculation by K-Means Segmentation, and Area
Calculation by Otsu Segmentation

To calculate protein overexpression, the areas of each of the GPN protein bands
expressed at different concentrations in Figure 14D were measured manually by outlining
the contour of the band and using the K-means segmentation and Otsu segmentation
techniques (see Figure 16) and then compared with the measurement performed by the
IPBBIS method.
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Figure 16. (A) Manual calculation of the band area by outlining the spot contour. (B) Area calculated
by K-means segmentation. (C) Area calculated by Otsu segmentation.

For the manual measurements, K-means segmentation and Otsu segmentation, it was
necessary to cut out each of the bands and separate them from the gel image as neither
of these methods can analyze the whole gel. The results of the measurements of each
of the bands at different concentrations are aggregated in Table 4, indicating the type of
methodology used in the row.

The data in Table 4 were normalized to verify the functionality of the methodologies
used to assess protein overexpression within the gel in the different samples (Figure 14D).
The data in Table 4, corresponding to the intensity values in Figure 14D, were sorted
according to the amount of expressed protein from lowest to highest overexpression and
placed in Table 8, normalized (see Table 9), and used to measure the correct level of GPN
protein overexpression for each of the methods used by the following operation:

Table 8. The data in Table 4 are ordered according to the amount of protein expressed from lowest to
highest overexpression.

Concentration mg /mL 2 9.5 14 14.5 18 18.5 26 27 30
Lane 2 5 11 4 7 9 10 6 8
ROI-GPN 10.38 18.67 20.11 20.55 22.87 23.08 27.26 27.34 28.82

Manual Area
K-means segmentation
Area
Otsu segmentation Area

513.6 680.1 869.25  830.25 830 934.5 983.5 1373.8  1061.5
495.5 933 993.13  969.62 1132 11349 14221 14572  1336.2
535.8 1023 11746 1189.8 1318 1269.1 15859  1646.8  1557.1

o O OO Ww| o

Table 9. Normalization of the data from Table 8.

Normalized Data

Concentration mg/mL

0.00 0.07 0.32 0.47 0.48 0.60 0.62 0.87 0.90 1.00

Lane
ROI-GPN
Manual Area
K-means segmentation
Area
Otsu segmentation Area

3 2 5 11 4 7 9 10 6 8
0.00 0.36 0.65 0.70 0.71 0.79 0.80 0.95 0.95 1.00
0.00 0.37 0.50 0.63 0.60 0.60 0.68 0.72 1.00 0.77

0.00 0.34 0.64 0.68 0.67 0.78 0.78 0.98 1.00 0.92
0.00 0.33 0.62 0.71 0.72 0.80 0.77 0.96 1.00 0.95

Let x,, be the n-th value of the measured area, and x,, be the value of the measured
area in the band with the highest protein concentration.

If Xm > Xn = Xm — Xn > 0. This expression indicates that the measurement of the
overexpression level is correct since positive values are expected if the concentration is
increasing. On the other hand, if xm < Xn = Xm — Xn <0, it indicates that the overexpression
level was miscalculated. The analyzed method presents errors in its measurement because
the protein concentration is increasing and not decreasing.

As seen in Table 10, the results of the above analysis, applied to each of the mea-
surements, indicate that the proposed image profiling method based on binarized image
segmentation (ROI-GPN) does not show any negative values. In contrast, the manual
method shows two negative values (lanes 4 and 8 in Table 10), the K-means segmentation
shows two negative values (lanes 4 and 8 in Table 10), and the Otsu segmentation shows
two negative values (lanes 8 and 9 in Table 10).
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Table 10. Data from Table 9 normalized and compared to the predecessor to identify if there are
negative variations corresponding to mismeasurement in protein overexpression.

