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Exploring a Human-Machine Interaction Method
Jie Li 
HFI, the Affiliated High School of South China Normal University, Guangzhou, China
lij.jack2018@gdhfi.com

ABSTRACT: Human-machine interaction (HMI) technology directly affects the experience and efficiency of computer users. 
Graphical interface first allowed us to operate machines with the ease of point-and-click and touchscreens removed the mouse 
altogether. Now, a new revolution begins as we imagine operating computers with just our heads. We intend to use the user’s head 
as a mouse, with point-and-nod instead of point-and-click. This new technology can solve shortcomings of both mice and touch-
screens. To construct a “head mouse,” an earphone is embedded with a 3-axis angular velocity sensor that follows and measures 
the head’s angular velocities in three-dimensional space. The theoretical analysis and tested data indicate that the moving direction 
and nod/shake of head movements can be identified through the polarity and value of the angular velocity of the three-axes. As 
a result, pointing is done by detecting and identifying the direction of head movements and clicking is done by identifying a nod 
motion. By using the head mouse, a more convenient HMI can be realized

KEYWORDS: Head Mouse; Pointing; Clicking; Head Movement Detection; Human-Machine Interface; Bluetooth Ear-
phone; Human Interface Device; Gyroscopen.

INTRODUCTION
Background
Human-machine interaction (HMI) technology directly 

affects the experience and efficiency of users. Every advance-
ment in HMI technology changes the IT industry. The 
graphical interface known for its implementation in Win-
dows® and Macintosh® in the computer age allowed us to 
operate a computer with a mouse.1 However, a flat surface is 
required for mice, thus making it difficult to apply this tech-
nology to small electronic products. Nowadays, mobile phones 
use touchscreens and move-and-touch rather than a mouse 
and point-and-click. As electronic devices become smaller, the 
touchscreen also becomes smaller. With this, many users find 
it difficult to press a specific key one their phone’s small, virtual 
QWERTY keyboard. In some instances, even a touchscreen 
can be inconvenient, especially for those who are drivers, fire-

fighters, or disabled. Wearing gloves also renders touchscreens 
unusable. The question of whether we can find a more conve-
nient and natural input method becomes important.

HYPOTHESIS
To solve the issues discussed above, this project intends to 

use a user’s head as a “mouse” with point-and-nod instead of 
the traditional point-and-click method. To detect the head 
movement, we initially wanted to use facial recognition tech-
nology as it is very popular. We assumed that a technology so 
mature would easily recognize head movements. However, fa-
cial recognition technology based on optical photography has 
low recognition rate in low light and results in high power 
consumption. Although Apple, Inc. used an infrared camera to 
solve the problem of low light recognition rate, it still has the 
power consumption problem. Therefore, facial recognition was 
deemed unsuitable for HMI.

Optical emitters and photo detectors or time of flight (TOF) 
sensors are also used to track the head or eyeball movement. 
These methods use infrared light or lasers to emit and reflect 
in the eyeball, which is not good for human eyes.

The most ideal technology for HMI is motion sensors 
through the installation of sensors in an earphone that follows 
head movement. Compared with eyeglasses or other wearable 
devices, an earphone is preferred because it not only tracks the 
movement of the head in the direction of the eye's sight but 
also reduces the foreign body sensation and avoids the situa-
tion in which individuals who already wear glasses must wear 
an extra pair of glasses.

By studying the characteristics of head motion while 
browsing a screen and utilizing the look-and-nod operation 
(assuming that the person is sitting or standing, the body 
is immobile and only the head moves), it is found that the 
head cannot move freely due to neck limitations. The head 

Figure 1: Conception of the head mouse, a human-machine interaction apparatus, and illustrates 
the mounting position of the angular velocity sensor in the earphone, the coordinate system used, 
and the direction of rotation of the head movement in 3D space.

ijhighschoolresearch.org
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movement is not a translation, a uniform movement without 
rotation,2 but rather it rotates around the neck. Therefore, the 
rotation sensor (also called an angular velocity sensor or 3-axis 
gyroscope) is used to detect the head motion as shown in Fig-
ure 1. 

Goal
This research aims to find an HMI method that enables user 

interaction with an electronic device by turning the user’s head 
to provide the mouse’s point-and-click functionality. 

Turning your head will cause the cursor to move with the 
distance of the cursor movement being proportional to the 
amplitude of rotation, nodding to click, and shaking your head 
to “escape” or backspace.

Conception
A Bluetooth earphone was selected as a carrier for follow-

ing head movements and a 3D rotation sensor (3-Axis Digital 
Micro Electro Mechanical Systems Angular Velocity Sensor) 
was added to the earphone to detect and sense head movement 
following the eye movement, including its direction, displace-
ment, and the nodding/shaking head action.

As long as we find a way to recognize the head movement 
direction, movement displacement, nodding and shaking head 
action, the actions can be used as a mouse. 

The remaining project parts are the standard human interface 
device (HID) processes, such as like encoding the head motion 
recognition outputs and mapping to corresponding mouse axis 
code and left or right button code.3 For example, the left and 
right movement of the head and the displacement are mapped 
to the x-axis code of the standard mouse device: +/- d, which is 
used to report the displacement of the cursor along the x-axis, 
where d means displacement, + means right movement, and - 
means left movement. Up and down head movement and the 
displacement are mapped to the y-axis code of the standard 
mouse device: +/- d, which is used to report the displacement 
of the cursor along the y-axis, where d means displacement, 
+ represents upward movement, and - represents downward
moving. Nodding is mapped to the mouse’s LEFT buttons,
and then transmitted to the mapped axis codes packed by the
standard HID protocols service to the host to be controlled via
wireless or wired connectivity. The host responds to the motion
events and dispatches the mapped axis codes to corresponding
APP to control the cursor and complete the point-and-click.
The host may be any electronic device including a cell phone,
PC, or iPad.

The 3D sensor identifies different movement directions (up/
down/left/right) via the rotation sensor. The sensor is mount-
ed in a position that its y-axis is parallel to the head’s y-axis 
and the z-axis is parallel to the pitch axis of the user’s head 
rotation. The x-axis is parallel to the roll axis of the user’s head 
to detect and recognize the head rotation. This allows for the 
motional characteristic that the head rotates around the z-axis 
when moving up and down and rotates around the y-axis when 
moving left and right.

The rotation sensor is a digital 3-axis angular velocity sen-
sor similar to the ST®  L3GD20H4, BOSCH® BMG2505, 
and NXP® FXAS21002C⁶ models. The sensor used is 3mm x 
3mm x 1 mm and has very low power consumption, which is 
different from the traditional analog angular velocity sensors 
that output analog signals. The digital sensor can directly out-
put the angular velocity value.

The angular velocity sensor reports the angular velocity 
along three coordinate axes with positive and negative signs; a 
positive value indicates rotation counterclockwise and a neg-
ative value indicates rotation clockwise. The direction of the 
angular velocity is obtained by the righthand-thread rule.

Additionally, the angular velocity sensor has a built-in high-
pass filter and a low-pass filter. This makes  it easy to delete 
the DC component of the measured angular rate and removes 
some noise interference.

The angular velocity sensor usually provides an interrupt 
function; detecting that the angular velocity value is greater 
or less than the set threshold will trigger the interruption and 
handle the event by microprocessor. The interrupt register can 
also define a detection time where once the time is reached 
and the threshold is exceeded, an interrupt is triggered. A 
practical movement and wake-up interrupt are provided for 
power management; the earphone goes into power-saving 
mode when not moving and only enters the normal working 
mode when it is rotated.4

Summary 
Based on the above conception of a head mouse, we analyzed 

the head movement characteristics of the point-and-nod op-
eration and performed an experimental verification. The tested 
data indicated that the moving direction and nodding/shaking 
of one’s head can be identified by detecting the polarity and 
value of the 3-axis angular velocity and the moving distance 
can be obtained by integrating the measured angular velocity. 
Thus, a more natural and convenient human-machine interac-
tion method can be realized because where you are watching is 
where the cursor will point.

Characteristics & Advantages 
Compared with other HMI methods, the present method 

has the following advantages:
• The operation is natural (for example, where you are

watching is where the cursor will point) because it does not 
occupy surface space when used and frees your hands to do 
other things.

• The head movement is the rotation around the
neck and the rotation angle does not exceed +/-180 degrees. 
Therefore, an angular velocity sensor that measures rotational 
motion is more suitable than an accelerometer that detects lin-
ear motion.2 

• Compared with head gesture recognition based on
optics (such as camera, optical emitters and photo transistors), 
head point-and-nod recognition based on an angular velocity 
sensor has the advantages of small size, low power consump-
tion, and low cost.

ijhighschoolresearch.org
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Case 2: Turn head right (from left to right)
When the head turns right, it rotates around the yaw axis. 

while there is no rotation around pitch and roll axes. The char-
acteristic of head turning right should be that the angular 
velocity of the y-axis is negative (indicating rotating in clock-
wise direction) and the angular velocity of the x- and z-axis is 
zero. The actual test results for case 2 is shown in Figure 3. It 
shows that the experimental results are mostly consistent with 
the theoretical analysis.

Case 3: Turn head up 
When the head turns up, it rotates around the pitch axis and 

there is no rotation around yaw or roll axes. The characteristic 
of the head should be that the angular velocity of the z-axis is 
negative (indicating rotating in clockwise direction) and the 
angular velocity of the x- and y-axis is zero. The actual test 
results for case 3 is shown in Figure 4, which show that the 
experimental results are mostly consistent with the theoretical 
analysis.

• With wireless remote operation capabilities, it is no
longer necessary to sit at a table and move the mouse or wave 
a laser pointer as well as reserve surface space for mouse move-
ment. The head mouse can be used in free 3D space to achieve 
convenience of operation.

• Instead of eyeglasses or other wearable devices, an
earphone can not only track the movement of the head in the 
direction of the eye's sight, but also reduce the foreign body 
sensation and avoid having to ask people to wear multiple 
glasses simultaneously.

RESULTS AND DISCUSSION
Based on the head mouse conception, we analyzed and test-

ed the head movement characteristics of the point-and-nod 
operation. There were six cases to analyze and test. 

The following is brief instructions for the experiment: the 
evaluation board (EVB) supplied by the sensor vendor is 
strapped onto the Bluetooth earphone and the earphone is 
worn on the head to simulate the head mouse device assumed 
in this research. The EVB is connected to the PC via a USB 
cable. The software tool attached to the EVB can be used to 
test real-time angular velocity and can automatically draw the 
angular velocity versus time curve. The evaluation kits (EVB+ 
PC software tool) were used to test data under the following 
cases.

Case 1: Turn head from right to left 
When the head turns left, it rotates around the y axis and 

there is no rotation around the pitch and roll axes. Therefore, 
the characteristic of the head turning left should be that the 
angular velocity on the y-axis is positive (indicating rotating 
in counterclockwise direction), and the measured angular ve-
locity on the x- and z-axis is zero. The test results for case 1 is 
shown in Figure 2. The experimental results are mostly consis-
tent with the theoretical analysis.

Figure 2: The measured angular velocity versus time curve of the triaxial in case of turning the 
head left.

Figure 3: The measured angular velocity versus time curve of the triaxial in case of turning the 
head right.

Figure 4: The measured angular velocity versus time curve of the triaxial in case of turning the 
head up.

ijhighschoolresearch.org
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Case 4: Turn head down
When the head turns down, it rotates around the pitch axis 

while there is no rotation around the yaw or roll axes. The char-
acteristic of head down should be that the measured angular 
velocity of the z-axis is positive (indicating counterclockwise 
rotation) and the measured angular velocity of the x- and y-ax-
is is zero. The actual test result for case 4 is shown in Figure 5. 
We can see that the experimental results are mostly consistent 
with the theoretical analysis.

Case 5: Nodding head action
When the head is nodding (moving quickly up and down), 

it rotates around the pitch axis while there is no rotation 
around yaw or roll axes. The characteristic of the nodding ac-
tion should be that the angular velocity of the z-axis alternates 
between positive and negative and the angular velocity of the 
x- and y-axis is zero. The actual test result for case 5 is shown in
Figure 6. The experimental results are mostly consistent with
the theoretical analysis.

Case 6: Shaking head action
When the head shakes (moving quickly left and right), it 

rotates around the yaw axis while there is no rotation around 
the pitch or roll axes. The characteristic of the shaking action 
should be that the angular velocity of the y-axis alternates be-
tween positive and negative and the measured angular velocity 
of the x- and z-axes is zero. The actual test result for case 6 is 
shown in Figure 7. We can see the experimental results are 
mostly consistent with the theoretical analysis.

DISCUSSION
We found the results were slightly different from our ex-

pectations. For example, when the head turns left, theoretical 
analysis shows the measured angular velocity of the x- and 
z-axes should be zero. However, it was not zero but had a cer-
tain amount of change. There are two reasons for this. One is
that when the head turns left, it is difficult to ensure that the
head is only translated (moved horizontally, a movement with-
out rotation) because there may be up and down movements.
Another reason is that it is difficult to guarantee the rotation
sensor is mounted in a position such that the x-, y-, and z-axes
are parallel to the roll, yaw, and pitch axes of the head, respec-
tively. Using the experimental data, however, when compared
with the large change in the y-axis angular velocity, the angular
velocity of the x-axis and z-axis changes very little, which is
easily distinguishable. By setting a certain threshold we can
filter out these effects.

The angle information is obtained by integrating the angular 
velocity. Although the angular velocity sensor has a built-in 
high-pass filter and low-pass filter for removing noise inter-
ference, slight deviations in the angular velocity signal causes 
a cumulative error after the integral calculation. This error will 
gradually increase with time. To eliminate the cumulative er-
ror of the gyroscope, it can be calibrated through the angle 
information obtained by another acceleration sensor. For this 
project, the gyroscope angular velocity sensor in the 6-axis 
inertial measurement unit (3-axis digital accelerometer and 
3-axis digital gyroscope 2-in-1 component) is used to identify
the head’s rotation angle and an acceleration sensor is used to

Figure 5: The measured angular velocity versus time curve of the triaxial in case of turning the 
head down.

Figure 6: The measured angular velocity versus time curve of the triaxial in the case of nodding 
head.

Figure 7: The measured angular velocity versus time curve of the triaxial in case of shaking head.

ijhighschoolresearch.org
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The amplitude of rotation(θ) is used to determine the cursor 
movement.

For nodding, if the measured angular velocity of the z-axis 
in a certain duration exceeds a certain threshold value, then 
the polarity alternates between positive and negative. If this 
is true and the angular velocity of the x- and y-axis changes 
little, then the movement of the nodding is considered to have 
occurred. This is expressed as:

For shaking, if the measured angular velocity of the y-axis 
in a certain duration exceeds a certain threshold value, then 
the polarity alternates between positive and negative. If this is 
true and the angular velocity of the x- and z-axis changes little, 
then the movement of the shaking head is considered to have 
occurred. It is written as the expression:

CONCLUSION
This project found a method to recognize head movement 

direction, displacement, and nodding/shaking actions. It can 
be used to construct a “head mouse”. Pointing is obtained by 
detecting and identifying the direction of head movements; 
clicking is obtained by identifying a nodding motion. This 
utilizes look-and-nod motions instead of point-and-click 
motions with a mouse. Through this method, a more natural 
and convenient human-machine interaction method can be 
realized, in which the direction you are watching is where the 
cursor will point.	   

METHODS
Procedures
We purchased demonstration and evaluation kits from the 

vendor of angular velocity sensors (NXP Semiconductors, ST 
Microelectronics, and Bosch Sensortec GmbH). The kits in-
clude a sensor daughter board and an MCU controller board 
with a USB port. The kits communicate via USB with a host 
computer and provides a visualization software tool to support 
the collection and analysis sensor data through the MCU con-
troller board combo connected to a computer via a USB port. 
This enables quick visualization of sensor data  based on the 
pre-configured sensor settings in the firmware. The real-time 
sensor evaluation enables easy changes to critical sensor set-
tings and data logging during sensor demonstrations. The 
register level interface provides a register map for the sensors 
thus allowing quick reading and writing of different register 
bits and enabling detailed sensor evaluation.⁷

The evaluation board (EVB) is strapped to a Bluetooth ear-
phone and is  worn with an earphone to simulate the head 
mouse device assumed in this research. The earphone used 
in this experiment only serves as a fixed carrier to follow the 
movement of the head without any electrical connection. The 
EVB must be mounted in a position such that the y-axis of 

calibrate. The joint implementation ensures the stable recogni-
tion of the head’s rotation angle.

Summary
According to the above theoretical analysis and experimen-

tal data, we can develop a recognition method of the head 
point-and-click. 

For movement left, if the measured y-axis angular velocity in 
a certain duration exceeds a certain threshold value, then the 
polarity is positive. If this is true and the angular velocity of the 
x- and z-axis change is small, then the head is considered to be
turned left. This is expressed as:

For movement right, if the measured y-axis angular velocity 
in a certain duration exceeds a certain threshold value, then 
polarity is negative. If this is true and the angular velocity of 
the x- and z-axis change is small, then the head is considered 
to be turned right. This is expressed as:

For movement up, if the measured angular velocity of the 
z-axis in a certain duration exceeds a certain threshold value,
then polarity is negative. If this is true  and the change in an-
gular velocity of the x- and y-axis is small, then the movement
of the head up is considered to have occurred. This is written
as the following expression:

For movement down, if the measured angular velocity of the 
z-axis in a certain duration exceeds a certain threshold value,
then polarity is positive. If this is true and the angular velocity
of the x- and y-axis changes little, then the head is considered
to be down. This is written as the following expression:

It is also necessary to detect the displacement of the head 
movement to determine the distance that the cursor will move. 
Since the head moves with the neck as the axis of rotation (see 
Figure 1), the distance is the radians of the head's rotation. 
This is obtained by integrating the measured angular velocity.

The definition of angular velocity is:

ijhighschoolresearch.org
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the sensor is parallel to the yaw axis of the user’s head rotation, 
the z-axis is parallel to the head’s pitch axis, and the x-axis is 
parallel to the head’s roll.

We powered on the EVB and ran the software tool attached 
to the kits. After initializing the various registers of the sensor, 
you can measure the angular velocity in real-time. Since it can 
directly draw the angular velocity versus time curve, we just 
turn the head in left/right/up/down directions, nod or shake 
head to simulate the point-and-nod operation and export the 
angular velocity versus time curve in different test cases.

The experiment needed to control the initialization parame-
ters registers setting such as the following: X/Y/Z axis enable; 
power mode: normal mode; high Pass filter mode: enable, high 
pass filter cut off frequency:16Hz; ODR(Output Data Rates): 
60Hz;  interrupt: enable.
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What Is the Effect of a Mixed Culture of Pseudomonas luorescens and Anabaena on the Degradation 
of Polyvinyl chloride?

Ojas Kalia
Middleton High School, 16122 Colchester Palms Drive, Tampa, Florida, 33647, United States
ojaskalia@gmail.com

ABSTRACT: As our use of plastics continues to increase, the difficulty in degrading these plastics when they reach natural 
waterways increases as well. The degradation of polyvinyl chloride plastic (PVC) in particular, has posed difficulties for researchers 
as PVC’s even balance of electrical charges complicates the degradation process. The objective of this study was to expose two bac-
teria - Pseudomonas fluorescens and Anabaena - to each other to produce an increased supply of energy for a more effective method 
of degrading PVC. To test this, samples of PVC cloth were massed before and after exposure to these two samples of bacteria to 
determine if degradation was present or not. After undergoing these trials, the methodology demonstrated that the proposal to 
expose both bacterium to each other to attempt to degrade PVC was a success, as the degradation rates of this combination of 
bacteria surpassed previous degradation rates of PVC in the field.

KEYWORDS: Bioremediation; environment; Polyvinyl chloride; Pseudomonas Fluorescens; Anabaena; degradation; Oxygen; 
Carbon Dioxide.

