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ARTICLE INFO ABSTRACT

Keywords: The objective of this research is to examine the relationship between the color changes of phenol red and the
DU145 growth of cancer cells, i.e., HeLa and DU145 cells, over a specific period of time. Normal mouse skin fibroblasts
HelLa (L929 cells) were used as a reference. In this research, the color changes of phenol red due to the acidification of
1929 the cell culture medium from the growth of the cells over a period of nine hours showed potential colorimetric
gﬁenol Red characteristics of cancer cells. The color changes of phenol red were observed using visible absorbance spec-

Visible absorbance spectroscopy

colorimetric detection
normal cell culture lines.

troscopy. The transformation of the absorbance spectra into coefficients of determination against the examined
range of wavelengths created a distinctive spectral signature that signifies phenol red discoloration in cancer and

1. Introduction

The ideal pH for most cultured cells is approximately 7.4 [1].
However, cellular respiration produces carbon dioxide and lactate,
which can acidify the culture medium over time. This process can sig-
nificantly alter the microenvironment of the cells due to the small vo-
lume of the growth medium [2]. Cancer cells, on the other hand, cater
to their uncontrolled proliferation, require energy metabolism to fuel
cell division and tumor growth [3] and thus exhibit high rates of gly-
colysis that lead to the production of high amounts of lactate; as a re-
sult, their environment is acidified [4-6]. In addition, electrode-based
pH measurements between human tumors and adjacent normal tissues
are considerably and consistently lower in tumors than in normal tis-
sues. This observation is believed to mainly represent tissue extra-
cellular pH [7]. The intracellular pH (pHi) in normal differentiated
adult cells is approximately 7.2, which is lower than the extracellular
pH (pHe), which is approximately 7.4. However, compared to normal
cells, cancer cells have a high pHi of above 7.4 and a low pHe of ap-
proximately between 6.7 and 7.1 [8,9].

Phenol red is a common pH indicator that is available within most
commercial cell culture media to monitor the cellular environment.
Phenol red changes color depending on the pH level [2]. Phenol red has
been used in various colorimetric applications, such as the examination
of freshwater pH [10], the diagnosis of filarial infection [11], and the
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measurement of hydrogen peroxide produced by cells in culture [12]
and carbon dioxide pressure in carbonated liquids [13]. Phenol red has
also been applied in assisting biopsy procedures to determine Helico-
bacter pylori-infected areas for patients with early gastric cancers [14].

In this paper, the relationship between the color changes of phenol
red and the pH of the cell culture medium is used to determine the
progression of cells over 9h and the potential of this method to dif-
ferentiate between normal and cancerous cells. This research used
human cervix adenocarcinoma cells, HeLa and human prostate carci-
noma DU145 cells and mouse skin fibroblast L929 cells, with normal
cells as reference.

2. Materials and methods

Three different cell lines were used in this study: mouse skin fi-
broblast L929 cells, human cervix adenocarcinoma cells, and HeLa and
human prostate carcinoma DU145 cells. These cell lines were purchased
from American Tissue Culture Collection (ATCC), Manassas, VA, USA.
The 1929 and DU145 cells were cultured in minimum essential medium
(MEM), whereas the HeLa cells were cultured in Dulbecco’s modified
Eagle medium (DMEM). All culture media were supplemented with
10% fetal bovine serum (FBS), 1 mM sodium pyruvate, 100 U/mL pe-
nicillin and 100 pg/streptomycin. The cell cultures were maintained at
37°C in a humidified atmosphere incubator containing 5% CO, and
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Table 1
Total numbers of cells seeded.

Cell Line Initial culture Seeded cell Seeded cells
concentration (cells/ml) concentration (cells/ml)  per well
1929 1,925,000 25,025 75,075
HelLa 2,105,000 24,558 73,675
DU145 820,000 24,873 74,620

95% air. The concentration of cells was initially determined using a
hemocytometer before dilution to give uniform total cell numbers and
concentrations when seeded into 6-well plates (3 ml volume of media
per cell). The initial cell culture concentrations and diluted cell num-
bers and concentrations are given in Table 1.

