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Abstract 

Monitoring the concentration of phenolic compounds is important for environmental regulation, 

health diagnostics, and bioenergy fermentation. Vanillin is a phenol compound used as a food 

flavoring that can cause allergies and inhibits biofuel production. The phenol m-cresol is a toxic 

compound that is regulated in the environment and in human health. A device can be created to 

semi-quantitatively determine the concentration of these compounds using a colored reaction that 

occurs when the phenol compounds are converted into quinones by the enzyme tyrosinase and 

then subsequently react with chitosan. As the concentration of phenol increases, the color 

intensity of the quinone-chitosan reaction product increases, allowing for a simple correlation 

between end point color intensity and phenol concentration. Since tyrosinase is an enzyme, its 

conversion rate increases with increased substrate. Therefor the rate of signal formation can also 

be used as a metric for determining the concentration of phenols present. The difference in rates 

at different concentrations can be used as another, more sensitive metric of concentration 

determination. It was found that vanillin could not be detected with the tyrosinase mediated 

quinone-chitosan reaction. m-Cresol was detected with the tyrosinase mediated quinone-chitosan 

reaction and a lower limit of detection was achieved by using the rate of signal generation as a 

metric over the end point concentration reading.  

 

 

  



1. Introduction 

1.1 The Importance of Phenols 

Phenols are a group of aromatic compounds that are found in nature and have many industrial 

uses. A phenolic compound contains an aromatic hydrocarbon ring which has a hydroxyl group 

bound to it (see Fig. 1a). This reactive hydroxyl group plays an important role in the properties 

of phenolic compounds and is responsible for their antioxidant capabilities1. The unique 

properties of phenolic compounds has created an abundance of important uses in research and 

industry. Monitoring the concentration of phenolic compounds can be important for a variety of 

environmental2, industrial3,4 and health concerns5. All phenol compounds are toxic to plants and 

animals at high concentrations, so monitoring phenols can be important for monitoring pollution 

from waste streams. The wine industry often monitors phenols to describe the quality of the 

wine6. In the health field, monitoring phenol levels in humans can be important for both 

understanding the role phenols play in cancer reduction1, but also monitoring the buildup of 

these toxic compounds in the human body5. While phenols are abundant, diagnostic tools for 

measuring the concentration of phenols are lagging behind.  

 

Fig. 1  The chemical structure of the phenolic compounds used in this study. The general structure 

of a phenol (a), m-cresol (b), and vanillin (c).  

Phenol m-Cresol Vanillin 

a) b) c) 



Phenol’s antioxidant capability has brought much attention to phenols for their role with the 

reduction of free radicals inside cells, which helps with the prevention of cancer1. This reduction 

occurs when phenols donate their hydroxyl proton to reduce cancer causing free radicals that are 

present in the cell. This reduction of free radicals prevents the species from reacting with DNA 

causing mutations which can lead to cancer. While phenols have recently been the focus of many 

studies due to their role in cancer prevention, phenols have many other important roles. In the 

wine industry phenols are often monitored as a measure of wine quality due to their association 

with the flavor of wine6. While phenolic compounds each contribute their own unique flavor, the 

wine industry usually quantifies there contribution to the quality of the wine by measuring the 

total concentration of all phenols present in the wine, also known as measuring the “total 

phenolic content”. The toxic nature of phenols makes measuring their concentration important 

for environmental quality analysis2. The concentration of phenols present in waste streams for 

industrial operations such as pulping are not well monitored so high concentrations of these toxic 

phenols are sometimes released into the environment. In addition to environmental health, 

monitoring the concentration of phenolic compounds is also important for human health. High 

concentrations of phenols present in blood and urine samples could be indicative to serious 

health problems5 or dangerous overexposure to these toxic compounds3,4. Creating devices for 

the accurate analysis of these phenol compound concentrations is important for the continued 

monitoring of the effect of phenol compounds. For the purpose of this study, vanillin and m-

cresol were chosen as our phenols of interest.  

1.2 The Need for Detection of Vanillin 

In the fermentation of biomass to ethanol, phenolic compounds can play a detrimental role in 

inhibiting ethanol production7,8. In high enough concentration phenols are toxic to yeast cells, 



permeating there membrane and killing the yeast, causing final yields to be lowered by as much 

as 26%7. A key phenol that plays a role in this inhibition process is vanillin, a phenol associated 

with the vanilla taste and found in abundance in hardwood trees. Hardwood biomass is becoming 

a more commonly used fuel source for ethanol fermentation and as the use of hardwood biomass 

is further explored it will become increasing important to monitor the vanillin concentrations 

present. Vanillin can be removed from the biomass through detoxification methods, such as 

catalytic removal with enzymes8. While enzymatic pretreatment is effective for the removal of 

vanillin, it is often expensive and should only be performed when necessary. To decide if 

enzymatic pretreatment is necessary the concentration of vanillin in the feedstock can be 

determined before fermentation and if the concentration is high the feedstock can be sent to 

detoxification (see Fig 2). A cheap, accurate, easy to use, disposable device for the detection of 

vanillin could be very useful for determining the concentration of vanillin in the biofuels 

industry.  