INTRODUCTION
Globally, humans produce over 200 million tons of plas-

tic per year.1,2 Of this, it is estimated that 91% of this plastic 
isn’t recycled.3,4 Plastics that aren’t recycled often end up in 
landfills, where the chemicals permeate the ground as a re-
sult of exposure to UV light from the sun, posing dangers to 
our air and soil. Additionally, much of this plastic ends up in 
our waterways: in oceans, lakes, and rivers. It is estimated that 
almost 8 million metric tons of plastic finds its way to our 
oceans every year.5 When these materials enter our water, they 
disperse harmful chemicals that disrupt the ecosystems with-
in the ocean. Among these plastics, polyvinyl chloride (PVC) 
has been identified as an extremely hazardous plastic due to 
the severity of its degradation effects. Upon degradation, it 
leaches chlorinated organic compounds such as organotin and 
dimethyltin into the water, which are substances known to be 
toxic to an organism upon ingestion or exposure.⁶

Polyvinyl chloride is created when the polymerization of 
initiator compounds and Vinyl Chloride Monomer (VCM) 
droplets occurs. This starts a chain reaction, which forms the 
basic monomer of PVC. After water is removed from this 
structure, polymerization can occur further, and the final 
product is formed. The even spread of hydrogen and carbon 
particles throughout common PVC products such as food 
packaging, water pipes, and medical devices makes it difficult 
for PVC to be degraded naturally.⁷

Researchers have investigated alternative pathways and 
conditions that can enhance the degradation of PVC. For ex-
ample, photodegradation has been linked to the degradation of 
PVC, as scientists have found that the UV rays emitted by the 
sun can degrade the polymers in PVC. Certain experiments 
have even found a link between the degradation of PVC and 

increased heat, as thermal degradation studies have shown that 
PVC mass decreases under temperatures greater than 250 de-
grees.⁸ The field of bioremediation has proved to be one of the 
most promising. Using bioremediation, scientists have investi-
gated the possibility of using bacteria to break apart the chains 
within plastic structures. Considering the scale of this problem 
in oceans, this solution  could be one of the most effective and 
feasible possibilities if properly executed. 

Specifically, experiments such as the well-known trials with 
Anand Chakrabarty’s superbug in 1971,⁹ have demonstrated 
the possibility for a bacterial strain that could degrade differ-
ent forms of plastic by simplifying the structures holding the 
plastics together. These experiments have advanced the pos-
sibility for a solution to the plastics within our oceans using 
bioremediation. In this instance, this experiment served as a 
steppingstone for other projects to investigate the effects of 
bacterium in trying to degrade the plastic that is present with-
in the ocean waters. For example, in 2016, a great advancement 
within the field was made, as a group of scientists in Japan 
discovered the specimen Ideonella sakaiensis 201-F6 which 
was capable of degrading plastic using only the structure of 
plastic as its sole energy source.10 It utilized an enzyme called 
PETase, which simplified the structure of the plastic and al-
lowed for the degradation process to occur solely based on the 
structure of the plastic alone. Just a few months later, scientists 
improved upon the invention using genetic engineering, mak-
ing the degradation process more effective.  

Yet, even with thousands of experiments analyzing the pos-
sibilities of using bacteria to degrade plastic, an underlying 
problem has halted the possibility for these bacteria to be inte-
grated into an aquatic environment: competition. When these 
bacteria are tested within a laboratory setting, researchers of-
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ten provide a constant supply of substrate within the agar the 
bacteria are cultured in, such as glucose or peptone to assist 
in the degradation process, which are not resources that are 
always available within a natural setting. Bacteria in our oceans 
meet an unprecedented level of competition from other bac-
teria. This competition from other bacteria limits their access 
to resources such as oxygen, an electron acceptor vital to the 
degradation process, which in turn halts the breaking down of 
the plastic.   

This lack of resources has trumped the possibility of utiliz-
ing such bacteria that have evolved to possess characteristics 
to degrade PVC as these bacteria are not able to break down 
the plastic without access to these resources. Figure 1 demon-
strates this by modeling the release of chloride atoms within 
bacterial degradation of plastic. This figure demonstrates the 
limitation of bacterial degradation within the natural environ-
ment by illustrating the drop phase, or the phase where release 
of chloride atoms (an indicator of plastic degradation) be-
comes stagnant.11 This phase demonstrates the scenario where 
a result of a lack of natural resources, such as an energy source 
or an electron acceptor such as oxygen, stalls the plastic deg-
radation process.

In relation, this project aims to modify the relationship that 
a bacterium has with its surroundings by introducing another 
specimen of bacteria to continuously supply oxygen, an elec-
tron acceptor vital to degradation, so that the bacteria capable 
of PVC degradation can overcome this drop phase even within 
the natural environment. Pseudomonas fluorescens is a bacteri-
um that has been labeled as capable of degrading PVC plastic. 
However, without a presence of oxygen, it is not able to com-
plete the process of degradation. Anabaena is a cyanobacteria, 
or a blue-green algae species, that produces oxygen as a by-
product. It requires carbon dioxide (CO2) to produce oxygen. 

Pseudomonas fluorescens produces carbon dioxide as a byproduct 
of its natural processes. By coupling these bacteria together 
within a sample, we can effectively create a source of energy 
between the two that allows the Pseudomonas fluorescens bacte-
ria to degrade plastic within our waters without interruption 
due to competition from surrounding microbial life within the 
water.

Therefore, we hypothesize for this experiment  that if the 
cyanobacterium Anabaena and the soil bacteria Pseudomonas 
fluorescens are exposed to each other through a mixed culture, 
they will be able to more effectively degrade polyvinyl chloride 
(PVC) plastic than Pseudomonas fluorescens alone.

RESULTS AND DISCUSSION
In the collection of data, it was found that the total dif-

ference in weight was greater in the samples that contained 
both the Pseudomonas fluorescens and the Anabaena versus the 
Anabaena alone and the samples that did not contain bacteria. 
Differences between the mass of the PVC squares within each 
group (Pseudomonas fluorescens and Anabaena, Pseudomonas flu-
orescens, and no bacteria present) were present, but an overall 
trend was consistent between each group. This is demonstrated 
in Table 1, where the weight of the weight boat, the weight of 
the plastic before and after exposure, and total differences in 
weight of the PVC are listed.

The first column of values demonstrates the weight of PVC 
prior to any exposure with bacteria. This value is then fol-
lowed by the weight of the weight boat that the PVC cloth 
was placed within to mass it after it was exposed to the bac-
terium. The weight of the boat and the cloth together is also 
shown. The total difference in the last column shows the 
difference in the value of the weight of the PVC before and 
after exposure to bacteria. It demonstrates a change present 
in all samples. However, the change is much more visible in 
the sample containing Pseudomonas fluorescens and Anabaena 
versus the samples citing only the Pseudomonas fluorescens or 
no bacteria at all. For example, differences such as 0.0031 were 

Figure 1. Shows the four phases of plastic degradation first introduced by Asha Yabannavar and 
Richard Bartha in 199312 modeling the limitations of bacterial degradation as a result of a lack of 
energy within the environment.

Table 1. Demonstrates the weight of the PVC before and after exposure to bacterial strains after 
exposure to bacterial strains.
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only present when both strains were present.  Figure 3 adds 
to significance of these values by modeling degradation as a 
percentage of the initial weight.

To truly acknowledge all possibilities of error within cal-
culations, Figure 2 demonstrates the percent of degradation 
rather than just the difference in weight. Different weights of 
PVC could have increased or decreased rates of degradation 
(as PVC squares with greater surface area are more susceptible 
to degradation), and so the percentage of the degradation was 
a necessary addition. This model demonstrates that the per-
centage of degradation for both strains of bacterium (5.85% 
average rate of degradation) was constantly greater than the 
rate of degradation for just one strain of bacteria (4.6% av-
erage rate of degradation) and the percentage of degradation 
for samples without bacteria (3.5%). These differences between 
percentage of degradation are statistically significant. This was 
calculated using a two sample T-test where the p-value be-
tween a comparison of percentages of degradation between 
samples of the groups was calculated to by 0.00627, which was 
lower than the assigned significance level of 0.01. By adding 
this comparison, the hypothesis is supported further. Figure 3 
attempts to test if possible confounding variables, such as the 
differing weights of the PVC squares used for each sample, 
could have significantly impacted these values.

Additionally, to ensure the reliability of the results, an 
analysis to test how uniform the squares of PVC were, was 
necessary. If the weights of each square were not uniform, 
then the degradation rates could have been influenced by the 
different weight of the squares. To ensure this was not the 
case, a linear regression line analysis was done to demonstrate 
the uniformity between the weight of the PVC squares. This 
test aims to better understand if the differences between the 
weights of the PVC squares are statistically significant or not. 
If the differences in the weights of the squares are not statis-
tically significant, then it demonstrates that the possibility of 
the differences between the weight of each PVC square being 
a confounding variable within the experiment is limited. How-
ever, if they are statistically significant, then the differences in 
the weight of the PVC squares could lead to changes in the 
percentage of degradation.  The result of this analysis was that 
the differences between the weights of the different groups 
of PVC squares were not significant, as the differences of the 
weights yielded a p-value of 0.4464, which was greater than 
the significance level of 0.01. Therefore, the validity of measur-
ing the difference of weight between the PVC squares remains, 
as the weights of the cloth itself will not cause a significant 
change within the results. Lastly, Figure 4 attempts to inves-
tigate if differing weights between the weight boats utilized 
could have significantly changed the results as well.

A linear regression analysis between the weight of the weight 
boats and the total difference in weight was also conducted, as 
a test to see if the differences of the weight of each weight 
boat had any effect on the resulting difference in weight for 
the PVC squares. In the end, a value of r= -0.16 demonstrated 
that such a correlation was not present. Therefore, the weights 
of the weight boats did not impact the weights of the PVC 
squares; it was the degradation process itself that resulted in 
the changes in the plastic.

Figure 2. Demonstrates the changes in the mass of the PVC cloth during the experimental trials, 
calculated as the average of the 5 trials.

Figure 3. Models the average percent of degradation for different samples by dividing the starting 
weight of the PVC to the weight after exposure.

Figure 4. Demonstrates a linear regression analysis between the weight of the weight boats for 
the samples with Pseudomonas fluorescens and Anabaena and the total difference in weights (in 
grams).
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DISCUSSION 
Selection of Weight as a Factor to Measure Degradation 
The mass of the individual PVC squares was utilized as the 

dependent variable to demonstrate the different rates of deg-
radation for each sample. The weight of each sample should 
decrease as a result of the degradation of the phthalates that 
are a part of the industrial plastic structure. This degrada-
tion also releases chloride atoms as well, which furthermore 
supports the idea that the degradation of plastic leads to the 
loss of weight within each PVC square. Weight has been uti-
lized as a measuring factor within several experiments testing 
degradation as well.13 However, an addition of a quantitative 
way to measure the oxygen present in the tubes, such as the 
use of Durham Tubes, would provide a great deal if insight 
into the processes occurring in the test tube themselves. The 
study of the level of oxygen in the tube would demonstrate the 
activity of the Anabaena, which would produce information 
that would either better clarify the results in this experiment. 
Looking towards continuations of this project in the future, 
such a method will be utilized.

A Comparison of the Results of the Mixed Culture and the Pseudomonas fluorescens 

Strain Alone
Within the actual results of the experiment, it was evident 

that the culture that had contained each bacterium was more 
successful in degrading the PVC than the samples containing 
just Pseudomonas fluorescens alone or no bacteria at all. Within 
the actual measurements of the weight, an average difference 
in weight for samples containing both bacterium was 0.00188 
milligrams (with a standard deviation of 0.0011 milligrams), 
the average difference in weight with one bacteria within the 
sample was 0.0014 milligrams (with a standard deviation of 
0.00015 milligrams), and average difference in weight for no 
bacterial samples was 0.00106 milligrams (with a standard 
deviation of 0.0029). The differences between all three treat-
ments were significant.

Statistical Analysis to Validate Results 
First, to assess the reliability of the conditions set by the 

methodology of the experiment, significance values were test-
ed between the PVC squares of each group. If the differences 
in weight between the PVC squares of the groups were statis-
tically significant, then the results of the experiment would be 
invalidated, as the differences in mass of PVC squares across 
groups would interfere with the percentage of mass of degra-
dation when compared to the original mass of the PVC square 
from group to group. The presence of an increased amount of 
PVC within samples could also lead to an increased level of 
degradation between certain samples. To ensure that this was 
not present within the experiment, a paired T-test was created 
to test the statistical significance of the differences. The null 
hypothesis stated that the difference of the two groups of PVC 
squares would equal zero, while the alternate hypothesis stated 
that the differences between the groups would be greater than 
zero. However, a p-value of 0.4464, which is greater than the 
assigned significance level of 0.01, led to the conclusion that 

the differences between the squares were not significantly dif-
ferent, and that the trials would not be impacted by the weight 
of the squares significantly.

Additionally, another paired T-test was created to analyze 
whether the results of the trials supported the hypothesis or 
not. The null hypothesis within the test was that the rate of 
degradation by the Pseudomonas fluorescens alone would equal 
the rate of degradation by the Pseudomonas fluorescens and the 
Anabaena together. The alternate hypothesis, therefore, was 
that the difference in the weight of PVC squares in the groups 
of both bacteria together minus the Pseudomonas fluorescens 
strain alone would be greater than 0. Since the p-value yielded, 
where p=0.00627, is less than the significance level of 0.01, 
the null hypothesis can be rejected, and the alternate hypoth-
esis can be accepted. This proves that the rate of degradation 
exemplified by the mixed culture of bacteria was statistically 
significantly higher than the rate of degradation conducted by 
the Pseudomonas fluorescens strain alone, supporting the origi-
nal hypothesis of the experiment.

To further show the validity of the methodology, a linear 
regression analysis between the weight of the weight boats 
and the outcome of the differences in weight in the samples 
containing both bacteria was conducted. It could be inferred 
that if such a correlation existed, then the weight of the weight 
boats could have influenced the differences in the weight to 
of the PVC squares due to the differing weight boats for each 
sample changing the mass of the measurements. Yet, within 
this test, it was shown that a value for r=-0.16 demonstrated 
that there was no correlation present between the two vari-
ables, and therefore, the differences in weight were a result of 
the degradation itself, not a result of the differing weights of 
the weight boats.

Importance of Results and Future Outlook
The results of this experiment are important to the issue of 

plastics ending up in our oceans because they provide evidence 
for the use of bacterial degradation as a possible solution. Bac-
terial degradation is integral in trying to rid our waterways 
of plastics as bacteria can use the structures of these plastic 
materials as energy and break them down naturally. This could 
lead to a massive cost reduction in our current efforts and allow 
us to apply this solution to all waterways, not just a specif-
ic area.  The underlying problem with an approach involving 
bacteria has been the lack of energy that these bacteria can 
acquire when trying to degrade complex structures. This study 
shows that by coupling two strains of bacteria, we can supply 
a more plentiful source of oxygen for bacteria capable of de-
grading plastic. It allows these bacteria to degrade the plastic 
without nearly as much competition from the environment, 
which leads to a more efficient process of degradation. These 
findings could allow us to replicate the success that we have in 
laboratories with plastic degradation in our aquatic environ-
ments as well, which could be a huge step forward for the field 
of bioremediation.

In a wider context, this study is useful to national govern-
mental agencies such as Environmental Protection Agency 
(EPA) as the agency has sponsored several different projects 
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to try to clean up the plastic debris within our oceans.14 The 
application of research could potentially change the approach 
utilized within these projects, as rather than investing in large 
capture devices - as the EPA currently does for its local proj-
ects15 the agency would be able to apply the projects to a larger 
scale and still cut costs with the application of these two bac-
teria. Such a fact would make the results relevant to people on 
a local scale as these bacteria are both biosafety level (BSL) 
1, meaning with proper precaution they can be utilized by 
people other than just scientists and researchers. Local people 
could contribute to the project in a much bigger way if these 
solutions are implemented simply by investing in a possible 
product that uses the combination of these bacteria to clean 
up plastic waste within waterways. However, before such ideas 
are implemented, it is necessary to try to expand the scale of 
this experimentation. The use of these two bacteria to degrade 
plastic must be first tried within nature, as several experiments 
involving bioremediation to degrade plastic often demonstrate 
promising results within the lab but do not work within nature. 
It is necessary to scale up the number of samples within the 
trials as well as the time period that the plastic is exposed to 
both bacteria to better understand and interpret the results.

CONCLUSION
Using multivariate methods to analyze the results, a conclu-

sion can be drawn stating that the hypothesis was supported 
by the experiment. Specifically, the statistical significance be-
tween the variables was less than 1% (0.0627% was the exact 
value), demonstrating that the correlation between the conju-
gation between both bacterial samples led to increased PVC 
degradation.

Additionally, beyond just the statistical significance, a 
substantive significance was shown in this experiment by pro-
jecting the data over time.  Considering that the difference 
between both bacteria and just one bacterium was statistically 
significant in just a span of five days, the difference between 
the rates of degradation of both bacteria in the sample versus 
just one bacteria in the sample of the bacteria could continue 
to increase over time. This data modeled that the correlation 
between the variables was casual, or that the degradation level 
of both bacteria was a result of both working together on the 
PVC sample, not just the result of one bacterium. However, to 
further prove this, future trials will be conducted with a control 
group of Anabaena as well. This will assist in the understand-
ing of the results within these trials, and better understand the 
roles that each bacterium plays in the degradation process.

Within this experiment, it was concluded that the combina-
tion of both strains of bacteria together could assist each other 
in overcoming the limitations of plastic degradation caused 
by competition in the environment. Looking towards the 
substantive meaning of this finding, one can state that if uti-
lized properly in the future, the combination of both strains of 
bacteria together in one sample could open new doors for the 
bioremediation of complex plastics such as polyvinyl chloride.

Materials and Methods
Fifteen test tubes were required for this experiment, each 

with test tube caps to ensure that the oxygen produced is 

trapped within the tube. 500 ml of liquid agar broth was made 
and was stored in a 37-degree Celsius freezer to ensure that 
the agar allowed for the growth of both bacteria. Two strains 
of bacteria, Pseudomonas fluorescens and Anabaena were used, 
each of which was ordered from Carolina Biological. A PVC 
tablecloth was used because it was made of 100% polyvinyl 
chloride. An autoclave and a 70% ethanol solution were used 
to sterilize all substances that were touched by the bacteria. A 
vortex mixer was used to continuously mix the strains while 
they were degrading the PVC to ensure that the samples of 
bacteria interacted with each other. Finally, the experiment 
was conducted in a Biosafety level 1 laboratory under a lami-
nar hood to prevent any possible airborne contamination.

Methodology
Using sterilized scissors, the PVC bath cloth was cut into 

squares of length 1 cm x 1 cm to obtain a total of 15 squares. 
The PVC cloth squares were then disinfected by rinsing them 
with ethanol and allowing them to sit for 5 minutes. Then 
the sheets were labeled by writing the letter “B” on the first 
five sheets, “O” on the next five, and then “N” on the last five. 
Each group of five sheets was numbered from 1-5 randomly. 
Then, the mass of these squares was measured on the analytical 
balance. After massing, the PVC sheets were placed into an 
airtight bag using autoclaved forceps.

Next, using a bulb pipette, 13 mL of liquid agar broth was 
pipetted into each tube. At the end of this procedure, 15 test 
tubes containing liquid agar broth were present, and the test 
tube caps were placed on the tubes.

The first five test tubes were labeled with the letter B (which 
represented the sample for “both strains”) and then a number 
from 1-5 depending on the order that tube was picked up. The 
next five were marked with the letter O for “one strain” along 
with numbering from 1-5 and then the next five.

Next, the inoculating loop was flamed over the Bunsen 
burner to ensure the removal of the contaminants. The loop 
was placed within the bacterial vial containing Pseudomonas 
fluorescens and used to scoop a portion of bacteria from the 
test tube. This process was repeated until all test tubes with 
the letter “O” contained the Pseudomonas fluorescens bacterium.   

Then, the metal inoculating loop was flamed once more and 
used to pick up bacteria from the test tube containing “Pseu-
domonas fluorescens”. This bacterium was added first to the tube 
labeled “B1”. Next, the loop was flamed once more used to pick 
up a small portion of bacteria from the “Anabaena” vial. The 
inoculating loop was also added to the test tube labeled B1 and 
stirred. This process was repeated until all test tubes with the 
letter B contained both samples of bacterium.

The last five test tubes were not exposed to any bacterial 
samples since these samples would serve as controls for the 
experiment.  

After, the test tube caps of all fifteen test tubes were removed, 
and 1 PVC cloth square was added to each tube, depending on 
the number and letter was labeled as. For example, the square 
with the labels “B1” was added to the test tube labeled “B1” 
and so on. All the test tube caps were placed back on after the 
squares were added, and the test tubes were placed within a 
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beaker and covered by an autoclaved piece of foil. The beaker 
was then placed on the vortex machine, and vortexed at a speed 
of 100 rpm-for 5 days, as demonstrated within Figure 2.