The growth rate can be measured from the cell population doubling
time, the time required for a culture to double in number. The doubling
times for L929, HeLa and DU145 were 24, 18 and 40 h, respectively.
Based on the seeding number and doubling time, the estimated total
cell number after 9h of incubation (total incubation period was 33 h,
including 24 h for incubating the seeded cells) were 194744, 262577,
and 132152 for the 1929, HeLa and DU145 cells, respectively. The
calculation formula is represented by Eq. 1:

Xe = e(Tg%)Xb (@)

where DT is the doubling time

T is the incubation time

Xb is the cell seeding number

and Xe is the cell number at the end of the incubation period

The wells were replaced with fresh media prior to the spectroscopy
measurement. Fig. 1 illustrates the experimental setup for the visible
absorbance spectroscopy measurement of the (a) cultured cell lines and
(b) control samples (free of cells). The absorbance measurement of the
cultured cell lines was calibrated using an empty well. The spectroscopy
instruments used in this experiment are from Ocean Optics Inc. (Du-
nedin, Florida, USA). Prior to the spectroscopy measurement, another
5% FBS was added to all samples to increase the growth rate of the
cells, which were then kept for one hour in the incubator at 37 °C,
humidified with 5% CO, and 95% air. The illumination light source was
connected to a tungsten halogen light source, HL-2000, with a range of
emission wavelengths between 360 and 2400nm and a color tem-
perature of 2800 K. The resultant light from the interaction with the
sample transmitted through the well was collected using a retrieving
fiber. The fiber was connected to a QE65000 spectrometer with a
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spectral sensitivity between 400 and 1050 nm. However, the entire
analysis only utilized visible wavelengths between 400 and 600 nm.
The acquisition parameters for the spectrometer were set as follows:
integration time =17 ms, scan to average = 8, and boxcar width = 3.

Three wells used on each plate contained the same cell type. The
absorbance in each well was measured three times every hour, starting
from the first hour after the samples were prepared until 9 h. In addi-
tion, the microscopy images of the cells were captured using an in-
verted microscope at 100 times magnification (Olympus model
CKX41SF) to observe the morphology and distribution of cells over
time. The original color of the cultured cell lines is bright pink.

The control samples only contained medium without cells and were
prepared in a 6-well plate before they were placed in the incubator
under similar conditions and time frames as those of the cultured cell
lines prior to the absorbance spectroscopy measurement. The medium
was prepared in 9 different wells, and the sample from each well was
extracted every hour and placed in a quartz cuvette for the absorbance
measurement.

3. Results and analysis

The coefficient of determination, R? is generally used as a para-
meter to define the accuracy of a developed model. In this research, R?
was used as a tool to determine the visible spectral response, i.e., the
color changes of phenol red as the cells gradually grew over 9h of
experiment, to evaluate the potential spectral signature that can be used
to distinguish between normal and cancerous cells.

The absorbance measurement was conducted on control samples as
a reference to the generated spectral signatures for the cultured normal
and cancerous cell lines. Fig. 2 (a) shows the visible spectral absorbance
of control samples that contain only medium and phenol red (free of
cells) with distinctive pH values between 8.1 and 7.62 after 9h of in-
cubation. The spectrum at pH 8.1 represents the original acidity of the
medium, while the others are the result of color changes of phenol red
due to gradual acidification by the CO, in the incubator. Fig. 2 (b)
shows the linear relationship and direct proportionality between the
absorbance at 557 nm and the pH of phenol red, which generated a very
high coefficient of determination (R?) of 0.9892. Fig. 2 (c) shows the
spectral signature graph of phenol red based on the relationship be-
tween the computed coefficient of determination and wavelengths be-
tween 400 and 600 nm. From the graph, high linearity can be observed
between absorbance and pH for wavelengths between 510 and 580 nm
with an R? value above 0.97 and a peak response at 557 nm. The