 

Fig. 2  A schematic of how the detection of inhibitors could make the ethanol fermentation process 

more efficient. After pretreatment, the process stream could be tested for inhibitors. If inhibitors are 

present the process stream can be sent to detoxification. If inhibitors aren’t present then the process 

stream can skip detoxification and be sent straight to fermentation. 



Besides detecting vanillin in biofuels, the detection of vanillin could be useful for other 

applications. Vanillin is the chemical associated with the vanilla taste and smell, so it is often 

used in the perfume industry and as a flavoring in the food industry. Some individuals are 

allergic to vanillin5. While this allergy is rare, those who are allergic are often severely allergic 

and the monitoring of foods for vanillin could be important for ensuring they do not have a 

reaction. A cheap, simple, at home monitoring test could give people living with vanillin 

allergies a way to monitor the presence of vanillin in foods they eat.  

1.3 The Need for m-Cresol Detection 

m-Cresol is a toxic phenol compound that can be found in high concentrations in some industrial 

waste streams2. The monitoring of m-cresol in the environment could be important for reducing 

environmental contamination. Toluene is also broken down to m-cresol in the human body, so 

monitoring the levels of m-cresol in urine could be a useful diagnostic for measuring a workers 

exposure to Toluene3,4. Patients undergoing hemodialysis can sometimes build up high 

concentrations of m-cresol and other compounds in their blood due to incomplete filtration. 

Monitoring this build up could be important to determining a patient’s health5.  

1.4 Conventional Methods of Detecting Phenols 

Accurately detecting phenolic compounds can be difficult and requires complicated lab 

techniques such as High Performance Liquid Chromatography9. These lab techniques can often 

be expensive, complex and difficult for operators to use with long times to results. These lab 

techniques also are not convenient for portable monitoring and for in home monitoring. 

Electrochemical probes are a portable alternative for phenol detection10. These electrochemical 

probes often use the reducing properties of phenols to transfer an electrical charge, the amperage 

of which can be measured to correlate the concentration of phenol. These probes have a high 



sensitivity, but are expensive making them not feasible for many home and industrial uses. A 

more commonly used alternative for determining phenol concentration is the Folin-Ciocalteu 

Reagent6. This colorimetric reagent is commonly used in the wine industry to access the total 

phenolic content of a wine sample. While the Folin-Ciocalteu Reagent works well for accessing 

the relative phenol concentration in wines, it is not an accurate method for accessing the precise 

concentration of phenols since the Folin-Ciocalteu reagent will react with many other reducing 

agents and is a better method for detecting the total reducing potential of a sample. The Folin-

Ciocalteu reagent also contains a heavy metal and is corrosive requiring special considerations 

when disposing of it.  

1.5 The Tyrosinase Mediated Quinone-Chitosan Reaction 

The tyrosinase mediated quinone-chitosan reaction is another reaction which can be used to 

detect the concentration of phenols2,11. This method uses a colorimetric reaction between 

chitosan, an abundant polymer which naturally occurs in animal shells, and a reactive quinone 

species which is generated by the oxidation of phenols via tyrosinase. The color intensity 

generated by the reaction can be used to correlate the concentration of phenol that was present to 

drive the reaction. Tyrosinase, an enzyme which naturally occurs in the human body and is 

responsible for the oxidation of tyrosine into melanin, plays a key role in the reaction by 

oxidizing phenols into their respective quinones. The tyrosinase enzyme binds specifically to 

phenol compounds and oxidizes them into diphenol compounds using ambient air, then 

subsequently oxidizes them again into reactive quinone compounds, (see Fig 3).   



Little research has been conducted exploring the quinine-chitosan reaction, especially in the 

context of detecting phenols. One advantage of this reaction method over other detection 

methods is that both chitosan and tyrosinase are safe reagents to work with since chitosan is an 

inert naturally occurring polymer and tyrosinase is an enzyme naturally found in most animals. 

Both compounds are environmentally friendly and biodegrade, unlike the corrosive Folin-

Ciocalteu reagent. The reaction is also specific to phenols since tyrosinase will only oxidize 

select phenol compounds.  