After 120 hours, the test tubes were removed from the bea-
ker covers. Using another pair of autoclaved forceps, all 15 
PVC cloth squares were removed from each tube and placed 
in a 70% ethanol solution. After washing and letting the sheets 
dry, each sheet was massed.
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The Optimization of Lead Absorption in Contaminated Water Through Anhydro Galacturonic Acids in Various 
Citrus Peels
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ABSTRACT: Lead poisoning is a severe health condition that impacts around 240 million people annually worldwide, es-
pecially in developing nations and regions such as India, Africa, and South America. Furthermore, fruit peel wastes are found 
in abundance in underdeveloped nations at low costs and have a chemical makeup that may absorb lead in an environmentally 
friendly way. It was hypothesized that the pectin concentrations in fruit peels would be directly proportional to the lead absorp-
tion, therefore causing grapefruit pectin to absorb the most lead, because more pectin signifies greater availability of the chelating 
agents that allows the polysaccharide to more effectively bind to lead ions. This study tested a sustainable and cost-effective meth-
od to create a filtration system that purifies lead contaminated water through the use of anhydro galacturonic acid from various 
citrus fruits. Anhydro galacturonic acid, the main component of pectin, extracted from citrus peels was tested for lead adsorption 
using a percent absorption analysis. Each type of pectin was successful in absorbing a significant percent of lead from the initial 
solution with respect to the control group; however, grapefruit peels had the greatest percent absorbance for lead since they con-
tained the greatest amount of anhydro galacturonic acid, as the hypothesis predicted.

KEYWORDS: Filtration; Lead Contamination; Water Purification; Pectin; Citrus Peels; Anhydro Galacturonic Acid.

INTRODUCTION
Lead poisoning is one of the most severe and common dis-

eases, accounting for nearly 0.6% of global diseases.1 Lead, a 
heavy metal found in the earth’s crust, is used in many day-
to-day products. Widespread use of lead combined with an 
increase in globalization has resulted in the environmental 
contamination of lead in large bodies of water, leading to se-
rious health concerns worldwide. The ramifications of lead 
poisoning have proliferated exponentially through the col-
lective consumption of the food chain, exposing humans to 
serious health consequences. With respect to the worldwide 
epidemic of lead contamination, The World Health Organi-
zation estimates that 240 million people around the world 
are overexposed to dangerous lead concentrations.  Of those 
impacted 99% are found in developing nations in  Africa, 
South America, and some parts of India and account for ap-
proximately 853,000 deaths annually.2 Lead toxicity affects 
all populations, however, young children are more susceptible 
to its effects and can suffer from permanent adverse effects to 
their cognitive development.2 Adults exposed to toxic levels of 
lead have a higher risk of developing  high blood pressure as 
well as kidney damage.3 For these reasons, preventing lead ex-
posure is an important issue in the international public health 
community; however, this proves to be a difficult task as global 
production of lead is continuously increasing as nations con-
tinue to industrialize. 

Current solutions to lead contaminated water come in vari-
ous forms ranging from gravity filters, reverse osmosis systems, 
faucet mount filters, to distillers. However, it is important to 
consider that these technologies are not sustainable in rural 
communities in developing nations. The use of pectin to bind 

to lead ions could be a viable form of water filtration in these 
developing countries, since it is known that pectin has capabil-
ities of binding heavy metal ions. Food products such as some 
pectin rich fruits and vegetables have been studied for their 
biosorption capacity, which led to the proposed method of uti-
lizing the pectin in fruit peels to filter lead from water. When 
considering the environmental sustainability of fruit peels, 
they are commonly found in underdeveloped nations at low 
costs and with significant availability. Fruit peels are frequently 
used in compost or disposed of within these countries, so their 
utilization as part of our solution would come at no cost. For 
example, fruit and vegetables make up 39% of food waste in 
the US.5 This is why, when considering that the majority of 
the infected populations are from impoverished communities, 
sustainable goods such as fruits prove to be promising solu-
tions for lead poisoning. Contaminated water poses a risk to 
children’s development and the health of adults; therefore, it is 
urgent to find a solution to water pollution. The use of pectin 
could be the first step to reaching an easily accessible means of 
filtering lead contaminated water.

The goal of this research project is to create a lead filtration 
system for environments with lead contaminated water using 
anhydro galacturonic acid - also known as pectin - found in 
various citrus fruits. We initially hypothesized that if pectin 
significantly reduces lead concentration, it can be used as an 
alternative cost-effective and sustainable filtration system. We 
also hypothesized that as the pectin concentration of a fruit 
increases, its ability to absorb lead will also increase due to the 
heightened amount of chelating agents binding to the metal 
ions. If pectin from grapefruit, orange, and lemon is placed in a 
lead solution, it was predicted that the grapefruit pectin would 
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absorb the most lead because it contains the greatest concen-
tration of anhydro galacturonic acid which is 0.65%.6 Oranges 
only contain 0.57% while lemons contain 0.63% pectin.⁷ 

RESULTS AND DISCUSSION
To test the hypothesis, nine oranges, nine lemons, and three 

grapefruits were peeled and placed in separate pots that con-
tained two liters of water. The pots were boiled and filtered to 
separate the anhydro galacturonic acid from the peel-water sys-
tem. Dried peels were added to the pectin solution to increase 
the surface area and porosity to allow for better absorption of 
the lead. The pectin was then immersed in lead nitrate for 24 
hours to allow for absorbance of the lead ions, and the remain-
ing solution left behind was reacted with potassium iodide. 
The yellow precipitate, lead iodide, was dried and massed. The 
change in moles of lead indicated the amount of lead absorbed 
by the pectin within the fruits, and the average percentage of 
lead absorbed for each fruit pectin was calculated. 

When considering the results of the experiment, the orange 
pectin absorbed approximately 75.52% of the original lead, 
lemon pectin absorbed approximately 54.36%, and grapefruit 
absorbed approximately 77.92%. The pectin from the grape-
fruit absorbed the greatest percentage of lead, while the orange 
absorbed the least, excluding the control. The control group 
absorbed approximately 0% of the original amount of lead, as 
the amount of lead remained the same before and after the 
reaction took place. The pectin in each fruit successfully re-
moved lead from the lead nitrate solution, implying that using 
a pectin-based filtrations system, it can be expected to remove 
approximately 80% of the lead found in contaminated water 
(Figure 1).

CONCLUSION
In conclusion, the hypothesis that grapefruit pectin would 

absorb the most lead was supported by the data: the grape-
fruit was able to remove about 78% of the lead, more than 
orange and lemon peels. The higher absorption capacity of the 
grapefruit is due to a greater concentration of pectin present in 
grapefruit peels compared to the other citrus fruits that were 
utilized. As stated in the hypothesis, grapefruit has a 0.65% 
concentration of the sugar which is greater than the concen-
trations found in orange and lemon. Even though grapefruit 
had the greatest absorption, orange absorption was close in 
percentage due to the overlapping of their error bars. There-
fore, the absorption of lead using grapefruit and orange was 

not significantly different. Because of this, the experiment con-
tradicted what was hypothesized based on the level of pectin 
found in orange and lemon peels. The second highest pectin 
content based on background research was in lemon which ab-
sorbed the least amount of lead (excluding the control). There 
are multiple hypothetical reasons for this occurrence. One 
of the reasons could lie in the differences in surface area of 
each fruit. As surface area increases, the adsorption capacity 
also increases. Orange peels have been found to have a high 
surface area through the use of Langmuir Isotherm Models 
and Freundlich models and demonstrate a high capacity for 
absorbing lead ions.⁸ Another reason that orange was effective 
at absorbing lead ions could lie in the ripeness of the fruit. In 
this experiment, ripeness was not measured, but this could be 
a potential factor in the absorption capability of the fruits. As 
fruit ripens, there is a “softening” process that occurs.  In this 
scenario, “pectin degrading enzymes such as polygalacturonase, 
pectin methyl esterase, lyase, and rhamnogalacturonan are the 
most implicated in fruit-tissue softening.”⁹ Therefore, ripened 
fruits contain less pectin due to the higher presence of these 
enzymes. This indicates that there could have been varying 
pectin amounts in the fruits, leading to the unexpected higher 
lead absorption by the orange if the lemons had been riper. 

One potential avenue of future research is presented through 
methylation. The pectin used in the experiment was polym-
erized to increase the porosity of its surface. The addition of 
methyl groups from isopropyl alcohol could further increase 
the ability of the pectin to absorb the lead, as the alcohol con-
tains hydroxyl groups that aid in the chelating agent structure’s 
binding to the positive lead ions.  Additionally, this research 
can be expanded by improving the pectin polymer system. The 
pectin polymer system absorbed a small amount of the water 
from the 0.1M lead solution. To better the system, the proj-
ect hopes to determine how to increase the amount of water 
coming out of the filter to retain as much of the original water 
concentration as possible. This could be achieved by maximiz-
ing the amount of dried citrus pith used in the filtration system 
instead of the zest of the fruit peel.

This experiment demonstrates a sustainable and cost-ef-
fective solution to lead contamination in many rural parts of 
the world. The use of waste products such as peels makes it a 
sustainable resource, as there are billions of tons of peels gen-
erated as waste around the world. The fact that fruit pectin is 
effective in absorbing lead ions proves that this waste can be 
useful. Many people around the world struggle to afford high 
maintenance filtration systems, and they often lack access to 
any clean water. Contaminated water poses a risk to children’s 
development and the health of adults; therefore, it is urgent 
to find a solution to water pollution. The use of pectin is the 
first step to reaching an easily accessible means of filtering lead 
contaminated water, especially in underdeveloped countries. 
Extracting pectin is not a labor-intensive process and requires 
very little energy to extract. Hopefully, this project can effec-
tively combat metallic ion contamination.

Figure 1. Average percent of PbI₂ absorbed vs type of fruit.
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METHODS
First, we peeled nine small oranges, nine lemons, and three 

grapefruits, placed them individually in three pots and boiled 
them with around 2 liters of water each. Once boiling be-
gan, we let the pots simmer for 15 minutes and then remove 
them from the heat. After straining the peels, we preserved 
the strained liquid in separate containers and baked the dried 
peels in the oven at 360 degrees for 1 hour. After leaving the 
baked peels outside to sun dry for 1 week, we blended them to 
create three powdery substances which were separately stored. 
In order to prepare the anhydro galacturonic acid solution, we 
mixed 1 teaspoon of each fruit juice solution with 1 tablespoon 
of rubbing alcohol. If the alcohol solution formed a solid jel-
lylike mass that could be picked up with a fork, we confirmed 
that pectin had been created for all three fruits. Next, we la-
beled 12 250ml beakers (4 per fruit) and transferred 50ml of 
each pectin solution in the graduated cylinder to the labeled 
beakers. We then used an electronic balance to measure out 
11.25g of each fruit peel and then added that to the respective 
250ml beakers while mixing thoroughly with a stirring rod. 
Each of these pectin solutions were left overnight in a fume 
hood. Moving on to the next phase of the experiment, we ob-
tained a new batch of 12 150ml beakers, labeled each with 
the fruit and trial number, placed funnels on top of each, and 
covered each with a filter paper. Next, we transferred each pec-
tin peel mixture to the filter papers on the respective funnels 
and created our necessary solutions. In order to create a 0.1M 
Pb(NO3)2 solution, we added 33.133g (1 mol) of Pb(NO3)₂ 
to a 1L volumetric flask and filled it with distilled water to 
the 1000ml mark. We created a 0.25 M KI solution by adding 
41.5025g (1 mol) of KI to a 1L volumetric flask, and filled it 
with distilled water to the 1000ml mark. Next, we added 50ml 
of Pb(NO3)2 to each pectin mixture using the funnel filter pa-
per system, and left the Pb(NO3)2 infused solution overnight. 
The next day, we added 50ml of KI to each solution using the 
funnel/filter paper system and left the KI infused solution 
overnight (leaves a yellow solution). Before beginning the next 
experimental phase, we obtained 4 new 150ml beakers for the 
control group and added 50ml of KI and 50ml of Pb(NO3)2 
to each beaker, labelling the beakers for each of 4 control tri-
als. We also threw away the pectin/peel mixture that remains 
on the filter paper, and transferred the yellow solution in each 
beaker to 16 precleaned 250ml beakers using a new funnel/fil-
ter paper system until all of the aqueous KNO3 came out clear 
in the beaker, leaving behind PbI2 precipitate in the filters. We 
made sure to record the weight of the filter papers beforehand. 
Finally, we discarded the KNO3 in the beakers and placed the 
16 funnel/filter systems that contain the PbI2 residue into their 
respective 16 watch glasses labelled with fruit and trial num-
ber. These watch glasses were put in the oven for 10 hours until 
the PbI2 precipitate dried and then we massed out the dried 
solid in each filter paper in grams using the electronic balance. 
Moving on to the calculations, we subtracted the mass of the 
boat and filter paper from the overall resulting mass of each 
trial. After, we converted each mass to moles of PbI2, which is 
equivalent to the moles of lead, since there is 1 mole of Pb for 

every mole of PbI2. Next, we subtracted this molar amount for 
each trial from the initial molar amount of Pb in each beaker, 
which was 0.005 moles, giving the amount of lead absorbed by 
the pectin in moles. We converted the moles of lead absorbed 
for each trial into grams and found the percent absorption by 
dividing the previously found grams of lead absorbed. Finally, 
we obtained the average percent of lead absorbed for each fruit 
and created the graph shown in Figure 1
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ABSTRACT: Oil spills are one of the most serious global, environmental problems; however, synthetic sorbents used to man-
age oil spills have significant environmental drawbacks due to low biodegradability. This study was conducted to determine the 
potential of Miscanthus sinensis (silver grass) as a component of an eco-friendly sorbent bag for oil spill clean-up. Randomized 
complete block design, a standard in agricultural experiments, was used in the study. Miscanthus sinensis fibers were sorted into 
different sizes (595 µm, 841 µm, and 2000 µm), and sorbent bags were prepared.  Scanning electron microscope (SEM) was used 
to characterize morphology, and  samples were subjected to dry and oil layer systems to measure diesel and kerosene oil sorption 
capacities. Miscanthus sinensis fiber was found to be stable and porous, exhibiting a unique bamboo-shaped structure which was 
sunken in the middle and protruding on both sides. No significant differences between diesel and kerosene sorption capacities 
were observed among the sorbent bags with Miscanthus sinensis fibers in dry and oil layer systems. Evaluating fiber size and 
sorption capacities in dry and oil layer systems, the highest diesel and kerosene oil sorption capacities were exhibited by the five 
hundred ninety-five micrometer Miscanthus sinensis fibers, followed by 841 µm and 2000 µm Miscanthus sinensis fibers. These 
results demonstrate the possibility of using Miscanthus sinensis as a component of eco-friendly sorbent bags. Additional research 
should be conducted to determine the sorption capacities of sorbent bags with Miscanthus sinensis on the other types of oil.

KEYWORDS: Oil spill; Sorbent bag; Miscanthus sinensis; Fiber; Sorption capacity.

INTRODUCTION 
Demand for oil has increased over recent decades with oil 

serving as one of the most important sources of energy for 
modern society. Oil is used to create synthetic polymers and 
chemicals, and used to run vehicles, industrial plantations, and 
factories worldwide.1

Nevertheless, recent events have demonstrated that oil 
storage, transportation from production to consumers, and 
consumption entail risks of accidental oil spills in natural wa-
terways and bodies of water.2 The greatest contributing factors 
include tanker disaster, wars, equipment breakdown, natural 
disasters and routine operations during the transportation 
phase.3  Data shows that oil spills in the last decade result-
ed in 24,000 tons of oil being leaked from tankers worldwide 
per annum.3 In Korea in 2007, an oil spill was recorded where 
the tanker spilled 11,000 tons of oil.4 In the Philippines in 
2006, 500,000 L of oil leaked into the southern coastal region 
of Guimaras that produced damage estimated at 352 million 
pesos.5 These oil spills resulted in pollution with  detrimental 
effects on marine ecosystems and human health.6

The public is conscious of the environmental problems 
caused by oil spills. Several studies have recently been carried 
out to evaluate the use of booms and skimmers, oil pumping, 
in-situ burning, bioremediation, chemical dispersant and so-
lidifier agents,3 and synthetic sorbents like polypropylene and 
polyurethane foams.7 Despite the superior sorption qualities 
of synthetic sorbents, they have low biodegradability. As a re-
sult, several researchers have investigated the use of organic 
materials as alternative sorbents to remediate oil spills with 

a number of studies showing the importance of plant fibers 
as alternative sorbent materials.8,9 Abejero et al. (2013),10 de-
termined that natural kapok fibers packed in nylon nets have 
potential to be used as a sorbent for oil spills. With a limited 
amount of research dealing with oil spill management using 
natural fibers found in the Philippines, the authors of this pa-
per wanted to address the challenge of exploiting local plants 
as possible sources of natural fibers for oil spill sorption.

Given this challenge, the research authors conducted a study 
that investigated the potential of Miscanthus sinensis (silver 
grass) fiber as an eco-friendly component of sorbent bags for 
oil spill clean-up. Miscanthus sinensis is a coarse perennial, her-
baceous plant introduced to the Philippines during the early 
20th century.11 It contains cellulose, pentosans, extractives, ash 
and Klason lignin.12 The research authors wanted to investigate 
and share a more practical and economical way  to manage oil 
spills and  to help the community by promoting green innova-
tion to control oil spills using Miscanthus sinensis, a randomly 
distributed and not-widely-used weed in the Philippines. Mis-
canthus sinensis may provide considerable benefits as a natural 
plant with few side-effects and potentially no significant dif-
ference in sorption capacity compared to commercially used 
synthetic sorbents with negative impact on the environment as 
well as on non-target organisms.

The main objective of the study was to determine the po-
tential of Miscanthus sinensis in an eco-friendly sorbent bag 
for oil spills. Specifically, the study determined the diesel and 
kerosene oil sorption capacities of different sizes (595 µm, 841 
µm, and 2000 µm) of Miscanthus sinensis fibers in dry and oil 
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layer systems. The authors also sought to determine the level of 
significance of the differences among the sorption capacities of 
all control and treatment samples used in each system.

RESULTS AND DISCUSSION 
Morphological characterization analysis of Miscanthus sin-

ensis (silver grass) fiber under scanning electron microscope 
(SEM) is shown in Figure 1.  The study was limited to a mag-
nification of 30 µm of the Miscanthus sinensis. 

Polypropylene also exhibited the highest diesel oil sorption 
capacity in oil layer system with 1.83 g/g, followed by 595 
µm and 841 µm Miscanthus sinensis fibers with 1.33 g/g and 
0.83 g/g, respectively. The least sorption capacity was found 
with 2000 µm Miscanthus sinensis fibers absorbing 0.27 g/g as 
shown in Table 2.

Meanwhile, in the kerosene oil dry system, as shown in 
Table 3, results obtained showed that polypropylene had the 
highest sorption capacity with 4.48 g/g, followed by 595 µm, 
and 841 µm Miscanthus sinensis with 3.33 g/g and 2.81 g/g, re-
spectively. Two thousand micrometer Miscanthus sinensis fibers 
was identified to have the least sorption capacity with 2.33 g/g

Polypropylene also registered the highest kerosene oil sorp-
tion capacity in the oil layer system with 1.33 g/g. It was 
followed by 595 µm and 841 µm Miscanthus sinensis fibers with 
1.00 g/g and 0.83, respectively. The least sorption capacity was 
found in sorbent bag with 2000 µm fibers with 0.43 g/g. The 
results of kerosene oil sorption capacity of sorbent bags in oil 
layer system are shown in Table 4.

Bioactive components such as cellulose and lignocellulos 
have high potential for oil sorption. Miscanthus sinensis con-
tains cellulose, one of the favorable components of an organic 
sorbent.12 The sorption capacity of organic sorbents is attribut-
ed to its natural fiber that is mainly composed of cellulose. 
Through capillary action, these hollow tubular structures cause 
the oil to be adsorbed.10 Furthermore, greater sorption capaci-
ties with smaller sizes of Miscanthus sinensis fiber was observed 
which corresponds to the improvement of sorption capaci-
ty when the particles size decrease due to increasing surface 
area.13

The significant variations in the oil sorption capacities 
among sorbent bags in each system were investigated using 
two-way Analysis of Variance (ANOVA). The results of the 
ANOVA indicate that significant differences between the die-
sel and kerosene oil sorption capacities of sorbent bags used 
was observed in both dry and oil layer systems. The results of 
two-way ANOVA are shown in Tables 5 and 6.

Table 1. Diesel oil sorption capacity of sorbent bags in dry systems.

Figure 1. (A-D) Scanning electron microscope (SEM) images of Miscanthus sinensis (silver grass) 
fiber.

Table 2. Diesel oil sorption capacity of sorbent bags in oil layer systems.

Table 3. Kerosene oil sorption capacity of sorbent bags in a dry system.

Table 4. Kerosene oil sorption capacity of sorbent bags in oil layer systems.
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Table 5. Difference between the diesel and kerosene oil sorption capacities of Miscanthus 
sinensis (silver grass) fibers and standard sorbent agent used in dry systems using two-way 
ANOVA.