Fig. 1. Experimental setups for the visible ab-
sorbance spectroscopy measurement: (a) The
absorbance measurement of the cultured cell
lines (i.e., L929, HeLa and DU145) through a
custom-made chamber. Three wells used on
each plate contained the same cell type. Two
sets of similar cell lines were prepared: one set
for the absorbance spectroscopy measurement
while the other set for image analysis. An il-
lustration of the light divergence toward the
well and the effective area covered by the il-
luminated light is also shown in the figure. (b)
Simplified illustration of typical absorbance
spectroscopy measurements conducted on
control samples (free of cells) through a quartz
cuvette with a 1 cm path length.
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Fig. 2. (a) Visible absorbance spectra of phenol red under different pH levels. (b) Linear regression between absorbance and pH at a wavelength of 557 nm. (c) Graph
of the coefficient determination R* versus wavelength (nm). The red data point represents the highest value of R? recorded at a wavelength of 557 nm.

absorbance and pH values are directly proportional to each other for
wavelengths between 480 and 600 nm, and a positive R? is noted in the
graph. However, for wavelengths between 400 and 470 nm, the re-
lationship between absorbance and pH reverts to inversely proportional
and is noted as a negative R? in the graph. The direct proportionality
and inverse relationship between the absorbance and pH at different
regions in the visible spectra is due to the color transformation of
phenol red from the reduction in its original bright pink color to the
slight increment in the orange appearance of the medium.

The color changes of the samples due to the growth of the cells over
time were also directly attributed to phenol red and are represented by
the visible absorbance spectroscopy data between 400 and 600 nm. The
color changes of phenol red can be attributed to the gradual

acidification of the medium by the cells and their subsequent growth in
the medium over the period of nine hours. Fig. 3 (a), (b) and (c) shows
the absorbance graph for the cultured 1929, HelLa and DU145 cells,
respectively. The major peak absorbance is located at 557 nm for all
measured spectra, similar to that of the control samples. The secondary
peak is located at 407 nm. The highest spectral peak was recorded for
the HeLa cell line with absorbance at 0.355, followed by that for DU145
with absorbance at 0.291 and that for normal mouse skin fibroblasts,
1929, with absorbance at 0.243. The spectra show a general increase in
absorbance at longer time points. This increase could be a result of the
continuous cell growth over time within the single well. However,
throughout the duration of the experiment, the color of phenol red
changes from bright pink to light pink. Hence, the spectral response
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Fig. 3. Absorbance versus wavelength data for (a) normal cells, (b) cervical cancer cells, and (c) prostate cancer cells collected for nine hours. The absorbance spectra
are the averaged values from all three wells (per plate for the same cell type). The linear regression was generated between the absorbance and time of measurement

at (¢) 435nm and (d) 557 nm.
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may not be entirely due to the absorption by phenol red because the
relationship between absorbance and time would be expected to be
inversely proportional, especially at the peak absorbance wavelength.
As a comparison, the response of the control samples (Fig. 2 (b)) shows
a direct proportionality between absorbance and pH or a supposedly
inverse relationship with time (hours) for the experiment with the
cultured cell line. Notably, from the spectroscopy experimental setup,
the value of absorbance represents the total attenuation of light through
the samples as a result of light absorption mainly by the color of the
medium and the light scattering by the cells.

Fig. 3 (d—e) shows the relationship between absorbance and time of
measurement for two distinctive wavelengths: 557 nm, which is the
peak absorbance wavelength, and 435 nm, which is the wavelength that
produced the higher R% Comparatively, for all types of cells, R* gen-
erated at the peak absorbance wavelength is much lower than that at
22 nm away from the peak. This finding is particularly obvious for the
cancer cell lines. For instance, the relationship between the absorbance
of the HelLa cells and the time of measurement only generated an R? of
0.382 at 557 nm and was capable of generating a higher R of 0.8571 at
435 nm. This result indicates that the scattering of light by the steady
growth of cells over the experimental period is strongly proportional
with the time of measurement. While the light absorption by phenol red
was expected to gradually decrease over a similar experimental period,
the resultant absorbance (i.e., absorption a 1 / time & scattering o
time) at the peak of the spectra shall distort the final values of R?.

