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ABSTRACT  

 Fresh fruits and vegetables are known to contain high levels of a variety of antioxidant 

compounds including vitamin C and polyphenolics.  The evolutionary role for these compounds 

is likely connected to response mechanisms of the fruit attempting to inhibit spoilage caused by 

oxidative processes which may be increased after the skin of the fruit is damaged.  We assessed 

whether fruit can actively respond to mechanical damage by increasing the presence of 

antioxidants.  The antioxidant content of the skin and juice of fresh apples with and without 

mechanical damage was assessed using a DPPH free radical assay 24 hours after damage.  In 

general, a decrease in antioxidants was observed for apples damaged while in the presence of an 

oxygen containing environment.  In contrast, oxygen free environments appeared to inhibit anti-

oxidant changes upon mechanical damage.  These results suggest that oxygen exposure depletes 

the natural antioxidant concentration in apples.  Future study on the role of oxygen in the stress-

induced pathway for antioxidant activation might be able to elucidate how the presence of 

oxygen reduces antioxidant concentration in damaged apples.  

 
 
1.  BACKGROUND 

 The old adage “an apple a day keeps the doctor away” still holds true. A diet rich in fruits 

and vegetables can prevent human diseases such as cancer, cardiovascular disease, cataracts, 

diabetes, Alzheimer disease, and asthma (1). Apples contain many beneficial compounds such as 

dietary fiber, sugars, antioxidants, and vitamins, which contribute to the overall health of a 

person (1). Research is being conducted on the impact of antioxidants in human health and the 

importance of vitamin C consumption. Ascorbic acid (Vitamin C) is vital for humans in part 

because of the free radical scavenging properties of its hydroxyl groups and its role in the 
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production of collagen (2). Vitamin C is an electron donor and a strong, water soluble 

antioxidant (3). 

 
Fig 1. Structure of Ascorbic Acid (7) 

 
According to Eberhardt, consumption of whole fruits may help to quench reactive oxygen 

species (ROS) involved in tumorigenesis (4). Antioxidants are responsible for scavenging free 

radicals, which when accumulated in the body, can lead to disease.  

Reactive oxygen species are a natural byproduct of cellular metabolism. ROS include 

oxygen ions, free radicals, and peroxides. These small molecules are highly reactive because of 

their unpaired valence shell electrons which enable them to act in cell signaling pathways. ROS 

production can be up regulated when cells are exposed to environmental stress or cellular 

damage (18). An accumulation of ROS leads to oxidative stress which can cause damage to 

cellular structures. The most harmful effects of reactive oxygen species in the cell are found with 

damage to DNA or RNA, oxidation of amino acids and polydesaturated fatty acids in lipids, and 

inactivation of enzymes (18).  

 
 

Fig 2. Reactive Oxygen Species Formation (15) 
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In order to prevent oxidative stress, mammalian cells use enzymes such as superoxide 

dismutase and catalase, which scavenge the free electron of ROS. Antioxidants such as ascorbic 

acid (vitamin C), uric acid and glutathione can also act as free radical scavengers and minimize 

oxidative stress. These enzymes convert dangerous hydrogen peroxide into benign oxygen and 

water molecules. However, this conversion to water and oxygen is not 100% effective, and 

residual peroxides remain in the cell, which can lead to an accumulation of free radicals.   

 
Fig 3. Reactive Oxygen Species Scavenging by SOD and Catalase (16) 

Another source of ROS is the mitochondria which produces ATP via oxidative 

phosphorylation where protons are transported across the mitochondrial membrane via the 

electron transport chain. At the end of the chain, oxygen acts as an electron acceptor and is 

reduced to produce water. Approximately 0.1-2% of electrons passing though the oxygen chain 

is partially reduced and produces a superoxide radical, O2
-. Accumulating oxidative damage can 

then affect the efficiency of mitochondria and further increase the rate of ROS production (17). 

Although ROS can lead to detrimental effects such as apoptosis, mammalian systems 

benefit from their role in wound healing. ROS are released by platelets in order to recruit 

additional platelets for wound repair at the site of injury. ROS are also involved in the adaptive 
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immune response by recruiting leukocytes and inactivating bacteria that have been engulfed by 

neutrophils (18).  