Table 6. Difference between the diesel and kerosene oil sorption capacities of Miscanthus 
sinensis (silver grass) fibers and standard sorbent agent used in oil layer systems using two-way 
ANOVA.

Since there are significant differences among the oil sorp-
tion capacities of sorbent bags in dry and oil layer systems, 
Tukey’s HSD was employed to determine which among the 
sorbent bags had significant variations.

Legend
     A - 595 µm Miscanthus sinensis (silver grass) fibers
     B - 841 µm Miscanthus sinensis (silver grass) fibers
     C - 2000 µm Miscanthus sinensis (silver grass) fibers
     D – polypropylene
As indicated in Table 7, there was no significant differ-

ence between the diesel and kerosene oil sorption capacities 
of sorbent bags with 595 µm Miscanthus sinensis fibers and 
polypropylene, and between 841 µm and 2000 µm Miscanthus 
sinensis fibers. Nevertheless, results showed that there was a 
significant difference between the diesel and kerosene oil 
sorption capacities of 595 µm and 841 µm Miscanthus sinensis 
fibers; 595 µm and 2000 µm Miscanthus sinensis fibers; 841 
µm Miscanthus sinensis fibers and polypropylene and; 2000 µm 
Miscanthus sinensis fibers and polypropylene.

Table 7. Tukey’s HSD test for the oil sorption capacities of sorbent bags A, B, C and D in dry 
systems.

Legend
     A - 595 µm Miscanthus sinensis (silver grass) fibers
     B - 841 µm Miscanthus sinensis (silver grass) fibers
     C - 2000 µm Miscanthus sinensis (silver grass) fibers
     D – polypropylene
As shown in Table 8, there was no significant difference be-

tween the diesel and kerosene oil sorption capacities of 595 
µm and 841 µm Miscanthus sinensis fibers; 595 µm and 2000 
µm Miscanthus sinensis fibers; 595 µm Miscanthus sinensis fibers 
and polypropylene; 841 µm and 2000 µm Miscanthus sinensis 
fibers and; 841 µm Miscanthus sinensis fibers and polypropyl-
ene. Nevertheless, results showed that there was a significant 
difference between the diesel and kerosene oil sorption capac-
ities of 2000 µm Miscanthus sinensis fibers and polypropylene.

CONCLUSION 
Based from the results of the study, Miscanthus sinensis fibers 

can be used as eco-friendly sorbent bag for oil spill clean-up. It 
was noted that the smaller size of Miscanthus sinensis fiber was 
more effective in diesel and kerosene sorption in dry and oil 
layer systems. It was found that in diesel and kerosene sorption 
capacities in dry systems, 841 µm Miscanthus sinensis fiber is as 
good as 2000 µm Miscanthus sinensis fiber. It was also found 
that in diesel and kerosene sorption in oil layer systems, 549 
µm Miscanthus sinensis fiber is as good as 841 µm and 2000 µm 
Miscanthus sinensis fiber.

The sorption capacities of Miscanthus sinensis fibers are 
attributed to its porous characteristics and its cellulose com-
position, good properties of an organic sorbent. The findings 
of the study have demonstrated the possibility of using Mis-
canthus sinensis fibers as a component of eco-friendly sorbent 
bags for use in oil spill remediation.

METHODS 

A. Collection of Miscanthus sinensis (silver grass) .Three kilos of Miscanthus 
sinensis (silver grass) were collected from a vacant lot at Baran-
gay Molino, Bacoor City. The collected leaves were placed in a 
plastic bag and prepared for laboratory use.

B. Preparation of Miscanthus sinensis (silver grass) fibers. Collected Mis-
canthus sinensis (silver grass) fibers were washed thoroughly 
using tap water to remove all debris, cut using scissors, and 
dried in an oven at 80°C for three hours. After drying, fibers 
were crushed using an electric blender and sieved into  differ-
ent sizes using 595 µm, 841 µm, 2000 µm sieves.

C. Morphological characterization analysis. Morphological structure of 
Miscanthus sinensis (silver grass) was analyzed by  scanning 
electron microscope (Hitachi TM3000) with magnifications 

Table 8. Tukey’s HSD test for the oil sorption capacities of sorbent bags A, B, C and D in oil layer 
systems.
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of 200 µm, 100 µm, 50 µm and 30 µm at the University of 
Santo Tomas, Manila. The samples were mounted onto round, 
stainless steel holders using double-sided, conductive adhesive 
tape.

D. Purchasing of materials and setting up of containers. Three liters of Petron 
diesel (density 0.86 g/cm3) and kerosene oil (density 0.81 g/
cm3) were collected from Brgy. Gawaran, a mechanical shop 
in Bacoor City.14  A one-meter nylon net was purchased in 
the market at Antonio S. Arnaiz Ave., Pasay City. The net was 
measured using a ruler, and thirty-six 6.5 cm x 12 cm x 1 cm 
nylon net bags were sewed. Forty-eight 250 mL beakers were 
set up to determine the oil sorption capacity of sorbent bags 
in each system.

E. Preparation of sorbent bag with Miscanthus sinensis (silver grass) fibers. Seven 
grams of different-sized (595 µm, 541 µm, 2000 µm), natural 
fibers from Miscanthus sinensis (silver grass) were weighed us-
ing a digital balance. Fibers were packed in nylon net bags with 
three replicates each per test. Polypropylene (The Liquidator), 
purchased in the market at Dona Soledad Ave., Parañaque 
City, was used as the positive control for the study.

F. Diesel oil sorption capacity of sorbent bags with Miscanthus sinensis (silver grass) 

fibers.

a. Dry system. Fifty milliliters of diesel oil were poured into a 
250 mL beaker. Each sorbent bag was soaked in the container 
for 60 min. After the sorption time, the bag was lifted out 
and hung over the beaker for 15 minutes to allow unabsorbed 
diesel oil to separate.

b. Oil layer system. One hundred milliliters of artificial sea water 
(3.5% NaCl), prepared by dissolving 35 g NaCl in 1000 mL 
of distilled water, and 10 mL of diesel oil were poured in a 
250 mL beaker. Each packed sorbent bag was soaked in the 
beaker for 60 min. After the sorption time, the bags were lifted 
out and hung over the beaker for 15 min to allow unabsorbed 
diesel oil  to separate. Bags were then placed in a beaker filled 
with 50 mL n-hexane where the absorbed oil was dissolved, 
and the water sank to the bottom of graduated cylinder due to 
its higher density.

G. Kerosene oil sorption capacity of sorbent bags with Miscanthus sinensis (silver 

grass) fibers

a. Dry system. Fifty milliliters of kerosene oil were poured into a 
250 mL beaker. Each sorbent bag was soaked in the container 
for 60 min. After the sorption time, it was lifted out and was 
hung over the beaker for 15 min to allow unabsorbed kerosene 
oil to separate.

b. Oil layer system. One hundred milliliters of artificial sea water 
(3.5% NaCl), prepared by dissolving 35 g NaCL in 1000 mL 
of distilled water, and 10 mL of kerosene oil were poured in 
a 250 mL beaker. Each packed sorbent bag was soaked in the 
beaker for 60 min. After the sorption time, it was lifted out and 
was hung over the beaker for 15 min to allow unabsorbed ker-
osene oil to separate. Bags were then placed in a beaker filled 
with 50 mL n-hexane where the absorbed oil was dissolved, 

and the water sank to the bottom of graduated cylinder due to 
its higher density.

H. Monitoring of the set-up and recording of the data. A digital balance was 
used to measure the mass of samples before sorption and the  
mass of oil containing samples (after dripping). The quantity 
of water absorbed by the sample (after dripping) was also mea-
sured using a beaker.

I. Statistical Analysis. The diesel and kerosene oil sorption capaci-
ties of sorbent bags in dry and oil layer systems were calculated 
according to the equations adapted from Dong, et al. (2015).7

where mf is the sample mass before sorption (g), mf15 is the 
mass of the oil containing sample after 15 min of dripping (g), 
and mw15 is the mass of the water absorbed by the sample after 
15 min of dripping.

Data were statistically analyzed using Two-way Analysis of 
Variance (ANOVA). Two-way ANOVA was used to deter-
mine the statistical significance among the sizes of Miscanthus 
sinensis (silver grass) fibers. Tukey’s HSD test was used to de-
termine the post-statistical difference between sorbent bags 
used in the study.
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ABSTRACT: Scutellaria barbata, Hedyotis diffusa, and Celastrus hindsii (SHC) each contain abundant medicinal properties and 
have been used by the Vietnamese for decades as traditional medicines. Nonetheless, there is no scientific research to prove the 
efficacy these usages. The purpose of this research project is to examine the chemical composition and biological activity of the 
three medicinal plants. Chemical composition analysis utilizing GC/MS determined 48 chemical compounds in extracts of the 
plants. Furthermore, a DPPH radical scavenging method was applied to examine the antioxidant activity of SHC extract which 
was found to have an IC50 value of 311.90 ± 20.89 µg/ml. Monks method verifies in vitro viral toxicity and yielded the following 
results: breast cancer cell line MCF7 was 77.16 ± 1.46%; liver cancer cell line HepG2 was 54.36 ± 1.32%; and lastly, lung cancer 
cell line NCI H460 resulted in 27.76 ± 1.50%. The extracts did not affect fibroblast cell line, -24.27 ± 1.40%.

KEYWORDS: Antioxidant; GC/MS; DPPH; Anticancer; Medical; Hedyotis diffusa; Scutellaria barbata; Celastrus hindsii

INTRODUCTION
Purpose statement
Oxidative stress is an imbalance attributed to the increase 

in the concentration of reactive oxygen species (ROS) in cells 
and the body’s oxidative resistance system. Studies showed in-
curable diseases such as Atherosclerosis, Glycosuria, and many 
types of cancer are all related to oxidative stress. 1,2

Cancer is a group of diseases involving abnormal cell growth 
with the potential to invade or spread to other parts of the body.3 
According to the World Health Organization (W.H.O), in 
2018 approximately 9.6 million deaths were caused by cancer 
worldwide. Of this amount, 2.09 million cases of lung cancer, 
followed by 2 million cases of breast cancer and over 782,000 
cases of liver cancer led to mortality.4 Further investigations of 
oxidative and cancer resistance are required for improved can-
cer outcomes through a transdisciplinary approach involving 
biochemistry, biomedical, and health sciences. 

Vietnam has diverse vegetation with many medicinal herbs 
such as Scutellaria barbata, Hedyotis diffusa, and Celastrus hind-
sii (SHC), all of which contain valuable medical properties 
and are utilized by the Vietnamese in the belief that they can 
heal  diseases. Hedyotis diffusa is a type of herb in the Rubiace-
ae family, found primarily in the tropics of Asia and typically 
grows on moist meadows and farmland. Visually, it has a flat 
body, scabrous and symmetrical leaves, flowers in pairs with 
white corollas. The plant is commonly used in treating Hep-
atitis, Urethritis, and Appendicitis.5-6 Scutellaria Barbara of the 
Labiatae family is often seen at the edge of rice-fields and 
moist meadows. This herb has a straight body, alternate leaves, 
rough petiole, purple-blue corollas, and flat brown nuts. It is a 
medicinal plant used for curing Hepatitis and Enterocolitis.8,9  
Celastrus hindsii from the Celastraceae family grows primarily 
in China and Thailand. In Vietnam, Celastrus hindsii origi-
nates in Hoa Binh and Lao Cai forests. It has delicate green 
leaves, black sap, white flowers grow on top of the limbs, yel-

low-orange nuts when ripe. For traditional medication, these 
three herbs are used for anti-inflammation.10,11 In addition, 
they possess the potential for promoting oxidative activity and 
cancer treatment. However, there is no scientific proof of the 
efficacy of the usages of these folk remedies.

Thus, we launched our research with the hope of developing 
a foundation in the methods for supporting cancer treatments. 
Further, we hope the results will be an important factor in the 
application of health and biomedicine.

Theory 
We made an extract from three medicinal herbs Hedyotis dif-

fusa, Scutellaria barbata, and Celastrus hindsii using methanol 
solvent. We proceeded to examine the chemical compositions 
and compound mass percentages through GC/MS, followed 
by a free radical scavenging DPPH method which determines 
antioxidant activity. The in vitro cell toxicity test method was 
implemented to scrutinize the effect of the extract on cancer 
cells as well as common wild type - fibroblast cells.

The novelty of the research
This is the first research project to examine methanolic ex-

tracts from the medicinal herbs Hedyotis diffusa, Scutellaria 
barbata, and Celastrus hindsii. The combination of these three 
herbs has been used as a medicine by Vietnamese people for 
years; however, our research furthers this traditional medicine 
application and develops new methods for cancer treatments. 
The SHC extract is scrutinized to record chemical composition 
and substance concentration as well as tested for antioxidant 
activity and cancer cell inhibition.

RESULTS AND DISCUSSION
Methanolic extraction of SHC
By using immersion and rotary evaporation method, the 

weight obtained for the extract was 7.7 grams per 100 grams 
of dry specimen. SHC extract was acquired with the mass per-
centages shown in Table 1. 
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As seen in Table 1. The mass percentage recorded from the 
SHC methanolic extract was 7.7%. The number acquired was 
higher than the average mass percentage which is 4% to 6%, 
and the result might be affected by the strong polarity of meth-
anol which can diffuse high polarized materials. As a result, a 
high mass percentage of SHC extract was obtained. 

Chemical composition of the methanolic extract
After examining the results from the GC/MS spectrum, 48 

chemical compounds were identified. Among these chemical 
compounds, 10 main compounds that hold the highest per-
centage of SHC extract are shown in Table 2. 

These 10 chemical compounds make up approximately 50% 
of the total compounds in SHC extract and contain the anti-
oxidant activity and cancer resistance.12

Among the 10 highest percentage compounds, n-hexade-
canoic acid 6.44% holds high viral and antioxidant activity, 
and this compound is also widely implicated to inhibit cancer 
cells.17 Additionally, methylpropionphenone, 2-ethylacridine, 
and 9,12,15 octadecatrienoic acid were all contained in the 
extract and each possess activity such as antitumor properties, 
mimicking that of modern-day chemotherapeutics. 

As a result, we continued our research by examining antiox-
idant activity DPPH free radical scavenging percentage with 3 
cancer cell lines and fibroblast cell control.

Percentage DPPH free radical scavenging of methanolic extract of SHC
In order to acquire the most accurate result possible, we 

analyzed the extraction activity due to its concentration and 
repeated the process in triplicate  to obtain the average DPPH 
radical scavenging percentage. The statistical analyses from the 
process are shown in Table 3.

Table 1. Methanolic extract of SHC.

Figure 1. GC/MS spectrum of SHC extract.

Table 2. Chemical composition of the methanolic extract of SHC.
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The increase in concentration from 31.25 - 500 µg/mL 
resulted in a proportional DPPH free radical scavenging 
percentage growth. It can be concluded that the antioxidant 
activity of SHC extract is in direct proportion to the increase 
of concentration (see Table 3). With the highest concentration 
at 500 µg/mL, the percentage of DPPH free radical scaveng-
ing activity of SHC methanolic extract reached the highest 
value at 91.57%. We implemented the results above to con-
struct a linear regression equation: y = 20.536x - 9.738 (R² = 
0.97964). Utilizing the results above, we constructed a linear 
regression equation and the value of IC50 was calculated after 
three experiments as shown in Table 4.

After three trials to determine the IC50 value, the results 
yielded the following: 126.60 from the first trial, 112.30, and 
118.80 respectively for the second and third trials. The nu-
merical data were aggregated to calculate an average value 
of 119.23 and a standard deviation of 7.16. The IC50 value of 
SHC extract holds antioxidant activity and DPPH free radical 
scavenging capacity is compared to other herbal extractions as 
detailed in Table 5.

The four methanolic extract samples chosen were Strepto-
caulon juventas (349.35), Solanum hainanense (1,734), Imperata 
cylindrica (313.76), and Sophora japonica (185.2), all of which 
had high antioxidant and anticancer activity. The selected 
samples also featured a wide range of capabilities to be im-
plemented in the medical field and are highly regarded as 
potential medical products.

As observed from Table 5, it is noticeable that the IC50 val-
ue of SHC extract is lower than the values of other herbal 
extractions such as Streptocaulon juventas, Solanum hainanense, 
Imperata cylindrica, and Sophora japonica. This shows the highly 
effective antioxidant activity and free radical inhibition of the 
SHC extract which was examined in this research.

Evaluating Monks method of the methanolic extract
We proceeded to scrutinize cancer cell toxicity activity by 

utilizing Monks method on three cancer cell lines: breast 

cancer cell (MCF-7), lung cancer cell (NCI H460) and liver 
cancer cell (Hep G2), while simultaneously examining a wild 
type cell line - fibroblast cell to evaluate the effect SHC extract 
has on this wild type cell of connective tissue. Cancer cell tox-
icity at the concentration of 100 µg/mL is detailed in Table 6. 

As seen from the results, SHC extract most effectively in-
hibited the breast cancer cell line MCF7 with 67.79 ± 1.18%, 
next in line was liver cancer cell line, Hep G2 with 45.54 ± 
2.53%, and finally lung cancer cell line NCI H460 with 34.58 
± 1.28%. Besides cancer cell resistance ability, the extraction is 
completely innocuous to the growth of normal cells with the 
fibroblast cell developing -24.27±1.40%.

CONCLUSION
The mass percentage of the methanolic extract is 7.7%. 
The chemical composition of the methanolic extract: 48 

chemical compounds were examined from SHC extract in-
cluding 10 main compounds.

The antioxidant activity, detected by DPPH free radical 
scavenging IC50 value of SHC methanolic extract was deter-
mined to be 119.23 ± 7.16 µg/ml.

SHC methanolic extract most effectively reduced breast 
cancer cell line MCF7 with 67.79 ± 1.18%, the liver cancer cell 
line HepG2 with 45.54 ± 2.53%, and finally the lung cancer 
cell line NCI H460 with 34.58 ± 1.28%. However, the extract 
was completely innocuous to the growth of a normal cells with 
the fibroblast cell developing -24.27±1.40%.

According to the results of this research, SHC extract which 
comprises Scutellaria barbata, Hedyotis diffusa, and Celastrus 
hindsii holds multiple potentials in treating cancer, possessing 
high antioxidant ability as well as being a practical application 
in the field of health science.

METHODS 
Research material 
Hedyotis diffusa, Scutellaria barbata, Celastrus hindsii were 

harvested in Sa Pa, Lao Cai Province, Vietnam.
Cancer cell lines were provided by American Type Culture 

Collection-ATCC (US).
Common cell-Fibroblast was provided by the Department 

of Biotechnology-Faculty of Medicine, National University of 
Ho Chi Minh City.

Table 3. Percentage DPPH free radical scavenging of methanolic extract of SHC.

Table 4. The IC50 value of the methanol extract of SHC.

Table 5. Comparison table of IC50 values of the methanolic extracts.

Table 6. Percentage of cytotoxic cancer resistance of methanolic extract of SHC determined by 
Monks method at a 100 µg/mL concentration.
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Immersion method 
Scutellaria barbata, Hedyotis diffusa, and Celastrus hindsii with 

a ratio of 2:1:1 in 100 grams were washed and dried inside a 
drying chamber at 50°C until there was no difference in mass 
and all water had been drained out of the sample. Next, 100 
grams of dry specimen were grinded to a smooth powder to 
increase diffusion in the solution. Samples were soaked in pure 
methanol with a concentration of 1:10 (g/mL) for 48 hours. 
The mixture after the immersion was decanted to obtain leach-
ate.13

Preparation of the extract
To begin, we poured 500 mL of leachate into a 1 L pear-

shaped container to avoid overflow. Next, we utilized a rotary 
evaporator at 50°C, 250 mbar tension in 40-minute duration. 
The extract was be left to dry naturally and preserved in a cool 
tray in the refrigerator at 4°C for later examination.13

Determination of chemical composition through GC/MS method
Gas chromatography-mass spectroscopy (GC/MS) is a ma-

terial analysis method that employs gas chromatographs (GC) 
fitted with mass selective detectors called mass spectrom-
eters (MS). GC/MS analysis is an ideal tool for identifying 
unknown substances or contaminants that are present in ex-
tremely low quantities.

The sample was injected into a gas chromatograph port 
which was heated to up to 300°C where the material was then 
volatilized. Gaseous components were separated as they flowed 
through the column; the column was wound within a special 
oven which modulates temperatures between -20° to 320°C.  
Its surface is coated with a material that separates the various 
chemical compounds in the sample based on size and polarity. 
The separated components flow directly out of the column and 
into the MS which has three internal steps: 

1. Ionization source – components are blasted with
electrons, causing them to break up and turn into positively 
charged ions. 