Concentration mg/mL 0.00 0.07 0.32 0.47 0.48 0.60 0.62 0.87 0.90 1.00
Lane 3 2 5 11 4 7 9 10 6 8
ROI-GPN 0.00 0.36 0.29 0.05 0.02 0.08 0.01 0.15 0.00 0.05
Compa“i’;‘e;’f Manual 0.00 0.37 0.12 0.14 ~0.03  0.00 0.08 0.04 0.28 ~0.23
Comparison of K-means 0.00 0.34 0.30 004  —002 011 0.00 0.20 002  —0.08
Segmentation Area
Comparison of Otsu 0.00 0.33 0.30 0.09 0.01 008  —003 019 004  —0.05

Segmentation Area

These results demonstrate that the developed IPBBIS profiling allows for discovering
overexpression and correctly identifying the level of overexpression related to GPN protein
concentration. On the other hand, the manual methods, K-means segmentation and Otsu
segmentation, presented errors in the measurements.

In addition, the IPBBIS method can analyze the ROI region without cutting out each of
the samples present in the gel. In contrast, manual techniques, like K-means segmentation
and Otsu segmentation, require the samples to be separated, as they cannot analyze the
whole gel.

The ROI-GPN has values of the array data with the number of white pixels analyzed
by binary mask. The other methods have values in pixel areas, and normalization was
performed to realize a comparison. The normalization was made by taking the maximum
value measured by each method when applying four methods to identify the overexpression
manually (since there is no automatic one) and dividing it by each of the values of its
respective method. Thus, the maximum value for all samples is unity. When sorted by the
designed concentration value (lowest to highest), the normalized values increase and do
not decrease, as did all the previous methods except for the IPBBIS method developed in
this work. The increase only occurs if the methods correctly calculate the size of the bands
(by area or by intensity).

These results indicate that traditional methods can identify the position of proteins.
However, they cannot identify a particular protein band nor determine the concentration
or molecular weight, and the rest of the new intensity profile plot cannot be related to any
of the proteins present in the same sample. The IPBBIS method identified the most minor
and most overexpressed GPN protein and even detected the order of overexpression.

These results indicate that the IPBBIS method can be used to identify GPN protein
overexpression related to IDC and ILC Her2+ breast cancer and can also be applied to
identify overexpression of other proteins of biological interest and to detect the progression
of cancer stages in different samples from the same patient.

In summary, the IPBBIS method applies a binary mask pixel by pixel, choosing the
white intensity value and storing it in an array. The array contains multiple maxima and
multiple minima. The intensity value of the minima is related to the separation of the
number of samples when analyzing a full gel. As the number of targets decreases, this
indicates the separation between proteins. When analyzing per sample for proteins in
SDS-PAGE gels, the new image profile values of the multiple minima quantify the level of
overexpression of proteins present per sample.

Current methods for searching for proteins in SDS-PAGE gels perform image profiling,
processing techniques, threshold, and brightness changes but require the analyst to select
the region of interest. The IPBBIS method automatically identifies the number of samples
in the gel and the amount of proteins in a sample. It also detects the level of overexpression
based on molecular weight.
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4. Conclusions

A new methodology called IPBBIS was developed to identify the number of samples
present in an SDS-PAGE gel and the molecular weight of the recombinant protein of
interest, with a margin of error of 3.35%. An accuracy of 0.985052 was obtained when the
gels analyzed were homogeneous, i.e., free of errors such as smiley face distortion, breaks,
or poor staining. For gels with such errors, the accuracy was 0.91736.

The IPBBIS method enables the identification of the target protein in the gel by its
molecular weight, allowing confirmation of overexpression levels. In contrast to manual
area calculation, K-means segmentation, and Otsu segmentation, the IPBBIS approach
demonstrated the capability to detect overexpression across the entire gel, eliminating the
need to isolate specific areas as other methods require.

Thus, image profiling based on binarized image segmentation can be an auxiliary tool
to detect protein overexpression at a lower cost than other molecular techniques, helping
to ascertain whether cancer treatment is working.

Future Work

It is hoped that the IPBBIS method will be applied to identify any overexpression of
proteins present in polyacrylamide gels.

In future work, we would like to apply this methodology to detect separations in close
objects, such as a cell cluster or tissue images, and identify cellular overexpression.

Since the IPBBIS method allows the calculation of the gaps between protein bands in a
polyacrylamide gel, its application is sought in imaging samples with cells corresponding
to different stages of cancer. Since the cells increase in number during each phase, the
spaces between them decrease.
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