 In plant cells, reactive oxygen species are also necessary for wound repair. Plant 

wounding occurs via abiotic stress, such as hail, wind, sunburn and bruising and biotic factors 

including herbivore feeding. Plants have developed mechanisms to reduce the impact of such 

damage by inducing rapid wound-healing to prevent pathogenic infection. The main regulatory 

pathway involved in wound healing is ROS-signaling (13). Thus, ROS production is as 

important in plants as it is in mammalian wound healing. However, unlike mammalian cells, 

plant ROS are produced by the release of plant hormone jasmonic acid. ROS production is 

positively regulated by ethylene, which is a plant growth and development hormone. In response 

to high levels of hydrogen peroxide, genes impacting the production of ethylene are upregulated, 

indicating ROS can interact with ethylene signaling pathways. (14)  

Ethylene (C2H4) is an odorless and colorless gas that plays an important role in the 

maturation of fruit. This gas dramatically increases in amount during the ripening stage where 

the fruit reaches a peak of flavor, aroma, texture and juiciness. In this stage, stored starch is 

hydrolyzed to sugars (glucose, fructose, sucrose). Ethylene is also a stress-induced hormone that 

is released when a plant is subjected to injury or stress, such as trauma caused by temperature 

extremes, chemicals, drought, ozone, disease or insect damage (19).  
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Fig. 4: Ripening stages of apples related to the effects of ethylene production (19). 

 
Recent studies have shown that phenolic compounds including quinones, vitamin C, 

vitamin E, quercetin, flavanoids and procyanidin B12 contribute to the antioxidant capacity of 

fruits (10).  Perhaps stress such as wounding triggers responses that cause an accumulation of 

phenolic compounds and therefore increase the antioxidant capacity of a fruit or vegetable.  

When an apple is wounded, the integrity of the skin is damaged and oxygen is able to 

permeate through the skin. The non-enzymatic browning called the Maillard reaction in apples is 

associated with exposure to oxygen. In injured apple tissue, the phenolic compounds in apple 

vacuoles are in contact with catechol oxidase, which leads to the production of quinones and 

form dark colored compounds (11). Phenolic oxidation is catalyzed by polyphenol oxidases 

(PPO) or tyrosinases which catalyzes the oxidation of phenolic constituents in the presence of 

oxygen. Majority of these enzymatic reactions have unfavorable effects on food quality, such as 

discoloration and darkening of food products. Enzymatic browning is also deleterious to the 

nutritional value of foods (12).  
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Wounded apples are not only nutritionally unfavorable, but also negatively impact the 

apple industry. U.S. apple production is valued at more than $1.6 billion dollars annually.  

According to the United States Department of Agriculture (USDA), 59 percent of apple 

production is marketed as fresh fruit.  In 2003, over 1.16 billion pounds of fresh apples were 

exported from the U.S. (5).  According to the USDA, the economic losses from apple damage 

amount to approximately 0.3 billion dollars annually.  Many factors cause this economic loss 

including (6):  

- Climatic conditions (e.g., drought, deficit irrigation) 

- Infectious disease organisms (e.g. such as fungi, bacteria, viruses, nematodes, and 

mycoplasmas) 

- Non-infectious factors (e.g., moisture, nutrients, soil conditions, and chemicals)  

- Pre-harvest condition (e.g., harvest date : early, optimum, or late picking time) 

Bruising is the most common type of postharvest mechanical damage and this can create an entry 

point for fungi and other diseases. Typically, 10-25% of bruised apples are thrown away post-

harvest (11).  