2. Filter – the ions pass through an electromagnetic
field and are filtered based on mass. Analysts set a predeter-
mined range of masses to be allowed to pass through from the 
ionization source. 

3. Detector – counting the number of filtered ions, the
information is sent to a computer, and a mass spectrum and 
distribution of ions of different sizes are generated.

The mass spectrum is used to identify the components by 
comparing each to extensive reference libraries. To quantify 
compounds within the analyzed sample, analysts establish a 
standardized curve of known concentrations of each materi-
al.13

DPPH free radical scavenging method
The a-diphenyl-B-picrylhydrazyl (DPPH) method gives 

the oxidative activity of a substance or other biological basis 
by developing free radicals as EtOH saturates. The outcome 
shows high precision. The method is simple, manageable, and  
suitable for multiple oxidative activity resistant compounds.

Oxidative resistant compounds neutralize DPPH radicals 
by allowing hydrogen to absorb wavelengths as the solution 
pigment fades, resulting in the ability of oxidative activity 
when the solution switches from purple pink to pale yellow. 
The lower the OD value the higher the DPPH free radical 
scavenging activity.13

To begin, we poured 5 mL of DPPH (0.8mM, diffused in 
methanol) into tubes containing the extract at various con-
centrations, ranging between 0 to 1000 μg/ml. Under no-light 
condition, we annealed for 30 minutes then analyzed the OD 
values in which the active resistance depends on the light 
abortion percentage with a 517 nm wavelength. The positive 
control sample stands as acid ascorbic (15 μ/mL) and a nega-
tive control sample was twice-distilled water. The formula for 
the percentage of activity is calculated by:

Percentage DPPH free radical scavenging= 
ODm: Optical density (OD) value
ODc: Optical density (OD) of the control sample (-)

For the percentages we obtained, note  the IC50 value (Con-
centration of reactant which is able with a 50% chance of 
analyzing a free radical) as the premise for comparison. The 
lower IC50 values measured, the greater the oxidative activity.13

Monks tested in vitro cell toxicity method
Monks tested in vitro cell toxicity method provides a 

high-quality outcome at a low expense. This technique has 
been authenticated by The National Cancer Institute - NCI 
which can identify potential compounds that reduce the de-
velopment of cancer cells.

According to the toxicity status of cells, in order to define 
compounds that have the possibility to reduce the develop-
ment of cancer cells by identifying the protein amount based 
on optical density as the cells are dyed in Sulforhodamine B 
(SRB). OD values are recorded by the machine. In addition, it 
contains the SRB quantity that yields a propitious ratio with 
the proportion attached to protein molecules. As the OD value 
gain gives a greater number of cells.

Reductant compound (10 μl) was dissolved in DMSO 10% 
and into wells of 10 μl/ml. Trypsin separated cells, at the same 
time adjust the suitable density. We poured more cells with a 
reasonable amount in 190 μl environment to develop for 3 to 
5 days. The tray containing cancer cells (180 μl) was used as 
a comparison for day 0. After 1 hour, we situated the cells in 
Trichloroacetic acid-TCA.

The cells were soaked in a warm container of CO2  in order 
to be fixed into the bottom of the culture well TCA. After 30 
minutes, we dyed them in SRB for 1 hour at 37 Celsius. Next, 
we poured out SRB and then washed it 3 times with acetic 
acid 5%. We then let it dry at room temperature. We used tris 
(hydroxymethyl) aminomethane 10 mM and dissolved the 
leftover SRB. We also dyed the protein molecules and then 
shook it slightly for 10 minutes. 

The ELISA Plate Reader (Bio-Rad) machine was  used 
to examine the outcome of the color content SRB dye under 
the spectrum observed at 515 nm wavelength. The formula is 
shown below:

ijhighschoolresearch.org



25	 DOI: 10.36838/v2i3.5

This was repeated several times to increase reliability. Ellip-
ticine (Sigma) as a positive control sample and DMSO 10% 
as the negative control sample were used. We evaluated IC50 
values by TableCurve software.14
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ABSTRACT: This paper outlines the differences in dissolved oxygen between the Arcade Creek and the American River lo-
cated in California’s Sacramento Valley as well as the plausibility that the Arcade Creek needs more attention to preserve its local 
ecosystem based on these results. A comparison was made using data collected over the span of several years by multiple stations 
along both water bodies. Such stations are analyzed individually to account for error and evaluated together to provide a basis of 
comparison. Results show the American River has higher dissolved oxygen concentrations than the Arcade Creek. Prior research 
indicates the American River as being in good condition and so the Arcade Creek, having a lower dissolved oxygen content, is in 
need of environmental improvement. The results call for further investigation of the Arcade Creek the impacts urban development 
and roadside pollution have on its dissolved oxygen levels and the implications this has upon the local ecosystem reliant on the 
Arcade Creek.

KEYWORDS: Environment; Sacramento; Arcade Creek; American River; Dissolved Oxygen.

INTRODUCTION
This project aims to determine if there are disparities in 

dissolved oxygen levels between the Arcade Creek and the 
American River. The significance of any disparity can be at-
tributed to the overall health of the two water bodies present 
in the Sacramento Valley, mostly focused on the Arcade Creek 
as it is closer to urban development. Thus, the possible effects 
of urban development and roadside pollution can be discussed 
and further investigated.

Concerning the importance of dissolved oxygen
In bodies of water, up to ten molecules of oxygen are dis-

solved in one million water molecules, varying depending on 
the state of the water body. This oxygen, entering via small 
streams or groundwater discharge, is needed by organisms 
to survive in aquatic environments. Thus, fast-flowing wa-
ter tends to have a higher amount of dissolved oxygen than 
stagnant bodies. Fast-flowing water increases the diffusion of 
atmospheric oxygen into larger bodies of water.1,2 Low-flow 
conditions prevent oxygenation and can cause critically low 
oxygen levels when coupled with high temperatures.2 Another 
issue is the consumption of oxygen as organic matter decays. 
The build-up of excessive organic decay can cause eutrophic 
conditions and a lack of oxygen in the water. Seasonal and 
daily fluctuations also occur; colder temperatures correlate to 
higher dissolved oxygen levels and why bodies of water in late 
winter and early spring have the highest levels of dissolved 
oxygen. Low levels of dissolved oxygen present lethal hazards 
to all aquatic life in a body of water.1 The oxygen content is 
considered dangerous around 5 mg/L with 2mg/L being crit-
ically low.1,3 While too little dissolved oxygen is problematic 
for aquatic life, too much dissolved oxygen also presents is-
sues. High levels of dissolved oxygen result from an excess of 

photosynthesizing plants and cause harmful algal blooms. This 
can be caused by excessive fertilizer and/or sewage runoff and 
results in cultural eutrophication.4

Other California bodies of water that have low dissolved 
oxygen levels include the Santa Margarita River and San Joa-
quin River. Both exhibit eutrophic conditions and illustrate 
the dangers organisms face with low dissolved oxygen levels.⁵,⁶  
Pollution is a leading cause of eutrophication. 

The Arcade Creek 
The Arcade Creek, flowing from Orangevale to the Sac-

ramento River via the Natomas East Main Drainage Canal, 
spans approximately 16.2 miles and covers a basin area of 
almost 30 miles. The portion tested in this study runs from 
Auburn Blvd to Haggin Oaks, stations A through G. The 
creek is mostly bordered by valley and blue interior oaks. Na-
tive vegetation often persists in open areas, providing habitats 
for organisms, but this is slowly diminishing with recent bor-
der development.⁷ The Arcade Creek has a mean flow rate of 
0.2 cubic meters per second.⁹

Figure 1. The map with the Arcade Creek Sites 8,14,15,16,17,18,19. The names (from left to 
right): Site A, Site B, Site D, Site G, Site E, and Site F.
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The American River
The American River consists of three forks originating 

from the Sierra Nevada Mountains. This project studied the 
South Fork which covers approximately 90 miles, a total of 
850 square miles, and originates in the High Sierras in the El 
Dorado National Forest before entering the Folsom Reservoir 
and flowing to the Sacramento River. The portion investigated 
covered stations from the mouth of the Folsom Reservoir up 
to the Nimbus Dam where the Sacramento Water Pollution 
Control Lab is located. The American River is considered to 
be highly oxygenated and relatively healthy. However, erosion 
from land usage is presenting an increasing problem of sedi-
ment addition into the water.10 The American River has a flow 
rate of 112.1 cubic meters per second.11

RESULTS AND DISCUSSION
The levels of dissolved oxygen for the Arcade Creek and the 

American River are shown in Figures 13 and 14. All stations 
between Arcade Creek and American River show an increase 
in dissolved oxygen as the year progressed from the beginning 
winter months to the spring months. Most stations along the 
Arcade Creek displayed a slight decrease in dissolved oxygen 
after the spring months. The American River saw a decrease in 
dissolved oxygen after the summer months.

From January to May, the range of dissolved oxygen along 
the Arcade Creek was 6-13 mg/L with an outlier at 14 mg/L 
and the American River had dissolved oxygen concentrations 
between 10-13.5 mg/L. There was a decrease of dissolved ox-
ygen in June as the Arcade Creek had a concentration range 
of 5-10 mg/L and the American River’s levels ranged between 
8-11 mg/L. From September until December, the Arcade
Creek had concentrations between 6-10 mg/L with some 
fluctuations lower than 6 mg/L while the American River had 
concentrations between 7-12 mg/L. 

Seasonal trends are also noted; there were lower dissolved 
oxygen concentrations during the summer and higher concen-
trations during the winter and spring for both bodies of water.

The graphs detailing the individual stations display larger er-
ror bars for the Arcade Creek Stations (Figures 2-9) than the 
American River Stations (Figures 11 and 12). This is because 
the Arcade Creek data was collected using less sophisticated 
instruments than the American River’s data. All data for each 
body of water was then combined into one graph, Figures 10 
and 13.

Arcade Creek Stations
The Arcade Creek graphs illustrate monthly averages taken 

from 2008-2019 and display the seasonal fluctuations of dis-
solved oxygen levels as temperatures rise and fall.

Figure 3. Arcade Creek Station A

Figure 2. The map of the American River Stations. The names from left to right: Nimbus (N), 
Nimbus Flat Right (NFR), Nimbus Flat Left (NFL), Nimbus Flat Middle (NFM), Lake Natoma Willow 
Creek (WC), Lake Natoma Middle (NM), Lake Natoma Right (NR), Lake Natoma Left (NL), and 
American River at Rainbow Bridge (RB)

Figure 4. Arcade Creek Station B
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American River Stations
The American River graphs illustrate monthly averages tak-

en from 2003-2015 and display the seasonal fluctuations of 
dissolved oxygen levels as temperatures rise and fall.

Figure 5. Arcade Creek Station C

Figure 6. Arcade Creek Station D

Figure 7. Arcade Creek Station E

Figure 8.  Arcade Creek Station F

Figure 9. Arcade Creek Station G

Figure 10. The Arcade Creek Stations
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The Arcade Creek’s dissolved oxygen range is lower than the 
American River. Despite the different years covered by each 
data set, the results are consistent for each year when the aver-
ages were taken. Therefore, extrapolated data for both bodies 
of water remains consistent with the trends of the shared years, 
2008-2015. Considering this, as well as the American River’s 
previously mentioned healthy status, the Arcade Creek is less 
healthy because of its lower dissolved oxygen levels. The Ar-
cade Creek is dangerously close to the fatal oxygen level of 
5mg/L when looking at the monthly averages and lowest levels 
shown in Figure 13. Additionally, while the Arcade Creek saw 
an increase in oxygen levels during the summer, the American 
River’s oxygen levels remained higher during these months, 
shown in Figures 13 and 14. 

These results warrant concern for the inhabitants of the Ar-
cade Creek. The Arcade Creek is relatively small and has a low 
flow rate. So, while the Arcade Creek shows decreased flow 
during the warmer months, the implications of run-off and 
pollution is still concerning due to the creek’s proximity to ur-
ban development. There is less concern for the American River 
because has forests and natural vegetation as a barrier from 
urban development. 

The use of multiple stations along the two bodies of wa-
ter is to both illustrate a diversity in data samples and avoid 
grouping the large lengths of water into one average dissolved 
oxygen concentration value. This aggregation would omit 
possible fluctuations in different parts, possibly due to shade 
coverage and vegetation or proximity to urban development. 
Figures 2-10 take into account pools and riffles, as standing 
water has a lower dissolved oxygen level. Monthly averages 
were taken to illustrate yearly and seasonal trends.

Concerning the American River, data was taken along sta-
tions from the start of Folsom Lake up until the Nimbus Dam 
to account for fluctuations in dissolved oxygen between stand-
ing water and water release that occurs past the Nimbus Dam.

Looking at both graphs summarizing individual station re-
sults for both bodies of water (Figures 10 and 14), the data is 

Figure 11. The Rainbow Bridge Station. There was limited data so finding the trend is difficult. Figure 14: All the American River Stations

Figure 12. The Lake Natoma Stations

Figure 13. The Nimbus Stations
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difficult compare due to a decreased overlap in months when 
data was taken. This because student volunteers were not 
present during the summer months at Arcade Creek. There 
is overlap in other months before and after the summer and 
some overlap in the early and late summer months, which al-
lowed for relatively accurate analysis. Further data collection 
in the summer months for the Arcade Creek would provide 
a more accurate representation of the health of each body of 
water.

The main uncertainty arises from the data taken from 
the Arcade Creek, as the procedures were less sophisticated 
compared to the lab procedures for the American River. Addi-
tionally, the Arcade Creek data was taken from volunteer high 
school students as opposed to professionals. This is correlated 
with the more drastic error bars noticed for the Arcade Creek 
Stations than with the American River Stations.

Another issue was the time each sample was collected each 
day. Daily temperature changes can cause fluctuating dissolved 
oxygen levels. The peak dissolved oxygen level is 4:00 pm. The 
Arcade Creek data was collected sometime between 3:30 and 
4:30 daily. The American River had a higher data collection 
time range, between 7:00 am to 4:30 pm, and so further exper-
imentation is needed to ensure accuracy. However, despite that 
the American River data was not always collected at its peak 
time, it still had higher averages than the Arcade Creek whose 
data collection was closer to its oxygen peak. This implies the 
disparities in dissolved oxygen between the bodies of water 
may be more drastic since the American River is likely to have 
an increased concentration range when measured at 4:00 pm. 
Thus, the health of the Arcade Creek can be regarded as even 
worse since the American River is the healthy standard.

CONCLUSION
The overall significance of this paper illustrates a need for 

closer attention to the Arcade Creek, such as possible testing 
for how large a part urban development and roadside pollu-
tion plays in the creek’s health, in addition to testing during 
the summer months to gauge the overall yearly and seasonal 
health of the water body. Furthermore, lower levels of dissolved 
oxygen are harmful to organisms in the creek and can lead to 
possible death, especially since levels are near the dangerous 
amount of 5mg/L. This, in turn, can have a drastic effect on the 
overall ecosystem of the Arcade Creek area.

METHODS
Procedures 
There were two methods were used for data collection, one 

used by students and one used by the Sacramento Water Pol-
lution Control Lab. Both methods are listed and discussed.

Arcade Creek Dissolved Oxygen Collection (student handbook)
The Water Chemistry Analysis Handbook outlines using 

HACH kits to conduct this research.12 Data collection was 
done Monday through Wednesday every month while school 
was in session from September to May. Collections were made 
at Stations A through G around 4:00 pm. First, water samples 

are collected in the largest glass DO bottle. The kits use the 
Winkler method, so students pour DO reagents #1 (Manga-
nous Sulfate Powder Pillow) and #2 (Alkaline Iodide-Azide 
Powder Pillow) into the bottle then seal the cap and shake the 
bottle until orange-brown floc precipitate clearly forms. The 
students set the bottle on a flat surface and wait approximately 
two minutes so the floc can settle. Using nail clippers to open 
the pillow packet containing DO reagent #3 (Sulfamic Acid 
Powder Pillows), the student pours it into the bottle to form 
a yellow solution. The solution is poured into the measuring 
tube and the rectangular mixing bottle is placed over the top 
of the tube. The students invert the tube and the rectangular 
mixing bottle so that the solution pours down into the bottle 
before adding sodium thiosulfate solution dropwise into the 
bottle. The bottle is swirled between drops and the students 
count the number of drops until the solution is clear. This value 
is recorded.

American River Dissolved Oxygen Collection
Collections were made at the Rainbow Bridge, Lake Nato-

ma, and Nimbus Stations. The times these results were taken 
varied by day depending on when collection was able to be 
taken. A hand-held portable meter is used for this collec-
tion, such as a YSI Pro2030, following Standard Method 2 
4500-O G-2001 approved by the Environmental Protection 
Agency.13 Methods of sampling are highly dependent on the 
sampled source and method of analysis. Surface water samples 
are collected in narrow-mouth glass-stoppered BOD 300-mL 
bottles, ensuring the sample is not in contact with air or agi-
tated because this causes a change in its gaseous content. Also, 
avoid entraining or dissolving atmospheric oxygen. In sam-
pling from a line under pressure, attach a glass or rubber tube 
to the tap and extend to bottom of bottle. Let bottle overflow 
two or three times its volume and replace stopper so that no 
air bubbles are entrained. A Kemmerer-type sampler is used 
for samples collected from depths greater than 2 m. Bleed the 
sample from bottom of the sampler through a tube extending 
to bottom of a 300-mL BOD bottle.  Fill bottle and allow to 
overflow for approximately 10 seconds to prevent turbulence 
and formation of bubbles while filling. Record sample tem-
perature to nearest degree Celsius.

Sample Calculations
Calculating monthly averages:
December monthly average for Nimbus station:
(11.00 + 13.00 + 14.50 + 6.30 + 13.00 + 13.00 + 10.60 +   	

    13.40 + 12.00 + 8.80) / 10
 = 11.56
Standard deviation calculated by Excel
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The Use of Bactericidal Ultraviolet Radiation in the Eradication of Escherichia coli K12
Benjamin Carranti 
Marcellus High School

ABSTRACT: For half a century, ultraviolet (UV) radiation has been a common method of sterilization in fields such as food 
manufacturing, water sterilization, and hospital surface disinfection. To further explore UV radiation’s effectiveness as a germi-
cidal agent, my research focused on the irradiation of Escherichia coli (E. coli). A two-stage study was conducted where the effects 
of irradiation before and after incubation of the bacteria were measured to test the sterilization efficiency of UV radiation. The 
non-shiga toxin producing K12 E. coli strain was used instead of the more dangerous O156:H7 strain—however, they have similar 
structural dexterities and reproductive patterns. Based on these trials, the results were inconclusive despite showing consistent 
decrease in colony sizes because the differences in size were not statistically significant. In the most successful trial (Trial 2; irradi-
ation pre-incubation), the maximum difference in survival was about 40% lower in the experimental group than the control.  The 
problems with data validity were partially due to limitations in available equipment and methods in a high school environment.

INTRODUCTION
Escherichia coli (E. coli) is a relatively harmless strain of bac-

teria found in the colon of many warm-blooded organisms. A 
particular strain, E. coli O156:H7, produces a powerful Shiga 
toxin and can cause diarrhea, abdominal pains, and kidney fail-
ure if ingested. The bacteria strain exists in raw or undercooked 
foods. It is prevalent in raw beef due to the bacteria’s natural 
cultivation on cattle farms.1 Prolonged exposure to ultravio-
let (UV) radiation at a wavelength of 254 nanometers (nm) 
kills foodborne pathogens such as E. coli  without affecting the 
quality of the meat.2 This is due to DNA mutations that occur 
when UV light is absorbed by deoxyribose molecules of pro-
karyotic bacteria and viruses.2 UV radiation has been a part of 
food sterilization for over 50 years; grocers treat produce, bev-
erages, and cheeses with UV light throughout the production 
process.3  However, many people are skeptical about the effects 
of UV radiation on food quality (organic food legally cannot 
be irradiated) as well as the cost of such radiation treatments.

Radiation is a popular means of disinfecting water, food con-
tact surfaces, medical instruments and surfaces, and ensuring 
sterile processing of popular grocery items such as cider, juice, 
produce, cheeses, and egg products.4 Despite this, many peo-
ple find the concept of food radiation sterilization unsettling. 
Radiation’s negative connotation hinders the use of radiation 
in the food production process. Although UV irradiation is a 
proven method of prolonging shelf life and ensuring consumer 
safety, skeptics of radiation as well as high costs and federal 
regulations affects companies from implementing iradiation 
treatments.