1.6 Paper Based Detection 

Paper is becoming a common platform for chemical detection. Paper pads contain small pores in 

which reagents can be patterned. When a fluid sample is applied to the paper pad, fluid fills the 

pours and analytes in the fluid react with the reagents dried on the pours surface. Often times 

these reactions produce color, allowing the user to correlate analyte concentration to the color 

intensity produced on the paper pad. Since paper is thin and its pores are small, paper devices 

require small sample volumes, on the order of microliters. The paper itself does not play a role in 

the reaction but instead provides the porous structure in which the reactions occur. Due to the 

devices small volume these devices do not use a large amount of reagents to fabricate, drastically 

reducing the amount of expensive reagent used per test.  Paper devices also have a low volume to 

surface area, making it easy to visualize color change while consuming small amounts of sample. 

Fig. 3  The reaction scheme of the tyrosinase mediated quinone-chitosan reaction. The tyrosinase 

oxidizes the phenol into a diphenol, then subsequently oxidizes the diphenol into a reactive quinone. 

The quinone species reacts with chitosan to form a brown color.  



The diffusion of analyte from the sample to the reactants occurs quickly relative to reactions 

occurring in well plates due to the much smaller pore sizes present in paper. This fast diffusion 

creates faster reaction times and therefor faster time to results. Paper pads are also cheap to 

fabricate and easily transportable making them relevant to a variety of applications.  

1.7 Previous Paper-Based Devices Utilizing the Tyrosinase Mediated Quinone-Chitosan 

Reaction 

Little previous work has been performed evaluating the use of the tyrosinase mediated quinone-

chitosan reaction as a method of detecting phenol concentrations. A study performed by Alkasir 

et al. previously designed an assay which successfully detected phenols using the tyrosinase 

mediated quinone-chitosan reaction on paper2. The study used a multi-layering approach for 

patterning reagents that allowed for lower limits of phenol detection (less than 5 μM). The study 

also showed that tyrosinase was stable on a paper pad for over 200 days when stored at 7°C. 

While Alkasir at al. found that the quinone-chitosan reaction could be used to detect several 

phenols on paper, it did not test if vanillin could be detected using this reaction mechanism. The 

study also didn’t discuss how the color formed with time, and did not analyze using the rate of 

signal generation as a metric for determining concentration.  

1.8 Two Detection Metrics: End Point Measurements V.S. The Rate of Signal Generation 

End point detection is a common method of colorimetric detection. When using end point 

detection, the intensity of the color signal produced by the colorimetric reaction is measured at a 

single “end point”, which is a specific time after the sample is applied. With end point detection 

the user would have to simply place a sample on the paper card, let the reaction occur for some 

preset amount of time, and then once the time has lapsed the user would take an image of the 

reaction pad to measure the intensity of the color reaction. While end point detection has been 



previously used for detecting phenols with the tyrosinase mediated quinone-chitosan reaction, no 

studies have been performed exploring the rate of signal generation as a metric. The intensity of 

the color being generated by the reaction can be monitored over the course of the assay by taking 

images of the reaction pad at even time intervals to generate a plot of the signal with time (Fig 

4). The slope of a line fit to the plot of signal vs time can be used to determine the rate of signal 

generation for the reaction for enzyme catalyzed reactions, it is expected that the rate of signal 

generation increases with the concentration of analyte. This increase in the rate of signal 

generation with concentration can be used to semi-quantitatively identify different concentrations 

based on the different reaction rates they are associated with. Using the rate of signal generation 

as a metric for determining analyte concentration has previously been shown to have increased 

sensitivity and faster time to response than an end point concentration reading.  

1.9 Study Goals 

The first goal of this study is to determine if vanillin can be detected using the tyrosinase 

mediated quinone-chitosan reaction. No previous literature has demonstrated using this reaction 

and it is unknown if the reaction will occur. The second goal of the project is to compare using a 

rate of signal generation metric to an end point concentration reading as a method for 

Fig. 4  The change of intensity on the reaction pad after the sample has been applied (sample applied 

at 0 min). The end point reading would be taken at a time of 10 minutes. The rate of intensity formed 

over these 10 minutes can be found by analyzing the color intensity at each of these time points and 

fitting a line to it. 



determining the concentration of phenol in a sample with the tyrosinase mediated quinone-

chitosan reaction. Using the rate of signal generation as metric has previously been shown to 

improve the sensitivity and limit of detection of some quantitative tests using enzymatic 

reactions. 

2. Methods 

2.1 Preparation of Reagents 

Tyrosinase solutions were made at a stock concentration of 2 mg/ml in phosphate buffered saline 

(PBS) at pH 7.4. A concentration of 2 mg/mL was chosen because it has previously been 

reported as the solubility of tyrosinase12. Chitosan solutions at a stock concentration of 10 mg/ml 

were made in 1% acetic acid. A concentration of 10 mg/ml has been previously shown as the 

solubility of chitosan in acetic acid13. The 100 mM stock solutions of the phenol reagents were 

made by diluting the phenols in PBS. The 10 uL PBS samples contained phenol samples at the 

appropriate concentration and where pipetted onto the reaction pad.  All chemical reagents were 

purchased from Sigma-Aldrich. 