 

2.  INTRODUCTION/AIMS  

Since apple consumption is beneficial, the research question arose: “can one increase 

antioxidants in apples using an easily applied stressor?” Studies have shown that cellular damage 

in tissue increases free radical content (20), so perhaps there is a secondary response which 

increases antioxidant levels to counter the free radicals. In an effort to minimize waste and loss 

in the apple industry, the purpose of this project was to determine if mechanically damaging 
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apples, specifically by bruising or cutting, would impact the concentration and activity of 

antioxidants present in apple extract derived from the peel and juice.  The biochemical changes 

that occur in stressed cells with respect to antioxidants and the time it takes to elicit a chemical 

response due to tissue damage was assessed. Prolonged exposure to oxygen and oxygen-free 

environments was assessed to determine the role of oxygen in ROS formation. By analyzing and 

quantifying the enzymatic antioxidant reaction with free radicals, the antioxidant capacity of 

various damaged apples can be determined. With bruising and slicing, the apple being tested will 

be exposed to an elevated level of  oxygen, presumably increasing phenolic oxidation and 

antioxidant capacity.  

Possible implications of this research include the prospect that eating bruised apples may 

be beneficial for human health and subsequently would encourage the apple industry to utilize 

damaged fruits instead of disposing them. Future work entails using damaged apple tissue to 

produce antioxidants and use apple extract in human nutritional studies to observe health 

benefits.  

 

3.  MATERIALS AND METHODS  

Red delicious apples were purchased from a local grocery store to assess antioxidant 

capacity. Apples of similar shape and size were chosen. Apples were visually inspected to ensure 

the integrity of the peel was not compromised by punctures, bruises, or sunburns. The apples 

were then processed and weighed. In each experiment two apples were used: one as a control, 

and another as the experimentally damaged apple. The apples were processed separately as 

described below. Once purified extracts of both the peel and flesh of each apple was collected, 

the samples were assessed using a free radical scavenging assay that utilized a UV 
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spectrophotometer (Fig 5). The rate of free radical quenching with a scavenger was determined 

by recording change in absorbance over time.  Control apple tissue was first assessed to obtain 

baseline data of normal antioxidant activity in apples.  Apples were damaged in several ways and 

their antioxidant levels determined and compared to those in the control apples.  If the results 

show that total antioxidants within damaged apples increases, it might imply that eating bruised 

apples is more beneficial to humans.  

 
Fig. 5: UV Spectrophotometer  

 

3.1 Chemicals: DPPH, methanol, ascorbic acid. 

The presence of antioxidants in apples was quantified using a free radical scavenging 

assay following the method of Tarozzi (2004).  This assays utilizes the hydrogen-donating or 

radical scavenging ability of 2,2-diphenyl-1-picrylhydrazyl (DPPH), a stable free radical that is 

reduced in the presence of antioxidants. The structure of DPPH and its reduction by an 

antioxidant are shown below.  
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Fig 6. DPPH Reaction (8) 

 
The odd electron in the DPPH free radical gives a strong absorption maximum at 518 nm 

and is purple in color. The color turns from purple to yellow when the odd electron of DPPH 

radical becomes paired with hydrogen from a free radical scavenging antioxidant to form the 

reduced DPPH-H (Fig 7). The resulting decolorization is stoichiometric with respect to the 

number of electrons captured (8). The powdered DPPH was dissolved in 80:20 

methanol:nanopure water solution. First a 750 μM solution of DPPH was made and then diluted 

down to 100μM. The 100μM concentration was determined to be optimal for this reaction based 

on concentrations utilized by Tarozzi (9) and supported by preliminary studies (not shown here).   

 

Fig. 7: DPPH decolorization reaction. Purple (left) unreacted. Yellow (Right) reacted with 
vitamin C  
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Ascorbic acid was used as a standard of antioxidant activity. Initial experimentation has 

shown that a concentration of 3x10-4 M reacted with DPPH at a rate similar to that of apple 

extract. Based on the calculated vitamin C concentration, standardized solutions of vitamin C 

with 3 concentrations above and below the calculated value were reacted with the fixed 100μM 

solution of DPPH. The experiment was run in triplicate and a standardization curve was made 

(see results section for calibration curve).   

Methanol was used to create solutions of DPPH, blank in the UV/spec and to extract 

phenolics in apple samples. 