RESULTS AND DISCUSSION
We evaluated the effectiveness of UV-C irradiation on 

cultures of E. coli grown in nutrient-rich agar under several en-
vironmental conditions to simulate the different stages of the 
farm-to-table process. We tested the effects of UV irradiation 
pre- and post-incubation of the bacteria. Due to limitations in 
material availability, the tests were limited to the non-Shiga 

toxin-producing K-12 strain of E. coli in an in vitro exper-
iment as opposed to the preferred method of culturing the 
ground beef O156:H7 strain. Our research was also limited to 
hand-held UVC-3 3-watt DC surface sterilizers as opposed to 
industrial grade sterilizers that perform at 40 watts.5

The radiation’s destructive effects are shown by the decrease 
in colony density relative to the control which continued to in-
crease in size. However, given that an estimated area was being 
compared to another estimated area, there is no statistical test 
to compare our data and therefore no statistical significance in 
our data. In future studies, this will be fixed via more trials and 
larger sample sizes.

The samples were incubated at 37°C and had an approxi-
mate area decrease of 9.74% while the control area increased 
by 6.4%. At 23°C, there was about 14.26% decrease in area 
while the control increased by 3.37%. There was no growth in 
the petri dishes incubated at 5°C. Although 5°C is within the 
temperature range where E. coli can survive, the colder tem-
perature slows the bacterial metabolic processes and inhibits 
reproduction. The refrigeration temperature was adjusted ac-
cordingly to 10°C beginning in trial 2.
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Table 2: Results from Trial 2 (Bottom half is control)

Figure 1. The graph portrays the resulting mean percent changes of the control and experimental 
groups of the first trial. The graph shows clearly that there is no statistical difference between 
the two means as the standard error bars of both overlap. These results led to a conclusion of no 
statistical significance.

Figure 2. The graph for the results of trial two represents the mean areas of the control and 
experimental groups following the irradiations sessions and incubation. The graph does show 
a small difference in mean area between the two groups, but due to the small sample size the 
standard error bars overlap proving no statistical significance. 

During the first trial, UV radiation was relatively ineffective 
against E. coli colonies when irradiated post-incubation. De-
spite the difference in percent change between the control 
and experimental groups, a t-test showed the results were 
not statistically significant. Given the large standard devi-
ations visible in the bar chart as overlapping error bars (the 
control was 2.1425 and the experimental was 3.1961), there is 
not enough evidence to support a statistically significant dif-
ference. Although the experiment showed a clear difference 
between the control and variable groups, the percent change 
is not large enough to consider UV light effective in the de-
struction of already existing colonies. This is likely due to UV 
light being germicidal. UV radiation damages bacterial DNA, 
which prevents the bacteria from replicating and effectively 
neutralizes it; when a pre-existing colony is irradiated a mac-

Table 1: Results from Trial 1 (Bottom half is control)
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then incubated for 24 hours.⁶ This process was repeated for five 
days. UV-C light was administered via a portable UV-C light 
wand composed of a 3W DC lamp. Since we did not have 
the tools to measure the pre-treatment colony density and 
post-treatment colony density, our findings were only visual 
observations and estimated calculations from measurements of 
the colonies’ radii. Area estimates were done by measuring the 
four radii from the center to the furthest extent of the colony 
in four directions. These measurements were averaged, and a 
circular area was calculated from this number.

The second trial focused on using irradiation to prevent the 
reproduction and colonization of E. coli rather than destroying 
existing colonies. The test was set up with three dishes divided 
in half with cardstock and exposed to the bacteria. One side 
of each dish acted as the control and the other was exposed to 
UV radiation in the same manner as the previous trial. In this 
trial, there was one 30-second irradiation session followed by 
48 hours of incubation.

The intent of these trials was to confirm UV radiation’s ster-
ilization abilities and explore using UV radiation to destroy 
bacterial colonies. In the future, we hope to further explore the 
applications of UV sterilization.

Equipment 
This research used  12 sterile Petri dishes, Carolina® Nu-

trient-rich agar, Caroline® K-12 non-Shiga toxin-producing 
E. coli, and a portable Socean-UV Germicidal UVC 3W DC
lamp.
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roscopic observation will show little decrease in density, but 
further reproduction will not occur.
   It was found during the second trial that UV radiation has 
an obvious effect on the reproductive efficiency of the E. coli. 
However, the results were far from the 99% difference be-
tween the control and experimental treatments advertised on 
the lamp packaging. A t-test showed large standard deviations 
(Control: 2.5951 and Experimental: 4.5326) that overlap as 
error bars. These large standard deviations are a thought to be 
a result of the inability to collect more data; one Petri dish for 
each temperature within the control and experimental groups 
is not enough to show statistically significant results.

It was found that the refrigerated sample, even at 10°C, pre-
vented reproduction. The sample incubated at 37°C produced 
only a 9.24% difference between the control and irradiated 
side, while the room temperature sample experienced a differ-
ence of 39.49%. These differences are reasonable given that E. 
coli is more likely to thrive in an environment similar to that of 
the human colon.

The second trial focused on using radiation to prevent the 
reproduction and colonization of E. coli rather than destroying 
existing colonies. The test was set up with three dishes divided 
in half with cardstock and exposed to the bacteria. One side 
of each dish acted as the control and the other was exposed to 
UV radiation in the same manner as the previous trials. For 
this trial, there was one 30-second irradiation session followed 
by 48 hours of incubation.

CONCLUSION 
The poor results were likely due to a lack of resources. 

Cross-contamination between the control and UV exposed 
side of the Petri dish is also likely which allowed for increased 
reproduction in the irradiated side; the control and experi-
mental groups were in the same Petri dish and the partition 
was not airtight. In the future, more trials would be conduct-
ed to provide statistically significant results. Additionally, the 
control and independent variables would be separated into dif-
ferent dishes to avoid cross-contamination. Larger UV lamps 
with a wavelength closer to 264 nm would be used because it is 
likely that higher UV-C wavelengths are more effective.

This research will continue to look into the effectiveness of 
UV radiation as a germicidal agent. Further experimentation 
can include using UV radiation against bacterial accumulation 
on students’ cell phones as well as UV radiation on ground beef 
samples.

METHODS
Tests on the effectiveness of UV radiation in the eradica-

tion of E. coli consisted of two 3-part trials. For the first trial, 
three Petri-dishes of E. coli were cultivated at the following 
temperatures: 38°C (roughly the temperature of human in-
testines), 24°C (room temperature), 5°C (temperature of the 
average home refrigerator), and 1°C (temperature of a standard 
meat cooler). The three dishes were divided in half via a piece 
of cardstock inserted into the nutrient agar; one side of each 
dish served as the control while the other side was treated with 
a 30-second dose of 254 nm UV-C radiation twice a day and 
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Developing Pesticide Resistance to Acetylcholinesterase Inhibitors in D. pulex
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ABSTRACT: As pesticide use has increased in agriculture, the  substantial effects on nontarget organisms have grown. This 
investigation worked to mitigate the effects of pesticide run-off on non-target organisms by generating pesticide resistance in 
Daphnia pulex. D. pulex is a species of zooplankton present in most freshwater environments and is an essential component of 
freshwater ecosystems. D. pulex can naturally develop pesticide resistance and can act as a buffer to pesticide effects on aquatic 
organisms in higher trophic levels. Resistance was created in the lab through gradual exposure of D. pulex to the Lethal Con-
centration for 50% of the organisms (LC50) of the pesticide, malathion, an acetylcholinesterase inhibitor, over 54 days, for 
approximately six generations. Mortality rates after exposure of D. pulex to the Lethal Concentration for 75% of the organisms 
(LC75) of malathion were compared between previously exposed and unexposed individuals. It was hypothesized that previously 
exposed D. pulex would have higher survival rates than sensitive D. pulex when exposed to the LC75 of malathion. After exposure 
to LC75 malathion, results showed that the unexposed D. pulex had a higher mortality rate than the previously exposed D. pulex. 
Between the previously exposed D. pulex and the sensitive D. pulex, there was a difference of 80% mortality. This data suggests that 
lab-engineered pesticide resistance was generated in D. pulex. This process could therefore potentially be repeated on a larger scale 
to mass-produce resistant D. pulex that could be introduced into affected environments and lower mortality rates of non-target 
freshwater organisms.

KEYWORDS: Environmental Science; Freshwater Ecology; Pesticide Resistance; Acetylcholinesterase Inhibitors; D. pulex.

INTRODUCTION
The purpose of this project was to develop lab-engi-

neered pesticide resistance in D. pulex to acetylcholinesterase 
inhibitors, specifically malathion, to protect non-target fresh-
water organisms from the negative effects of pesticide run-off. 
Generating pesticide resistant Daphnia is beneficial to the 
environment because pesticide resistant Daphnia may act as 
environmental buffers that protect freshwater organisms from 
the harmful effects of pesticides.1 Success of lab-engineered 
resistance potentially allows for protection of freshwater en-
vironments affected by pesticide run-off and decrease in 
mortality rates of organisms in at-risk environments.2

Daphnia pulex is a type of small crustacean and a common 
species of zooplankton. They have a generational period of 
5-10 days. They are in the order Cladocera, meaning that the
crustaceans have a bivalve shell, four legs, and a pair of an-
tennae.3 They live in freshwater ecosystems around the world,
residing on all continents except for Antarctica and in almost
every permanent freshwater body. D. pulex are capable of ab-
sorbing ions, chemicals, and other environmental particles
through chloride-absorbing glands in their shell glands and
maxillary glands.1 This ability, along with their small size, caus-
es heightened sensitivity to various chemicals that enter their
environments. Therefore, they serve as reliable indicators of
stress to freshwater ecosystems.4 Because of these factors, D.
pulex are commonly used in ecotoxicology testing to determine
the effects of chemicals on aquatic organisms.3 D. pulex feed
on particles ranging from 1 μm up to 50 μm, which general-

ly consists of planktonic algae, yeast, and bacteria.1 D. pulex 
are an important food source for a variety of organisms and 
are therefore essential to freshwater ecosystems.4 Past stud-
ies indicate that trophic cascades induced by pesticides are 
initiated by the effects of pesticides on zooplankton.5 Cer-
tain zooplankton, like Daphnia, have been reported to exhibit 
a resistance to these pesticides  which yields the conclusion 
that resistant Daphnia could help buffer freshwater ecosystems 
from the trophic cascades induced by pesticides.⁶

Organophosphates are the most commonly used insec-
ticides in the world.⁷ Organophosphates are also known as 
acetylcholinesterase (AChE) inhibitors. By inhibiting AChE, 
organophosphates prevent the breakdown of the neuromuscu-
lar transmitter acetylcholine (ACh) resulting in overstimulation 
of synapses, which leads to continuous muscle contractions, 
immobility, and eventual death in D. pulex and other zoo-
plankton.⁸ Many organophosphates have been banned due to 
their toxicity and negative effects on the environment; howev-
er, some organophosphates are still available and widely used 
for domestic and agricultural use.⁹ One common acetylcholin-
esterase inhibitor used today is malathion. Malathion is used 
to control a wide variety of insects in agricultural and domestic 
settings, especially in public health for mosquito control, and it 
is moderately toxic to aquatic organisms.10

D. pulex resistance to outdated AChE inhibitors not used
in modern agriculture such as chlorpyrifos, aldicarb, and di-
chlorvos has been reported; therefore, pesticide resistance to 
these chemicals has become less environmentally significant. 
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Resistance of D. pulex to malathion has been reported in nat-
urally occurring populations when they were exposed to low 
concentrations for multiple generations.5 Pesticide resistance 
in D. pulex is beneficial to the environment because it may buf-
fer the effects of pesticides on higher trophic levels.⁶ This study 
focused on creating lab engineered pesticide resistance to the 
commonly used modern pesticide, malathion.

It was hypothesized that D. pulex that are exposed to mal-
athion in lower concentrations of 5 μg/L for 54 days would 
develop resistance to the AChE inhibitor malathion and 
demonstrate higher survival rates when exposed to 7.5 μg/L 
malathion as compared to D. pulex that were not previously 
exposed to malathion.

RESULTS AND DISCUSSION
The statistical significance of all data was calculated using 
standard deviation and standard error of the mean formulas. 

Bioassay
The mortality rates of three different cultures of D. pulex 

with six organisms in each jar initially, and after 48 hours, in 
the presence of 1 µg/L, 3 µg/L, and 5 µg/L malathion were 
calculated and recorded. In the control group no D. pulex died; 
the 1 μg/L group had a 100% mortality rate; the 3 μg/L group 
had a 17% mortality rate; and the 5 μg/L group had a 50% 
mortality rate (Figure 1). The 50% mortality rate of the 5 μg/L 
solution made 5 μg/L malathion the LC50 for D. pulex. The 1 
μg/L should have had a <10% mortality rate, and likely had the 
100% mortality rate due to contamination when the solution 
was created.

Long Term Exposure Period
The amount of D. pulex alive in each jar was monitored every 

9 days. At the beginning of the 54-day period, 10 D. pulex were 
alive in each jar. The days that the populations were tracked 
coincided with malathion addition. The average Daphnia alive 
in the four jars in each group was calculated across the 3 trials 
and recorded. The averages of those calculations were then de-
termined across the 4 jars and placed in a line graph to show 
the gradual population decline in each experimental group, as 
shown in Figure 2. 

After 54 days in the 100 ml environments, on average over 
the 3 trials, out of the original 10 D. pulex in each jar, 7 D. pulex 
were dead in the malathion addition jars, 7 D. pulex were dead 
in the malathion control jars, and 7 D. pulex were dead in the 
overall control jars. The malathion-exposed D. pulex averaged 
a mortality rate of 70%, the malathion control averaged a mor-
tality rate of 70%, and the overall control averaged a mortality 
rate of 70%, showing that the D. pulex could still survive and 
only declined in population due to less available resources. 

Additionally, the similarities in mortality rates across the 3 
different populations shows that D. pulex survival was not sig-
nificantly affected by the presence of 5 μg/L malathion over 
54 days, which suggests the development of resistance over the 

generations of the D. pulex. The belief that resistance was de-
veloped over many generations is supported by the continued 
reproduction of the D. pulex throughout the exposure period 
and the survival of the sixth generation D. pulex in later resis-
tance testing.

Resistance Testing
Before the 7.5 µg/L malathion was added, each jar in each 

trial contained the amount of living D. pulex that were pres-
ent from the exposure period. 48 hours after exposure to a 7.5 
μg/L malathion solution, on average 3 D. pulex were alive in 
the previously exposed D. pulex jars, 1 D. pulex was alive in the 
unexposed D. pulex jars, and 3 D. pulex were alive in the con-
trol jars. On average, the previously exposed D. pulex had a 4% 
mortality rate, the newly exposed D. pulex had an 84% mor-
tality rate, and the control D. pulex had a 7% mortality rate, 
which is broken down by trial in Figure 3 and shown overall 
in Figure 4. These results showed that the unexposed D. pulex 
had an 80% higher mortality rate than the previously exposed 
D. pulex. Compared to the unexposed D. pulex, which is shown
to the left and under the conclusion, the previously exposed
D. pulex had a 3% lower mortality rate and the unexposed D.
pulex had a 77% higher mortality rate, leading to a difference
of 80% as compared to the control between the 2 experimental
groups. The standard errors of the mean,  4.5% mortality for
the malathion group, 6.6% mortality for the malathion control

Figure 1: The mortality rates of D. pulex 48 hours after the addition of 5 μg/L malathion for each of 
the 3 cultures are shown in this graph, with 5 μg/L’s mortality average of 50% making it the LD50 
for D. pulex.

Figure 2: The average survival of the D. pulex in each trial over the 4 jars in each experimental and 
control group is shown in this graph. All 3 groups show a steady decline over the course of the 54 
day exposure period, finishing at an overall mortality rate of 70% for all 3 groups of D. pulex
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group, and 0.7% mortality for the overall control, indicate sta-
tistical significance in the differences in mortality percentages 
between the 2 experimental groups. These values were calcu-
lated by using the averages from each jar over the course of 3 
trials.

CONCLUSION

The research hypothesis was supported because the D. pulex 
previously exposed to 5 μg/L malathion had significantly lower 
mortality rates as compared to the previously unexposed D. pu-
lex when exposed to 7.5 μg/L malathion for 48 hours. The 87% 
difference in mortality rates between the previously exposed D. 
pulex and the newly exposed D. pulex is statistically significant 
and demonstrates a developed resistance in the malathion ex-
perimental groups. The creation of resistance through exposure 
in the lab shows that pesticide resistance to AChE inhibitor 
pesticides, organophosphates, can be engineered in a lab envi-
ronment. This suggests that the process could be repeated on 
a greater scale to create larger quantities of organophosphate 
resistant D. pulex with potential for introduction to natural 
environment. Many freshwater environments that are in prox-
imity of the agricultural and domestic settings are exposed to 
pesticides. Pesticides are applied to plants around homes and 

in larger quantities on crops in agricultural settings. When the 
plants are watered or exposed to rainfall, the residue from the 
pesticides is washed off and moves into nearby bodies of water, 
which leads to the exposure of organisms in the local bodies of 
water to suffer the negative effects of pesticide. Organophos-
phates in particular are toxic to aquatic organisms, causing 
population decreases. Lab engineered resistance allows for the 
potential of mass production of resistant D. pulex that could 
be introduced to freshwater ecosystems. Pesticide resistant D. 
pulex could be introduced to freshwater ecosystems affected 
by pesticide runoff and act as environmental buffers to protect 
other organisms from the negative effects of AChE inhibitor 
pesticides.

In the future, the success of resistant D. pulex created in a 
lab environment as environmental buffers needs to be inves-
tigated. Previous research has shown that naturally resistant 
D. pulex successfully protect other freshwater organisms from
population endangerment, but no research has been done
on the potential for protection by lab resistant D. pulex. This
could be investigated by creating microcosms with a species
of freshwater organism in a higher trophic level and two types
of D. pulex: sensitive and resistant. The survival of the other
freshwater organisms could be monitored in the presence of a
high concentration of malathion and compared between those
with sensitive and resistant D. pulex. Additionally, the survival
of these resistant organisms in a natural environment and the
heritability of resistance genes needs to be monitored to en-
sure that organisms with engineered resistance can survive and
pass on resistance to their offspring. This future research will
further support the environmental applicability of this project.

METHODS
Preparation 
D. pulex were maintained in 100 mL jars of spring wa-

ter. They were fed every 2 weeks using approximately ⅛ of a 
pellet in powdered form of Daphnia food containing primar-
ily soybean meal, ground yellow corn, fish meal, and brewers 
dried yeast provided by Carolina Biological.11 The water was 
changed in the tanks every 3 weeks by removing and replacing 
500 mL of spring water.

The specific type of this pesticide used in this experiment 
was Spectracide Malathion. Its chemical composition is 
C10H19O6PS2.10 Malathion was serially diluted by first dilut-
ing the pesticide into a 1 mg/L solution that would be used to 
create other concentrations. This dilution was done by combin-
ing 1 mL of 50% malathion solution using a volumetric pipet 
with 999 mL of spring water in a volumetric flask and sealed 
with a #4 rubber stopper. The 1 mg/L malathion solution was 
then used to create 1, 3, and 5 µg/L malathion solutions that 
were stored in volumetric flasks, shown in Figure 5, and la-
beled accordingly under a free-standing laboratory fume hood 
with a motor mounted on the top, front glass protection, and 
a steel liner.

Figure 3: The percent mortalities of D. pulex 48 hours after 7.5 μg/L malathion addition are 
shown and broken down by the averages of  trial, with the malathion control group having 
significantly higher mortality rates according to standard deviation calculations and the error bars 
shown in the graph.

Figure 4: The average percent mortalities of D. pulex 48 hours after malathion addition over 3 
trials are shown and broken down by experimental group to show the overall comparison between 
D. pulex that were previously exposed to malathion and D. pulex that were newly exposed 
to malathion, as well as the non-exposed D. pulex that were kept to monitor environmental 
conditions.
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Bioassay
D. pulex were individually collected from the 2.5 L tanks

using a pipet and transferred in groups of 6 into 12 100 mL 
glass jars filled with spring water. Jars were divided into groups 
of 3 and labeled as 1 µg/L, 3 µg/L, 5 µg/L, and Control, which 
is shown in Figure 6. 5 mL of the designated concentration 
of malathion was added to each jar using a volumetric pipet, 
shown in Figure 7, and the amount of D. pulex alive after 1 
hour, 24 hours, and 48 hours was observed and recorded in a 
data table in the logbook. Traditionally, the chemical solution 
would have been added to the environments prior to the addi-
tion of the organisms; however pesticide solutions were added 
after integration of the organisms into their new environments 
to model the addition of pesticides in natural ecosystems after 
pesticide run-off.

The mortality rates from the initial addition to 48 hours 
were calculated for each jar in each group and the mean was 
determined. The concentration that kills approximately 50% 
of organisms in an experimental group (LC50) was calculated. 