Fig. 4 shows the values of R? produced for wavelengths between 400
and 600 nm with 5nm gaps. As expected, the peak absorbance for the
samples produced the lowest R% however, when the wavelength is lo-
cated beyond the peak toward the shoulders of the curve, the R? values
are much higher and considerably constant. This observation is in
contrast with the signature obtained from the control samples (Fig. 2
(c)), where the peak R? value is located at a similar wavelength as that
for the peak absorbance, thus strengthening the hypothesis of the role
of light scattering by the cells in the development of spectral signatures.
Furthermore, the signature in Fig. 2 does not portray sharp differences
between the peak response at 557 nm and its neighboring wavelengths
primarily because of the low amount of significant color changes in
phenol red, which occur only due to minimal acidification by CO,,
compared to those color changes in the cultured cells, particularly the
cancer cells.

Fig. 4 (a) shows the response from all 3 wells in the 6-well plate that
were prepared to initially contain a similar number of cells. From the
graph, phenol red in the L929 cells displays high consistency in re-
producing the values of R? through its color changes across the ex-
amined spectrum compared to that in the HeLa and DU145 cells. The
range of R? observed for L929 was between 0.866 and 0.833 at 555 nm,
while the range of R> was between 0.426 and 0.181 for HeLa and be-
tween 0.622 and 0.426 for DU145 at similar wavelengths. Fig. 4 (b)
shows the averaged signature for the cells. The graph illustrates obvious
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differences between the spectral signatures of normal L929 cells and
cancerous HeLa and DU145 cells due to the rapid discoloration of
phenol red for HeLa and DU145.

Fig. 5 shows the morphological difference between the normal cells,
cervical cancer cells and prostate cancer cells during one, five and nine
hours of measurement. In the image, there are changes in the number of
cells from the first hour of the experiment until the ninth hour as the
number of cells gradually increased in the medium. The growth of the
prostate cancer cells appears to be slow from the image obtained. The
increase in the number of cells contributes to the increase in the light
scattering that leads to the increment in the measured absorbance of the
sample. The scattering signal may be attributed to the nucleus, which is
often the largest organelle in the cell, and cytoplasmic organelles, in-
cluding mitochondria, lysosomes and peroxisomes, or may be produced
by all portions of the cell [15,16]. The variability in subcellular sources
of scattering may be due to the morphology and measurement condi-
tions of the cell [16]. In addition, cancer cells have larger nuclei and
more variation in nuclear size than do normal cells [17]. The light
scattering by the cells explains the high R* value produced beyond the
peak absorbance wavelength of phenol red, as shown in Fig. 3.

In summary, the ability of phenol red to change its color due to the
alteration of the pH level in the cultured cell medium can be used as a
potential colorimetric indicator for cancer cells. Analysis of nine con-
tinuous hours of visible absorbance spectroscopy data for the cultured
cancer cells, i.e., HeLa and DU145, with phenol red exhibit distinctive
signatures compared to those for the normal L929 cells. The major
changes in the phenol red color from bright pink to light pink can be
attributed to the acidification of the culture medium by the cells and is
accelerated for the cancer cells. This finding demonstrates the pro-
mising application of phenol red in cancer detection. Further research is
needed to examine the potential of phenol red to assist in the identifi-
cation of the interface between cancer and normal tissue, which may be
great assistance during surgical biopsy in the total removal of cancer
cells.
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9t Hour

Fig. 5. Morphology of normal cells, cervical cancer cells and prostate cancer cells during the first hour, the next five hours and the next nine hours of measurement
using 100 times magnification under an inverted microscope.
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