 

3.2 Extraction of Antioxidants: 

All apples were weighed prior to treatments.  The experimental group was bruised on one 

surface after falling a distance of six feet onto a hard tile surface. After storage at room 

temperature for 24 hours post-damage, the apple was cut in half, separating the damaged side 

from the undamaged side. The damaged and undamaged skin were peeled away and stored. The 

apple flesh was put through a juicer (Black & Decker Fruit and Vegetable Juice Extractor JE 

2060) and the juice from the damaged and undamaged flesh was collected separately. The juice 

and peel from the damaged/undamaged side of the apple was weighed to determine recovery of 

fruit mass from the preparation process. Using the masses of each component of the apple, the 

amount of 80:20 (methanol:water) solvent to add to the juice and peel samples was calculated 

using the ratio 100 g apple sample to 250 ml methanol, based on prior studies of Tarozzi (9). 

After adding the calculated amount of methanol, the apple juices were homogenized for 1 hour 

on a stir plate and the peels were immersed in the methanol solution also for 1 hour.  



13 
 

After extraction, the juices and peel extracts were centrifuged at 3000g for 10 minutes 

(Eppendorf Centrifuge 5810R). The supernatant was collected and refrigerated. The clear 

supernatant should contain antioxidants from the sample and was ready to be analyzed.  

 

Fig. 8a: Peel Extract  

 

Fig. 8b: Juice Extract  
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3.3 Analysis of total antioxidant activity: 

The DPPH assay was used to quantify antioxidants using absorbance readings (Beckman 

DU 640 UV/vis spectrophotometer) taken at 518nm with 1 minute intervals for 10 minutes.  450 

μL of 100 μM DPPH and 150 μL of apple extract (peel and juice assayed separately) were 

pipetted into a plastic cuvette. A methanol blank was used between each sample and the initial 

DPPH absorbance was recorded in order to verify fresh solutions of DPPH were near the same 

absorbance (roughly 0.9). Each extract was also scanned at 518nm without any DPPH to see if 

there was any interference at this wavelength. By the end of 10 minutes, the reaction was verified 

that the solution changed color from purple to yellow (Fig 7). The entire assay was performed in 

the dark since DPPH is light sensitive. 

 

3.4 Protocol for increasing oxygen exposure in apples: 

 In order to assess the role of oxygen in antioxidant capacity of apples, 2 apples were used 

in a separate study in which one apple was kept as a control, and the other was damaged by 

dropping it from six feet off the ground. The bruised apple was cut in half. One half was placed 

on the lab bench with full exposure to the air environment and the other half was placed in a 

desiccator and vacuum sealed for 24 hours. After 24 hours, the exposed and vacuumed samples 

were processed as above. As a control, a fresh, undamaged apple was processed and the peel and 

juice extract was collected. All 6 samples (control peel and juice, air exposed peel and juice, 

vacuum peel and juice) were assessed with the DPPH assay performed for 5 minutes with 

absorbances recorded in 10 second intervals at 518nm.  
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Fig. 9: Vacuum Experiment 2 set up with desiccator. 

 

3.5 Calculating Vitamin C concentrations from the rate: 

 The rates of reaction were calculated from time 0-2 minutes by graphing the raw 

absorbance data as a function of time on Microsoft Excel. Using a second degree polynomial 

trendline an equation and R2 were obtained. Then, the analytical derivative of the polynomial 

equation was taken and the rates were calculated. Using the rates, the vitamin C concentration 

was determined by comparison with the calibration curve created earlier. These vitamin C 

concentrations were then analyzed.  
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4.  RESULTS AND DATA ANALYSIS 

4.1 Standardization Curve 

The standard vitamin C content in apples is reported to be roughly 1500mg/100g apple, 

which is approximately 0.3M for an entire apple (21). Using this information, solutions of 

ascorbic acid from 0.3M, 0.03M, 0.003M and 0.0003M were made. These solutions were reacted 

with DPPH for a total of 5 minutes and the absorbance at various time points were recorded. The 

rate of reaction was calculated at 0.083 minutes (Figure 6). The other time points were not used 

for the calibration because there was no obvious trend in the data (conversions became 

negligible). At 0.083 minutes, it is evident that as the vitamin C concentration increases so does 

the rate of conversion.  