The LC50 of 5 µg/L malathion was used in later experimen-
tation. 

Long Term Exposure Period
For each of the three trials, 120 D. pulex were individual-

ly caught from the 2.5 L tanks using a pipet and transferred 
into 100 mL glass jars. Ten D. pulex were added to each jar. 20 
mL of water was transferred with the D. pulex into each jar, 
and then 60 mL of spring water was added to each jar. The 
D. pulex were divided into 12 different 100 mL jars in groups
of ten with three different experimental groups: malathion,
which was exposed long-term to malathion; malathion con-
trol, which was later exposed to malathion; and overall control, 
which was used to monitor environmental conditions of the
microcosms. Each jar was labeled with its designated exper-
imental group and a number one through four to designate
the jar number within each group, which is shown in Figure 8. 
Additionally, a designated colored mark was put on each label
to distinguish between Trials 1, 2, and 3 and recorded in the
logbook’s color code.

Initially, 5 mL of 5 µg/L malathion was added to each of 
the four malathion jars in each trial to achieve a nominal 
concentration of 0.25 µg/L. Mathematical calculations were 
completed to determine that, in order to maintain a nominal 
concentration of 0.25 µg/L, 20 mL of spring water had to be 
removed and replaced with 19 mL of spring water and 1 mL 
of 0.25 µg/L malathion. Every 9 days, the water was changed, 
and 1 mL malathion was added using a volumetric pipet to 
maintain the nominal concentration. This repeated addition 
was performed to ensure continual exposure to malathion 
because the stability of malathion in aquatic environments is 
largely unknown beyond its harmful effects on aquatic organ-
isms in its presence.13 Repeated addition of malathion also 
simulates natural conditions of repeated exposure of ecosys-
tems due to pesticide runoff. The water in malathion control 
and overall control jars was changed every 18 days, and the 
water changes were recorded on charts in the logbook along 
with feedings and malathion additions for each trial. Addi-
tionally, the amount of D. pulex alive in each jar was counted 
every 9 days using a magnifying glass, as seen in Figure 9, and 
recorded in data tables in the logbook. Nine days was the cho-
sen interval because generational time for D. pulex is between 
5 and 10 days, and 9 days is the longest possible generational 
period that doesn’t allow for the potential of two short genera-
tions that would exist in a period of 10 days. The data was then 
placed into a line graph to track the increases and decreases in 
surviving D. pulex in each of the experimental groups.

Resistance Testing.
After 54 days passed in each trial, all D. pulex were trans-

ferred to fresh, uncontaminated spring water for a 1-day rest 
period before resistance testing. The amount of D. pulex in each 
jar remained the same as the amount in the jars at the end of 
the 54-day exposure period and varied based on the amount of 
D. pulex that survived the exposure period in each microcosm. 

A 7.5 µg/L malathion solution was created by combining
the 1 mg/L solution with spring water in a volumetric flask. 
7.5 µg/L was chosen because it is the approximated LC75 for 

Figure 5: In the bioassay, the jars were 
kept in 4 rows of 3 and labeled as 1 µg/L 
malathion, 3 µg/L malathion, 5 µg/L 
malathion, and control.

Figure 6: The volumetric flasks and the 50% malathion 
solution were kept in the chemical closet next to the fume 
hood and labeled with their concentration and a designated 
color of glass tape that was recorded in the logbook.

Figure 7: A volumetric pipet was used to extract different concentrations of malathion from the 
volumetric flasks and to place specific amounts into the jars of D. pulex.
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nonresistant D. pulex based on the previously completed bio-
assay. 5 mL of the 7.5 µg/L malathion solution was added to 
each jar and the water was gently stirred with a volumetric 
pipet to mix the malathion with the environment and simulate 
natural water movements. A magnifying glass was then used 
to count the D. pulex alive in each jar immediately after 7.5 
µg/L malathion addition, 1 hour after addition, 24 hours after 
addition, and 48 hours after addition. The values were recorded 
in a data table in the logbook.

The data was used to calculate the mortality rates of each jar 
of D. pulex. The data was then averaged between the 4 jars in 
each group and the mortality rates were also averaged to gen-
erate average percentages for each experimental group. These 
final percentages were placed in a bar graph to show the differ-
ences in mortality between the previously exposed, unexposed, 
and control D. pulex. After the completion of each trial, the 
resistant D. pulex were placed in a 2.5L tank and labeled as 
resistant Daphnia. The other D. pulex and their contaminated 
environments were placed in the malathion waste jar in the 
fume hood. Once all trials were finished and the D. pulex were 
moved out of their jars, the malathion mixtures in the vol-
umetric flasks were poured into malathion waste containers, 
labeled, and dropped off at the chemical waste facility.

ACKNOWLEDGEMENTS
I would like to thank my family for the support they pro-

vided during my experiment. I would also like to thank my 
Honors Science Seminar teacher, Mrs. Zeiner. Her advice 
throughout the experimental process was invaluable from start 
to finish.

REFERENCES
(1) Ebert, D. Introduction to Daphnia Biology https://www.ncbi.nlm.nih.

gov/books/NBK2042/. (accessed October 29, 2019)
(2) Hoeven, N. V. D., Gerritsen, A. A. M. Effects of Chlorpyrifos On

Individuals and Populations of Daphnia Pulex In the Laboratory and Field. 
Environmental Toxicology and Chemistry, 1997, 16(2), 2438. 5028

(3) Jansen, M., Coors, A., Stoks, R., Meester, L. D. Evolutionary ecotox-
icology of pesticide resistance: a case study in Daphnia. Ecotoxicology, 2003, 
20(3), 543–551.

Figure 9: A magnifying lass was used to 
count the D. pulex in each jar and ensure 
accuracy before data was recorded in 
data tables in the logbook.

(4) Miller, C. Daphnia pulex. https://animaldiversity.org/accounts/Daph-
nia_pulex/.(accessed October 30, 2019), published 2001.

(5) Bendis, R. J.; Relyea, R. A. Living on the edge: Populations of two
zooplankton species living closer to agricultural fields are more resistant to a 
common insecticide. Environmental Toxicology and Chemistry 2014, 33(12), 
2835–2841. 

(6) Wetland defense: naturally occurring pesticide resistance in zooplank-
ton populations protects the stability of aquatic communities. Oceologia, 
2016, 181(2), 487–498.

(7) Centers for Disease Control and Prevention. Fallon Nevada: FAQs:
Organophosphates.www.cdc.gov/nceh/clusters/fallon/organophosfaq.htm. 
(accessed October 25, 2019).

(8) Russo, S, Episcopal School of Jacksonville, Jacksonville, FL. Personal
communication, October 31, 2019.
(9) National Pesticide Information Center. Malathion.
http://npic.orst.edu/factsheets/malagen.html. (accessed October 15, 2019), 

published  2003.
(10) “Spectracide Malathion Insect Spray Concentrate Safety Data Sheet.” 

Malathion SDS, images.homedepot-static.com/catalog/pdfImages/aa/aa3b-
c0ca-9215-469a-893e-5406398c697b.pdf., (accessed October 20, 2019), 
published 21 Dec. 2018

(11) Bottorff, S., Carolina Biological Supply Company, Burlington, NC.
Personal Communication, June 09, 2020.

(12) Wolfe, N., Zepp, R., Gordon, J., Baughman, G., Cline, D., Kinetics of
Chemical Degradation of Malathion in Water. Environmental Science Tech-
nology, 1977, 11(1), 88-93.

(13) Pimentel, D., Burgess, M., Environmental and Economic Costs of
the Application of  Pesticides Primarily in the United States. Integrated Pest 
Management, 2008, 47–71.

AUTHOR
Jordan Harrow is a junior at Episcopal School of Jackson-

ville. She is focused on a career in medical research and will 
pursue a PreMed track in university in 2021. She has spent 
the past year in environmental research and will continue this 
research for the rest of high school.

Figure 8: For each trial, the jars were set up in 3 rows of 4 and 
labeled in groups for 5 µg/L malathion, malathion control, and 
overall control with numbers 1-4 within each experimental 
group.

ijhighschoolresearch.org



© 2020 Terra Science and Education	 40	 DOI: 10.36838/v2i3.9

Development of Gel-based Multiplex RT-PCR for Detection of ER/PR/HER2-Positive Breast Cancer Diagnosis 

Suh Kyung Yoon1, Woo Rin Lee2

1. Hong Kong International School, 1 Red Hill Rd, Tai Tam, Postal Code, Hong Kong
2. Department of Biological Science, University of Suwon, Wau-ri, Bongdam-eup, Hwaseong, Gyeonggi-do, 16419, Republic of Korea
200553@hkis.edu.hk1, gosyber@suwon.ac.kr2

ABSTRACT: Estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2)
expression levels play a central role as prognostic and predictive markers in breast cancer specimens. Therefore, detecting ER, PR, 
and HER2 statuses is essential for determining a correct therapeutic method to treat breast cancer. The most commonly used 
assays in clinical studies for detecting the expression levels of these genes are immunohistochemistry (IHC) and fluorescence in 
situhybridization (FISH). However, HC and FISH frequently underestimate ER, PR, and HER2 levels. A multiplex quantitative 
and cost-effective assay using gel-based reverse transcription-polymerase chain reaction (RT-PCR) for the assessment of ER, PR, 
and HER2 was developed to overcome this problem. Multiplex RT-PCR provided consistent data in four breast cancer cell lines 
without any cross-amplification of cDNA from other genes indicating that the developed assay was reliable in its specificity. In 
fact, this multiplex RT-PCR assay proved to be a sensitive and convenient method to rapidly and simultaneously detect the ex-
pression levels of ER, PR, HER2, and Pumilio homolog 1 (PUM1). In conclusion, multiplex RT-PCR could be useful for routine 
diagnosis of ER-, PR-, and HER2-positive breast cancers.

KEYWORDS: Biology; Cancer Biology; Breast Cancer; Gene Expression; RT-PCR.

INTRODUCTION
   The advancement and widespread application of genomics, 
transcriptomics, and proteomics has provided novel under-
standing of breast cancer’s molecular complexity.1 However, 
clinical decisions still rely on the assessment of three molecular 
markers: estrogen receptor (ER), progesterone receptor (PR), 
and human epidermal growth factor 2 (HER2).2 Identifying 
these markers is essential for efficient targeted treatment for 
different types of breast cancer.2

ER is activated by estrogen.3 There are two types of ER: 
ERα and ERβ.4 Once activated, ERα and ERβ form dimers 
and translocate into the nucleus to facilitate the regulation of-
various genes.4 Approximately 80% of breast cancer patients 
display ER-positive breast cancer.5 ER-positive breast can-
certypically responds readily to hormone-targeted therapy.⁶ 
ER-positive cancers are treated with tamoxifen, a drug that 
blocks hormone receptors and the inhibition of estrogen pro-
duction.⁷

PR is a receptor that blocks transcription until activated by 
progesterone.⁸ Approximately 65% of breast cancer patients 
display PR positive breast cancer.⁹ While PR may not respond 
to endocrine therapy directly, its activation may have signifi-
cant impacts on the ER signaling pathway, thus showing value 
in determining which tumors may be subject to PR repro-
gramming of ER.10

HER2 is a breast cancer diagnostic marker that aids the 
therapeutic decisions in the treatment of breast cancer.11,12 
Up to 30% of patients display HER2 positive breast cancer.13 

HER2 gene amplification in breast cancer cells is linked to a 
more clinically aggressive response in patients and corresponds 
to a higher death rate.14,15 HER2 positive breast cancer is nor-
mally treated with trastuzumab, a monoclonal antibody that 
induces the downregulation and internalization of HER2 as 
well as upregulates cell cycle inhibitors.16,17

Previously, detection of ER, PR, and HER2 in breast cancer-
cells had been widely done using the immunohistochemistry 
(IHC) and fluorescence in situ hybridization (FISH) meth-
ods.18,19 However, immunostaining methods like IHC are 
naturally prone to errors as the results are semi-quantitative 
and subject to interobserver variability.20 The specificity of 
IHC depends on the quality of antibodies because IHC in-
volves the process of selectively identifying antigens in cells 
of a tissue section.21 Thus, these methods often lead to false 
positive/negative results. FISH is often used for diagnostic 
decisions by determining the ratio of the number of signals 
from two different chromosomal regions to determine gene 
amplification.22 FISH assessments deliver more sensitive and 
quantitative results but is expensive and time-consuming, thus 
not appropriate for widespread use.23 Furthermore, FISH-
methods are prone to ambiguous results as standard protocols 
for sample collection and storage have not been developed.23

Detection of receptor DNA or cDNA by PCR meets the-
criteria of speed and high sensitivity and is used frequently 
for diagnostic purposes.24 Gel-based reverse transcription 
polymerase chain reaction (RT-PCR) assay was reportedly 
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successful in the diagnosis of African swine fever (ASF).25 This 
assay is sensitive and specific for the fast and early diagnosis 
of ASF. Therefore, RT-PCR could be an alternative method 
for the detection of ER, PR, and HER2.26 Furthermore, mul-
tiplex PCR allows for simultaneous amplification of multiple 
target sequences in a single tube using specific primer sets in 
combination.24,27 Thus, multiplex PCR favors higher through-
put and automation compared to singleplex PCR especially 
when testing repeated and numerous patient analyses of the 
same targets.28 To overcome the problems of two-step real 
time singleplex RT-PCR, a highly sensitive and specific gel-
based multiplex RT-PCR assay was developed in this study by 
testing ER, PR, and HER2 negative and positive breast cancer 
cell lines. 
RESULTS

With the molecular classifications of breast cancer, research-
ers focus on breast cancer cell lines to determine whether the 
molecular profiles observed in breast cancer patients are re-
flected in cell line models of the disease.18 Applications of 
transcriptional profiling to breast cancer cell lines using various 
platforms provided the cell lines’ characteristics by the expres-
sion of estrogen receptor (ERβ), progesterone receptor (PR), 
and human epidermal growth factor receptor 2 (HER2).29 
Four cell lines were selected to observe ER, PR, and HER2 
expressions with RT-PCR method (Table 1).

Table 1.  Categorization and molecular information of four breast cancer cell lines and the 
clinical features of tumors where they are derived. AC is “adenocarcinoma” and IDC
is “invasive ductal carcinoma.”

   A previous study indicated that PUM1 is one of the best 
housekeeping genes for normalization of gene expression 
levels in both ER positive and negative subgroups and in nor-
mal breast tissue.30 We designed the primer sets for ER, PR, 
HER2, and PUM1 at different lengths so they could be differ-
entiated during agarose gel electrophoresis (Table 2).
   The PCR reaction is visualized using agarose gel electropho-
resis. DNA fragments of the expected size of amplified HER2, 
ERβ, PR, and PUM1 form a strong amplified DNA band on 
the gel by singleplex RT-PCR in all four breast cancer cell 
lines (Figure 1). Even though PCR conditions were optimized 
to amplify the target genes, some nonspecific bands were de-
tected. PCR conditions were not perfectly optimized but the 
primers were sensitive enough to amplify the targeted gene. 

Table 2.  Sequence information for primers used in RT-PCR.

Figure 1. Agarose gel electrophoresis of singleplex RT-PCR products from cDNA of 
MCF7, BT-474, MDA-MB-231, and MDA-MB-453 breast cancer cell line.

Some nonspecific bands showed in Figure 1 could bea result of 
residual genomic DNA from the RNA extraction process be-
cause control reactions were not performed in this experiment. 
     Since the PCR conditions were optimized in Figure 1, mul-
tiplex RT-PCR was performed in four different breast cancer 
cell lines. Multiplex RT-PCR showed viable results for all cell 
lines as the relative expression levels for ER, PR, and HER2 
were low for the ER, PR, and HER2-negative breast cancer 
cell lines and high for the ER, PR, and HER2-positive breast 
cancer cell lines (Figure 2). PUM1 also proved to be very com-
patible with ER, PR, and HER2 in the multiplex process as 
the multiplex results yielded consistent expression levels in 
breast cancer cell lines (Figure 2). These observations show 
that gel-based RT-PCR multiplex detection of ER, PR, and
HER2 is a reliable way of detecting the expression of ER, PR, 
and HER2 in breast cancer cell lines and have the potential 
to be further applied to other genes involved in breast cancer.
   CellExpress is a web-based tool that allows for analysis of 
gene expression levels in all of the cancer cell lines and clinical 
samples available online. The program takes queries based on 
gene, cell line, and normalization method and outputs all rele-
vant data with a value corresponding to the relative expression 
of the gene and microRNA in the cell line in question.31 This 
system is highly useful for cross analysis of gene expression in 
different cell lines, as it provides a universal ranking and value 
with the same normalization method.
   Figure 3 shows the relative expression of the four studied 
genes in the MCF7, BT-474, MDA-MB-231, and MDAMB- 
453 cell lines. PUM1 has a uniform distribution of relative 
expression and low standard deviations as consistent with pre-
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Figure 2. Quantification of HER2, ERβ, and PR expression level on cDNA from MCF7, 
BT-474, MDA-MB-231, and MDA-MB-453 using agarose gel electrophoresis of 
multiplex RT-PCR. (upper) Gel electrophoresis of HER2 (342bp), ERβ (244bp), PR 
(224bp), and PUM1 (187bp) (lower) Bar chart of band intensity calculated for HER2
expression level. The expression level of HER2, ERβ, and PR was normalized by PUM1 
expression level (Mean + SD). Student’s t test, ** P<0.01, *** P<0.001.

Figure 3. Relative expression for HER2, ERβ, PR, and PUM1 from MCF7(n=6), BT-
474(n=6), MDA-MB-231(n=6), and MDA-MB-453(n=6) using cell line microarray 
data provided by CellExpress (Mean + SD).

vious studies, suggesting it is an appropriate normalizing gene 
for this study.30
    All microarray data is consistent with Figure 2 except the 
relative expression of ERβ. The microarray data shows a much 
more even distribution of expression of ERβ compared with 
Figure 2, which shows distinct differences in expression be-
tween the four cell lines. This could be explained by the fact 
that ERβ has nine exons in total and the selected region for 
the microarray and the primer could have targeted different 
exons in the gene. Since there are several isoforms of ERβ the 
relative expression could differ depending on targeted exon.
   Triple negative breast cancer is more likely to metastasize 
which further emphasizes the need for fast detection of re-
ceptor positive/negative cancer.32 To visualize the effects of 
triple negative breast cancer on patients, 14 studies and 9134 
samples were compiled to construct data (Figure 4) using a 
website called cBioPortal to analyze the difference in survival 
rate between patients with gene deletion in HER2, ER, and/ 
or PR and patients without the deletion.33 There was a mark-
edly lower rate of survival in patients with gene deletion with 
a p-value of 1.237e-3. A previous study on a Brazilian cohort 
confirms that Triple Negative Breast Cancer (TNBC) displays 
a more aggressive behavior, recurs more frequently, and has a 
worse survival rate.34 These patients have to receive different 
treatment (i.e. chemotherapy) and make it crucial to detect the 
expression of these receptors in the early stages of cancer.32

Figure 4. Quantification of HER2, ERβ, and PR expression level on cDNA from MCF7, 
BT-474, MDA-MB-231, and MDA-MB-453 using agarose gel electrophoresis of 
multiplex RT-PCR. (upper) Gel electrophoresis of HER2 (342bp), ERβ (244bp), PR 
(224bp), and PUM1 (187bp) (lower) Bar chart of band intensity calculated for HER2 
expression level. The expression level of HER2, ERβ, and PR was normalized by PUM1 
expression level (Mean + SD). Student’s t test, ** P<0.01, *** P<0.001.