The calculated rates in the calibration curve were significantly lower than that obtained in 

the experiments. A re-calibration was not run due to time and practical constraints (higher 

vitamin C levels would be needed significantly above those reportedly found in apples). Thus, 

the resulting conclusion made was that the experimental free radical scavenging components of 

apples (assumed to be predominantly vitamin C) is much larger than reported in the literature. 

The experimental data collected for apples here was approximately seventy times higher in 

vitamin C concentration.  To address this issue, the standardization curve was multiplied by a 

factor of seventy (see raw data in Appendix B).  
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Fig. 10: Standardization Curve 

 
4.2 Damaged and Control Juice/Peel Extracts- Raw Absorbances 

Measurements of DDPH conversion were performed for more than 8 minutes.  After 

approximately five minutes, the absorbance of the sample steadies, and no significant changes in 

absorbance is observed (Figure 11A, 12A). This indicates that all of the DPPH has been 

quenched by the antioxidants in the apple extracts.  

For Experiment 1A, the damaged peel appears to have a steeper downward slope from 

time 0-2 minutes than the control peel (Fig 11A). This finding may be an indication that there 

were more antioxidants present in the damaged peel sample, allowing a faster rate of free radical 

quenching.  
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Fig. 11a: Absorbance vs. Time in control and damaged peel extract 

 
In Figure 11b, it is clearer to see that there is a difference in absorbance versus time from 

0-2 minutes. Based on the graph below, rates were calculated only from 0-2 minutes since that is 

when the samples differ. However, later statistical analysis shows that the difference is not 

significant.  

 

 
 

Fig. 11b: Absorbance vs. Time in control and damaged peel extract: zoomed in at 0-2 minutes 
 
For Experiment 1B, the damaged and control juice samples overlap for the duration of 

the experiment (Fig 12a). This finding may be an indication that there were nearly identical 

amounts of antioxidant present in the damaged and control juice samples.  
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4.3 t-Test on Experiment 1 data:  Damaged vs. Control juice and peel extracts 

In order to quantitatively assess the difference between the damaged and control samples, 

a t-test was performed. See below (For graphs and rate calculations, see Appendix A). 

 
 
t‐Test: Paired Two Sample for Means 

PEEL DATA 
Time (min)  P(T<=t) two‐tail 

0  0.965 
1  0.246 
1.5  0.262 
2  0.009 

 
t‐Test: Paired Two Sample for Means

JUICE DATA 
Time (min) P(T<=t) two‐tail 

0 0.199 
1 0.499 
1.5 0.257 
2 0.026 

 
The rates of reaction were calculated from time 0-2 minutes by graphing the raw 

absorbance data on Microsoft Excel. Using a second degree polynomial trendline an equation 

and R2 were obtained. Then, the derivative of the polynomial equation was taken and the rates 

were calculated (Fig 13a-b). 

 
Experiment 1B: Damaged Juice Sample Example: 

 

 
Figure 13a: Graph of raw absorbances of 2 replicates. Trendline equation is shown for each. 

Derivative of polynomial equations were used to calculate the rate of conversion. 

BLUE y = 0.157x2 - 0.585x + 0.646
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Time  Rate 1 Rate 2 Avg Std Dev 
0  ‐0.585 ‐0.573 ‐0.579 0.008485 
1  ‐0.271 ‐0.269 ‐0.27 0.001414 
1.5  ‐0.114 ‐0.117 ‐0.1155 0.002121 
2  0.043 0.035 ‐0.0361 0.047942 

Figure 13b: Table of calculated rates based on trendline equation (Fig 11a) 
 
The t-test shows that the data point at 2 minutes is inaccurate because this is the point 

where the rate flattens and does not adhere to the polynomial fit of the rate equations. The 

resulting p-value is an artifact of the poor fit in the polynomial applied to the data at this point. 

At 2 minutes the rate changes from a negative value, to a positive value, indicating that the trend 

is no longer followed. With a P value greater than 0.1, it is evident that the damaged and control 

peel extracts are not distinctly different populations, nor are the damaged and control juice 

extracts. 

 
4.4 Figure 9: Vitamin C concentrations of Experiment 1 samples  

Figure 9 below shows a summary of the vitamin C concentration results for Experiment 

1. The control peel has a greater vitamin C concentration than the control juice sample. The 

damaged peel has fewer antioxidants than the control peel, but more antioxidants than the 

damaged juice sample.  

After converting rates into vitamin C concentrations using the standardization curve at 

0.083 minutes, the control vs. damaged apple peels and juices were analyzed. The damaged peel 

(0.322 M) has almost a 30% increase* in vitamin C concentration compared to the control (0.245 

M). Since the peel contains the majority of the polyphenolic and antioxidant concentrations, it 

can be inferred that with damage, the skin cells surrounding the site of damage are stress-induced 

and respond with antioxidant production or release.  
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Fig. 15: Raw Absorbance for Experiment 2 

 
4.6 Calculating Rates for Experiment 2: 

Microsoft Excel was used to calculate a polynomial trendline equation for the raw absorbance 

data. The rates of reaction were calculated based on the derivative of the trendline equations.   

 
Fig. 16: Graph of raw absorbances of 2 replicates. Trendline equation is shown for each. 

Derivative of polynomial equations were used to calculate the rate of conversion. 
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5. DISCUSSION 

Antioxidants are essential for human consumption in order to fight against the deleterious 

effects of free radical accumulation in the body. Free radical scavengers such as vitamin C found 

in apples are just one of many sources of antioxidants available for consumption. The underlying 

goal of this research was to determine whether stress-induced apples produced more antioxidants 

than their non-stressed counterparts. This was achieved by bruising apples and comparing them 

to controls. The hypothesis proposed before any experimentation was that damaged apple tissue 

would produce more antioxidants than the control because of the stress-induced mechanism in 

apples which activate reactive oxygen scavengers. However, the results of the experiments 

disprove the hypothesis and show that there is no significant difference in the antioxidant content 

of damaged and fresh apples.  

In Experiment 1, bruised and control juice and peel extracts were compared. The rate of 

conversion for both the peel and juice samples of the control and bruised apple were not 

significantly different, indicating that the amount of antioxidants were relatively similar. Using 

the standardization curve, the following vitamin C concentrations were obtained: 0.322M 

(damaged peel), 0.245M (control peel), 0.1225M (damaged juice) and 0.175M (control juice).  A 

reasonable explanation for why the damaged peel has a higher concentration than the control, 

while the damaged juice has a lower concentration of vitamin C than the control is that the peel 

contains the majority of the polyphenolic and antioxidant concentrations. With damage, the skin 

cells surrounding the site of damage are stress-induced and respond with antioxidant production 

or release. Overall, the peel had a higher concentration of vitamin C than the juice which 

supports the literature that the peel has the majority of the antioxidants.  
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In experiment 2, the role of oxygen in damage response was investigated. The key 

findings from this experiment were that the control peel extract has the highest amount of 

vitamin C (0.085M), followed by the vacuum (0.05M), and then the air exposed sample 

(0.013M). A possible explanation for this result is that oxygen can create free radicals, which 

antioxidants such as vitamin C can scavenge, thus, with prolonged exposure to oxygen, the store 

of vitamin C begins to deplete as the reaction between antioxidant and free radical proceeds. 

However, if this was true, then the vacuum should have had the highest concentration of vitamin 

C, not the control. Two explanations exist for the result of the experiment: (1) The vacuum was 

not completely devoid of oxygen, thus allowing some antioxidants to be used up and (2) the 

control apple and experimental apple had different initial vitamin C concentrations. 

The juice extracts in experiment 2 had slightly different vitamin C concentrations than 

the peels. In this case, the vacuum had the highest vitamin C concentration, followed by the 

control and air exposed samples. This indicates that the flesh of the apple is more susceptible to 

oxygen effects than the peel. However, what is striking in this experiment is that the juice overall 

has a higher concentration of vitamin C than the peel, which refutes the notion that more 

antioxidants are present in the peel than the flesh.  