   FISH and IHC are widely accepted as the best methods for 
ER, PR, and HER2 detection, a critical factor in the treatment 
of invasive breast cancer patients.18,22 However, these methods 
both have limitations and are not perfect at detecting ER, PR, 
and HER2.35 RT-qPCR detection of ER, PR, and HER2 
has many advantages over these two methods, including cost 
timeliness, accuracy, and sensitivity.36 The results in this study 
show that the gelbased RT-PCR assessments were accurate in 
detecting the amplification of ER, PR, and HER2 in different 
breast cancer cell lines (Figure 2). The results from this study 
are consistent with various microarray data (Figure 3)․ Which 
further confirms the accuracy of this method. Therefore, ER, 
PR, and HER2 detection via gelbased RT-PCR can remediate 
the disadvantages of methods like IHC and FISH in the future 
for rapid and accurate detection of ER, PR, and HER2 in a 
large number of samples. Since ER, PR, and HER2 expression 
levels are quantitatively measured by gelbased multiplex RT-
PCR, measuring the expression level of novel genes relate 
to breast cancer progression by gelbased multiplex can be 
developed in the future.
   A limitation of this study is that the qRT-PCR was test-
ed on breast cancer cell lines instead of tissue samples from 
actual patients. Cancer cell lines were initially derived from 
tumors and cultured in two dimensional conditions. Cell cul-
tures are widely used as models to study molecular markers 
of cancer.37 However, data obtained from the cancer cell lines 
could be different from the data obtained from actual patient 
tissue samples as tissue samples are often heterogeneous, con-
taining tumor cells as well as normal cells such as red blood 
cells.38 Previous research found a strong correlation of the ex-
pression levels of ER (r=0.85) and PR (r=0.9) between IHC 
and RT-qPCR methods in patient tissue samples.39 This re-
sult suggests that qRT-PCR is a promising complementary 
method to IHC for determining hormone receptors and pro-
tein markers used in breast cancer diagnosis.39
   All primer pairs have an unknown amplification efficiency so 
they may differ in their ability to anneal and promote amplifi
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cation of their target DNA region.40 The primers used in this 
study were not tested to prove their equal efficiency to anneal 
the target gene to promote DNA amplification so the expres-
sion level of one marker gene relative to another in each cell 
lines could be inaccurate. Therefore, the annealing ability of 
primers should be analyzed to further address this limitation.
   Development of a multiplex RT-PCR assay for four different 
genes required careful selection of primers and manipulation 
of PCR conditions because multiple primers could dimerize or 
suppress other primers. In each gene there are several isoforms
that consist of different combinations of exons.41-43 Thus, 
primers are chosen from a specific gene region that is con-
served in most isoforms to eliminate biases related to uneven 
isoform representation. Ensembl, a web-based genome brows-
er, was employed to visualize the exon structure and sequence
of the four genes and exon regions.44 Furthermore, we en-
sured the melting temperature of the primers were similar 
and differentiated the length of PCR products to ensure dis-
tinct detection during gel electrophoresis. Primers were tested 
individually to ensure optimal PCR conditions as well as in 
different combinations of over 500 PCR reactions to maximize
the multi-PCR products’ quality.
CONCLUSION
   The result of this study will help for rapid detection of the 
expression level of ER, PR, and HER2, especially in labora-
tories that cannot afford a real-time PCR machine. Unlike 
FISH and IHC assays, our assay is much simpler and more 
convenient. The multiplex analysis greatly reduces time-con-
suming procedures and eliminates additional manipulations 
that FISH and IHC assays require.
METHODS
Breast Cancer Cell Lines
   All cell lines were obtained from the Korean Cell Line Bank 
(Seoul, Korea). All cell lines were maintained in RPMI-1640 
medium (Gibco) supplemented with 10% fetal bovine serum 
(Thermo Fisher) and 1% penicillin and streptomycin in a 5% 
CO2 atmosphere at 37ºC. All cells were kept in culture for 
four or fewer passages and cell phenotypes were verified in ev-
ery experiment. Four different known breast cancer cell lines 
were used in this study as templates for the HER2 detection: 
MCF7, MDAMB231, BT474, and MDAMB453. These cell 
lines display different types of cell markers being HER2-, tri-
ple negative, triple positive, and HER2+ respectively (Table 1).
Primer Set Design
   Primers were designed for ER, PR,HER2, and PUM1 with 
GenomCompiler program and they were synthesized by Bi-
oneer (Table 2). The amplified DNA products were designed 
to be different lengths to be differentiated during agarose gel 
electrophoresis with ER (244 bp), PR (224 bp), HER2 (342 
bp), and PUM1 (187bp). The annealing temperature was set 
for 60 ºC for downstream applications.

RT-PCR Reaction
   RNA was extracted from breast cancer cell lines by RNA-
spin™ Total RNA Extraction Kit (Intron) following the 
manufacturer's instructions. cDNA was synthesized from the 
extracted RNA using TOPscript™ Reverse Transcriptase (En-
zynomics) following the manufacturer’s instructions. For the 
PCR reaction, the different primers were tested individually 
using 20 μL reaction containing 2μL forward/ reverse primers 
(10 pmol), 2μL reaction buffer, 2μL dNTP, 1.125μL Taq poly-
merase(Bioneer), 0.5 μL cDNA, and, RNase Free dH2O up to 
20 μL. PCR was done with an annealing temperature of 60°C 
and an extension time of 40 seconds in 72°C for 40 cycles. 
For the multiplex reactions, nTaq-multi HOT (Enzynomics) 
was used with 20 μL reaction containing 2μL forward/reverse 
primers, 0.2μL nTaq- multiHOT polymerase, 0.5 μL cDNA, 
and RNase Free dH2O up to 20 μL.
Agarose Gel Electrophoresis

2-5% agarose gel and TBE buffer were used in this study. 
RedSafe™ Nucleic Acid Staining Solution (Intron), an al-
ternative to traditional ethidium bromide (EtBr), was used to 
stain nucleic acid. Amplified DNA was detected by direct ex-
amination of the gel in ultraviolet (UV) light.
Agarose Gel Quantification Analysis

LI-COR Image Studio software version 2.1.10 and gel im-
ages were saved as a work area. All gel intensity quantification 
analyses were performed on images saved in TIFF format.

All experiments in this study, including running the aga-
rosegel electrophoresis, were performed in University of 
Suwon, Korea.
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Effects of Milk, Cheese, and Strawberry Counteracting Tooth Discoloration Induced by Coffee or Red 
Wine

Selina Yuri Kim

Daegu International School, 22 Palgong-ro 50-gil, Dong-gu, Daegu, South Korea
selinakim1203@gmail.comABSTRACT: This study investigated the kinds of foods that counteract teeth discoloration caused by consumption of coffee 
and red wine. A protein contained in dairy products is known for possessing enamel demineralization properties, and strawberries 
have been associated with teeth whitening functions. In this study, dairy, and strawberries were examined to determine if they 
contain properties that can substantially counteract tooth enamel discoloration caused by the consumption of coffee and red wine. 
When considering discoloration caused by coffee, milk, and strawberries were examined; when considering discoloration caused 
by red wine, cheese and strawberries were examined. Sixty cow teeth were assigned to ten combination groups and the ΔE* (total 
color change in Commission Internationale de L'Eclairage (CIE)) was calculated for the color change of teeth after immersion 
in respective solutions. Dairy products such as milk and cheese reduced discoloration induced by coffee and red wine while straw-
berry did not. The concentration of beverages was critical to teeth discoloration. Based on our results, we recommend that people 
consume dairy products such as milk or cheese when they drink coffee or wine. We also recommend people drink light coffee 
(Americano) or light wine in order to keep teeth whiter and brighter.

KEYWORDS: Dental Hygiene, Tooth discoloration; Cow teeth; Coffee; Wine; Dairy products; Strawberries.

INTRODUCTION
   One part of the face people care about most is their teeth. 
Some of the most common causes of tooth discoloration come 
from beverages including coffee and wine. These beverages are 
consumed with high frequency by people with varying life-
styles due to the positive effects that are felt after consumption. 
The caffeine in coffee increases psychomotor function to stay 
awake and provides physiological effects by increasing energy.1 
Wine gives relaxation and pleasure to people as well as reduc-
es the risk of cancer, diabetes, gallstones, and cardiovascular 
disease.2 However, our teeth become discolored by such bev-
erages, thus, we need to find out the foods which are effective 
for the prevention of teeth discoloration when taken together 
with wine and coffee. This paper will look at the kinds of foods 
that counteract teeth discoloration and make recommenda-
tions based on the findings to revise one’s diet. The specific 
research question is as follows: Which foods can prevent teeth 
discoloration when they are taken together with the stain-in-
ducing beverages?

Coffee and wine are frequently consumed by people, but 
these drinks are shown to cause tooth discoloration. Coffee 
contains brown or black colors, and red wine contains red, pur-
ple and brown colors.3 These beverages contain chromogenic 
polyphenols capable of chemical interaction, and the color of 
stained teeth is thought to be derived from polyphenolic com-
pounds which provide the color in food.4 The substances in 
coffee and wine that are responsible for causing dental stains 
are known as tannins and are composed of polyphenols such 

as catechins and leucoanthocyanins. Nathoo5 explained that 
these materials generate color due to the presence of conju-
gated double bonds and are thought to interact with tooth 
surfaces via an ion exchange mechanism and categorized this 
discoloration as an N1 type mechanism. The tannins in the 
pigmented foods react with chromogen which is responsible 
for colors and result in discoloration by precipitating with 
chromogenic substances on the enamel of the tooth that is 
naturally porous. Additionally, the tannins in coffee and wine 
which are acidic, lower the pH inside a person’s mouth and 
eventually causes discoloration, which is facilitated by a low 
pH level; acidity causes erosion of tooth surfaces.6 Moreover, 
acidity in wine is so strong that it creates rough spots and 
grooves that enable chemicals that cause staining to penetrate 
deeper into the tooth.⁷ Therefore, frequent intake of wine can 
lead to the erosion of dental hard tissues and thus, increase the 
likelihood of tooth discoloration in the presence of pigmented 
foods and beverages by allowing the penetration of these pig-
ments into the tooth.⁶,⁸

People commonly drink coffee together with milk and pair-
wine with cheese. The milk protein, casein is known to prevent 
enamel demineralization;⁹ more specifically, it stabilizes high 
levels of amorphous calcium phosphate on tooth surfaces, and 
thus, prevents demineralization.10 Therefore, it is pertinent to 
study whether milk and cheese can counteract teeth discol-
oration induced by coffee and red wine through protecting 
enamel surfaces of teeth.

ijhighschoolresearch.org



   Considering the data resulting from the teeth immersed 
in each solution for three hours, the teeth groups that were 
transferred from strawberry to coffee solution (mean 18.58) 
and the teeth groups that were immersed in the mixture of 
coffee with strawberry (mean 15.98) resulted in higher col-
or change compared to the control coffee only group (mean 
10.87). On the other hand, the teeth groups that milk were 
set as the counteracting beverage, both the group of transfer-
ring from milk to coffee solution (mean 8.50) and the group 
of mixture of coffee with milk (mean 5.29), resulted in lower 
color change than the coffee only group. Therefore, in the case 
of coffee groups, the solutions that contained milk, counter-
acted discoloration of teeth while the solutions that contained 
strawberries accelerated discoloration. In addition, the mixture 
groups (coffee + milk, coffee + strawberry) were lower in their 
color changes than their respective transferring groups (milk 
→ coffee, strawberry → coffee).
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    Strawberries are also well known for their function to whiten 
teeth. Strawberries contain a substance known as malic acid, 
which is effective at dissolving any superficial staining such as 
chromogenic substances on teeth.11 Therefore, the tooth-whit-
ening activity of malic acid that is present in straw berries 
might help diminish discoloration by eliminating some of the 
stains on the surface of teeth. However, the pigments and dyes 
in strawberries may deepen discoloration, especially the red 
dye in strawberries. In addition, the acid of this food may facil-
itate the discoloration of teeth through the erosion of enamel.⁶ 
Therefore, we need to examine whether strawberries minimize 
or deepen discoloration of teeth. We also need to investigate a 
way of combining these dairy products and strawberries with 
stain-inducing beverages and to determine how they may in-
fluence teeth discoloration differently.
   In studies of discoloration and whitening of teeth, many re 
searchers use cow teeth of which the surface closely resembles 
that of human teeth. These studies examined the staining of 
enamel with red and white wine;⁷ the effect of children's  fa-
vorite beverages on enamel;12 the effects of a bleaching agent 
with calcium;13 the effect of fluoridated carbamide peroxid 
on enamel surface change and whitening14 and the effect of 
carbonated water on enamel erosion and plaque adhesion.15 
Therefore, cow teeth can be used for the experimentation of 
discoloration and whitening of human teeth.
RESULTS
Discussion
   In order to discover different types of food that would 
best prevent tooth discoloration, the current experiment was 
conducted with two cases of stain-inducing beverages:coffee 
and red wine. For coffee, milk, and strawberry were set as the 
counteracting beverage and food. For red wine, cheese, and 
strawberry were the counteracting beverage and food. Those 
foods were combined with possible causations for counteract-
ing discoloration; for coffee groups, coffee and milk at the same 
time (‘coffee + milk’) or milk before coffee (‘milk → coffee’), 
and coffee and strawberry (Str.) at the same time or strawberry 
before coffee; for red wine groups, the same combination as 
the coffee groups incorporating cheese instead of milk. A con-
trol group was set for coffee groups and another for red wine 
groups respectively; ‘coffee only’ groupand ‘wine only’ group. 
Thus, five particular groups were set up for the coffee groups 
and five groups for wine groups, for a total of 10 groups. The 
change of color was measured after immersing the teeth in 
different combinations of solution, where the ΔE* means the 
increase of color change from the pretest scores.
    Coffee Groups
   The results of coffee groups are presented in Table 1 and 
Figure 1.

Table 1.  The color change of coffee groups (ΔE*).

Figure 1. The color change of coffee group (ΔE*).

Red Wine Groups
   The results of red wine groups are presented in Table 2 
and Figure 2. In the case of wine groups, the teeth that were 
transferred from strawberry to wine solution (mean 20.59) pre-
sented higher color change than the control wine only group 
(mean 17.27). However, contrasted with the coffee groups, the 
teeth that were immersed in the mixture of wine with straw-
berry (mean 10.88) resulted in a smaller mean change than 
the tooth saturated in the wine only solution. The teeth groups 
transferring from cheese to wine (mean 15.52) and the group 
in the mixture of wine with cheese (mean 5.62) also had a 
lower change in color than the control (wine only) group. This 
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Figure 2. The color change of wine group (ΔE*).

CONCLUSION
   Two issues regarding prevention of tooth discoloration are 
discussed: the effects of dairy products, and concentration of 
stain-inducing beverages including the issue of both acidity 
and colorants.
     Dairy products such as milk and cheese seem to counteract 
tooth discoloration induced by coffee and wine. When we refer 
to the results with less color change among the teeth groups 
immersed in the mixture of coffee with milk and with cheese, 
compared with teeth groups in the coffee only or wine only 
solutions, it is assumed that dairy products such as milk and 
cheese contain properties that may help reduce discoloration 
of teeth which were exposed to coffee or wine. Dairy products 
seem to be able to diminish discoloration as a protein in dairy 
products protects tooth enamel by stabilizing calcium phos-
phate on tooth surface.⁹,¹⁰
    Strawberries did not contribute to diminishing the disco 
oration of teeth even though they are well-known for their 
whitening effect by dissolving any superficial staining such 
as chromogenic substances on the teeth.11 Rather strawber-
ries facilitated tooth discoloration. This discoloration may be 
a tributed to the colorants in strawberries and their acidity. 
In this study, cow teeth were immersed in the mixture of cof-
fee with strawberry or in the mixture of wine with strawberry 

for three hours. The negative effects of discoloration might 
be amplified through erosion on the surface of the tooth due 
to acid, therefore letting the pigments infiltrate deeper into 
the structure.⁶ Therefore, considering the results, the custom 
of adding milk in different kinds of coffee and having cheese 
together when drinking wine may be beneficial since dairy 
products may counteract against discoloring the teeth from 
the colorants in coffee. However, the opposite might be true 
for strawberries.
  Additionally, the concentration of a stain-inducing bever-
age might be an element that affects tooth discoloration. 
Comparing the color changes of the mixture groups with the 
transferring groups, the color of teeth immersed in the mixture 
groups of ‘coffee + milk’, ‘coffee + strawberry’, ‘wine + cheese’, 
and ‘wine + strawberry’ changed consistently less than the re 
spective transferring groups (‘milk → coffee’, ‘strawberry → 
coffee’, ‘cheese → wine’, and ‘strawberry → wine’). These re-
sults seem to come from the low concentration of colorants; 
the colorants in coffee and wine are diluted in the mixture 
groups, and thus the amounts of polyphenolic compounds that 
are responsible for the coloring of teeth were reduced.4 
    From the experiment with red wine, we can assume that the 
conce tration of wine is critical to teeth discoloration. The col-
or change of the mixture group of ‘wine + strawberry’ was less 
than the transferring group ‘cheese → wine’ and the wine only 
group although strawberry contains stain-inducing colorants. 
It is assumed from this result that the acidity of wine was dilut-
ed and further reduced the degree of tooth discoloration when 
we refer the previous research asserting that the low pH level 
leads to erosion of dental hard tissues.⁶,⁷,¹⁶ More specifically, 
a low pH causes dissolution of calcified tooth structure, a de-
crease in enamel hardness and an increase in enamel porosity, 
and as a result, allows penetration of the pigments of beverages 
or food into the tooth. Therefore, lowering the concentration 
of stain-inducing beverages which are acidic is important in 
order to prevent tooth discoloration. 
    In conclusion, dairy products such as milk or cheese can 
minimize the discoloration of teeth induced by coffee or red 
wine. Another important finding is that the concentration of 
beverages is critical to teeth discoloration. Therefore, we re 
commend that people consume dairy products such as milk or 
cheese when they drink coffee or wine. It will be better if they 
drink light coffee (or light wine in order to keep teeth mini-
mize the effects of discoloration).
METHODS
Materials
    As the physical and chemical characteristics of cow teeth 
much resemble that of human teeth,13 60 cow teeth were used 
in this study. The extracted cow teeth were obtained from a 

further shows that the solutions containing cheese (cheese → 
wine, wine + cheese) and the mixture of wine with strawberry
reduced teeth discoloration. In addition, the mixture groups
(wine + cheese, wine + strawberry) experienced less color
change than their respective transferring groups (cheese →
wine, strawberry → wine).

Table 2. The color change of wine group (ΔE*).
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butcher and were cleaned and kept in a 0.9% NaCl saline solu-
tion. Before the experiment, the parts of cow teeth that were 
cracked were covered with nail polish in order to prevent the 
solutions from leaking through. The cow teeth were assigned 
to 10 groups, with six in each group, in order of the size of the 
cow teeth, as the thickness of teeth enamel is a critical element 
to the degree of discoloration.
    Materials included 10 capsules of ground coffee bean (Ne-
spresso Ristretto), a bottle of red wine ( JINRO house wine of 
16.67% alcohol by volume (ABV)), whole milk, cream cheese 
(Philadelphia), frozen strawberry, 0.9% NaCl saline solution, 
and a bottle of nail polish. In detail, 40mL of coffee (espres-
so) was extracted from each capsule of 5.5g; cream cheese was 
mixed with mineral water in a 1:1 ratio to form a liquid state; 
and frozen strawberry was ground without any additional 
water or sweetener. The tool used for measuring color was Mi-
nolta CR 400.
Pilot Study
     A pilot study was conducted in order to find out how 
much time was needed for the cow teeth to be discolored and 
for the researcher to become familiar with the procedure of 
the experiment and the use of the Minolta CR 400. A tooth 
was immersed in coffee and another tooth in the mixture of 
coffee and milk at a ratio of 1:1 for 1 hour. The L*, a*, b* val-
ues were measured every 10 minutes. As a result, measuring 
every hour for three times was determined to be sufficient. 
Experimentation for the coffee groups

The cow teeth were immersed in the extracted espresso 
coffee for the ‘coffee only’ group and in the coffee and milk 
mixture - at a ratio of 1:1 - for an hour respectively. For the 
transferring from milk to coffee (‘milk → coffee) group, the 
cow teeth were immersed in milk for five minutes, rinsed with 
0.9% NaCl saline solution, and then immersed in coffee for 
20 minutes repeatedly until the time immersed in the coffee 
solution reached one hour. This procedure was continued so 
that the teeth to be immersed in each solution for three hours, 
while measuring the colors each hour. For the experimentation 
of the ‘coffee + strawberry’ group and the ‘strawberry → coffee’ 
group, the same procedure was conducted as described above. 
Experimentation for the red wine groups

Liquid cheese which was made of cream cheese mixed with 
mineral water was used for the cheese in the transferring from 
‘cheese → wine’ group, and the liquid cheese was mixed with 
wine at a ratio of 1:1.Except for this cheese condition, all other 
procedures were the same as described for the coffee groups 
Measurement and Analysis
    In this study, the colors of the cow teeth were measured 
with CIE (Commission Internationale de L'Eclairage, CIE) 
standard wherein the L*, a*, b* refer to the variation in the 
white-black, red-green and yellow- blue chromaticity respec-
tively.13 The colors of teeth were assessed four times; pretest, 

and one hour, two hours and three hours after immersion in 
the solutions utilizing the Minolta CR 400. Each cow tooth 
was measured three times for each assessment and the average 
of L*, a* and b* values was calculated for those color values. 
Then, the value of the total color change (ΔE*) was calculated 
using the following formula:
∆E*=√((∆L*)^2+(∆a*)^2+(∆b*)^2 )
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