The experiments yield inconclusive results regarding the difference in antioxidant 

concentration in the peel versus juice of an apple. However, results do show that damage to both 

the peel and juice results in a lower vitamin C concentration than their respective controls. The 

only outlier to this statement is the juice extract in Experiment 2 that was placed in a vacuum. 

But, in general, damaged tissue actually had less vitamin C than their fresh counterparts, which 

can be explained as more free radicals were generated in the stress-induced state therefore 

quenching the supply of antioxidants faster than the non-stressed control.  
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From experiment 2, it is concluded that prolonged exposure to oxygen decreases vitamin 

C concentration in both peel and juice apple extracts.  Although the role of oxygen in the stress-

induced signaling cascade for antioxidants were not studied in this experiment, it is possible that 

oxygen exposure is partly responsible for depleting the reservoir of antioxidants that are 

naturally present in apples by creating free radicals. The oxidation of phenolic compounds may 

in fact produce free radicals rather than activate antioxidants. Or, oxygen activates the use of 

antioxidants, thus reducing their concentration in a sample. 

It is important to note that the vitamin C concentrations that were derived from the 

standard curve have a standard error associated with them. The calibration curve had to be 

multiplied by an arbitrary factor of seventy suggests that the concentrations of vitamin C are 

more of an estimate than a precise value. It is also possible that antioxidants other than vitamin C 

reacted with the DPPH which sped up the rate of reaction. However, it is unlikely to have a 

compound that is seventy times more soluble in methanol than vitamin C.  This point remains 

unexplained.   

A possible implication of the design research was to investigate whether eating damaged 

apples may be more beneficial than eating fresh apples. This appears to be not true, although 

damaged fruit appear to be not deficient in antioxidants.  Many apples are thrown away post-

harvest; the apple companies are losing potentially viable product that contains similar 

antioxidant levels. Exposure to oxygen proves to be an agent potentially causing the reduction of 

antioxidants, thus, it may be helpful to store apples in minimally oxygenated environments to 

prevent further loss of antioxidant capacity. 

Further investigations need to be done in order to verify where indeed more vitamin C is 

present (peel or flesh). Also, a large sample size of non-bruised apples should be tested for 
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antioxidant concentrations in order to ascertain whether apples within the same variety have 

significant differences in initial antioxidant concentrations. A possible research question that can 

be addressed is if antioxidant levels change significantly with apple age (post-harvest). This can 

assess proper storage time for harvested apples. 
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APPENDIX A: Graphs and Rates used for t-test 
 
Juice data: 
 
CONTROL 
JUICE 
Time  Rate 1  Rate 2  Avg  Std Dev 

0  ‐0.635  ‐0.671 ‐0.653 0.025455844
1  ‐0.271  ‐0.295 ‐0.283 0.016970563

1.5  ‐0.089  ‐0.107 ‐0.098 0.012727922
2  0.093  0.081 ‐0.0361 0.04794184

 
DAMAGED 
JUICE 
Time  Rate 1  Rate 2  Avg  Std Dev 

0  ‐0.585 ‐0.573 ‐0.579 0.008485
1  ‐0.271 ‐0.269 ‐0.27 0.001414

1.5  ‐0.114 ‐0.117
‐

0.1155 0.002121

2  0.043 0.035
‐

0.0361 0.047942
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Peel Data: 
 
DAMAGED PEEL 
Time  Rate 1  Rate 2  Avg  Std Dev 

0  ‐0.842  ‐0.573 ‐0.7075 0.190211724
1  ‐0.302  ‐0.205 ‐0.2535 0.068589358

1.5  ‐0.032  ‐0.021 ‐0.0265 0.007778175
2  0.238  0.163 ‐0.0361 0.04794184

 
Control Peel 
Time  Rate 1  Rate 2  Avg  Std Dev 

0  ‐0.7478  ‐0.6574 ‐0.7026 0.063922
1  ‐0.3224  ‐0.2534 ‐0.2879 0.04879

1.5  ‐0.1097  ‐0.0514 ‐0.0806 0.041224
2  ‐0.0022  ‐0.07 ‐0.0361 0.047942
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APPENDIX B: Raw data for standardization curve 
 
3x10-1M         

time 
(min) 

abs at 
518nm 

data 
set 1 
(1) 

abs at 
518nm 
data 
set 2 
(2) 

abs at 
518nm
data 
set 3 
(3) stdev 

no DPPH 0.0015 0.0026     
0.083 0.0322 0.0485 0.0981 0.034324
0.166 0.0273 0.0497 0.0883 0.030856
0.333 0.0277 0.0491 0.0866 0.029814

0.5 0.0288 0.0484 0.0881 0.030212
0.66 0.0274 0.048 0.0905 0.032177
0.83 0.0261 0.0488 0.0905 0.032664

1 0.0259 0.0493 0.0906 0.03276
1.16 0.0258 0.0489 0.0899 0.032464
1.33 0.0258 0.0497 0.0898 0.03234
1.5 0.0258 0.0496 0.897 0.49626

1.66 0.0257 0.0495 0.0902 0.032617
1.83 0.0257 0.0491 0.0893 0.032168

2 0.0257 0.0493 0.0891 0.032043

3x10-2M         

time sec 

abs at 
518nm
data 
set 1 
(1) 

abs at 
518nm 

data 
set 2 
(2) 

abs at 
518nm

data 
set 3 
(3) stdev 

no DPPH 0.0015 0.0024     
0.083 0.0275 0.0736 0.0741 0.026761
0.166 0.0254 0.0727 0.0734 0.027513

0.33 0.0247 0.0739 0.0741 0.028464
0.5 0.0247 0.0754 0.0712 0.028138

0.66 0.0249 0.0734 0.0693 0.026896
0.83 0.0248 0.072 0.07 0.026692

1 0.0248 0.07 0.0699 0.026067
1.16 0.0251 0.0705 0.071 0.026357
1.33 0.0248 0.0719 0.0686 0.026292
1.5 0.0249 0.0706 0.0699 0.026185

1.66 0.0246 0.0709 0.0719 0.027025
1.83 0.0246 0.0705 0.0724 0.027066

2 0.0243 0.071 0.0718 0.027196

 
 
3x10-3M         

time 
(min) 

abs at 
518nm 
data set  

(1) 

abs at 
518nm 
data set  

(2) 

abs at 
518nm
data set 

(3) stdev 
no DPPH -0.0007 -0.0012     

0.083 0.0273 0.0771 0.0801 0.029656
0.166 0.0301 0.0804 0.0803 0.029012
0.333 0.0263 0.0758 0.0773 0.029022

0.5 0.026 0.0764 0.0792 0.029939
0.66 0.0257 0.0763 0.0791 0.030055
0.83 0.0283 0.0735 0.0766 0.027036

1 0.026 0.0755 0.0774 0.029143
1.16 0.0257 0.0744 0.0755 0.02844
1.33 0.0258 0.0734 0.0785 0.029066
1.5 0.0257 0.0758 0.0751 0.028725

1.66 0.026 0.0737 0.0759 0.028196
1.83 0.0255 0.0729 0.0733 0.027483

2 0.0254 0.0728 0.0758 0.028272

3x10-4M         

time (min) 

abs at 
518nm 
data set  

(1) 

abs at 
518nm 
data set  

(2) 

abs at 
518nm
data set 

(3) stdev 
no DPPH 0.0002 -0.005     
no DPPH 0.0307 0.0572 0.0868 0.028064

0.083 0.028 0.0592 0.0863 0.029174
0.166 0.028 0.0571 0.0837 0.027859
0.333 0.0287 0.0559 0.0868 0.02907

0.5 0.0281 0.0588 0.0821 0.027084
0.66 0.0278 0.0579 0.0802 0.026297
0.83 0.0277 0.0575 0.0811 0.02676

1 0.0276 0.0554 0.0807 0.02656
1.16 0.0277 0.0562 0.0807 0.026525
1.33 0.0278 0.0571 0.787 0.430116
1.5 0.0276 0.0553 0.0782 0.025338

1.66 0.0277 0.0567 0.0783 0.02539
1.83 0.0277 0.0572 0.0816 0.02699
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