2.2 Preparation of Reaction Pad 

 The paper cellulose was purchased from Whatmann. A wax printer was used to print 

hydrophobic barriers onto the cellulose to define the “reaction pads” which will have a capacity 

of 10 μL. The heating method described by Carrilho et al14 was used to ensure the wax spread to 

form a leak-proof barrier across the thickness of the cellulose. The card was presoaked by 

applying 10 μL of 1.5% NaTPP solution to the reaction pads and dried overnight. When 

patterning the card, 10 μL of the 1.25% chitosan solution was pipetted by hand onto a cellulose 

pad, followed by a 10 μL application of 2 mg/mL tyrosinase solution and a 10 μL application of 

0.4% alginate solution. A total of two applications of chitosan, three applications of tyrosinase 



and one application of alginate were applied to the reaction pad. Each application of solution was 

allowed to dry on the pad for 30 minutes. Tyrosinase and chitosan have been previously proven 

to be stable when air dried on cellulose pads2. The test was performed by applying 10 μL 

samples of a PBS solution containing the phenolic compound at the concentrations of interest to 

the paper pad.  

2.3 Image Analysis 

The colorimetric reaction was monitored using a scanner (Epson V700) and the images were 

analyzed using custom MATLAB (MathWorks, Natick, MA) code. The average grey scale 

intensity across each paper pad was extracted from the images using the MATLAB code. The 

signal was measured using the background subtracted intensity, which is the result of subtracting 

the average intensity of the reaction pad from the average intensity of the reaction pad before 

samples are applied. Background subtracted intensity is used to normalize for differences 

between card fabrication and to make the signal proportional to the color generated on the 

reaction pad, rather than inversely proportional. The change in signal intensity over time was 

measured by scanning the assay and measuring the grey scale intensity every minute. The slope 

of a linear trend line fit to the plot of the change in signal intensity with time was used as the 

signal generation rate (Fig 5). Replicates (N=3) were performed. The error bars were calculated 

using standard deviation. 



3. Results and Discussion  

3.1 Using the Tyrosinase Mediated Quinone-Chitosan Reaction to Detect Vanillin   

It was found that vanillin could not be detected using the quinone-chitosan reaction. This was 

verified by performing repeat experiments with a m-cresol control in solution and on the paper 

device. m-Cresol was chosen as a control since it has been previously shown to form color in the 

tyrosinase mediated quinone-chitosan reaction2. It was found that no signal was present from the 

vanillin samples when in solution experiments were conducted, whereas the m-cresol controls all 

showed signal, (see Fig 5a). The lack of signal generation from vanillin samples was further 

demonstrated by comparison reactions preformed on paper cards which demonstrated signal 

generation with 10 mM m-cresol samples but no signal generation for vanillin samples at any 

concentration (see Fig 5b). The paper pads had a light brown color present in their background 

before tests began (see Fig 6). This background color was caused by the light brown color 

present in tyrosinase.  

Fig. 5  The intensity data was plotted at a number of time points and a trend line was fit to those 

plots. The slope of the trend line was used to estimate the rate of signal generation. The endpoint 

intensity was taken at a time of 10 minutes. Error bars calculated using standard deviation (N=3).  



 

 The lack of color generated when a sample containing vanillin undergoes the tyrosinase 

mediated quinone-chitosan reaction is likely due to one of two reasons. The first reason could be 

that the quinone generated by the oxidation of vanillin does not react with chitosan. Only a few 

studies have been performed using the reaction between quinones and chitosan and no work had 

previously been done using vanillin. The reaction between chitosan and quinones may not work 

for larger, more complex, more polar quinones like vanillin. Unlike previous phenols used in the 

tyrosinase mediated quinone-chitosan reaction, vanillin contains a large complex polar group. 

This large group may limit the vanillin’s ability to react with the chitosan or the polarity of its 

side group may prevent it from associating with the non-polar chitosan. A second reason color 

was not generated with the reaction could have been that the quinone-chitosan product formed 

from the reaction simply does not produce color for vanillin’s quinone. As stated previously, no 

work had used vanillin’s quinone product in the reaction with chitosan so it was unknown 

whether or not this reaction would generate a visible color. Different colors had been previously 

seen for different phenol compounds, making it difficult to predict the color that may have 

appeared in the vanillin reaction2. It has been previously shown that a quinone is generated from 

Fig. 6  a) Experiments performed by mixing tyrosinase, and chitosan in solution. These tests found 

that no color was generated by vanillin in solution, but a brown color was generated by the m-cresol 

control. b) A comparison of vanillin and m-cresol assays 30 minutes after fluid was applied. It was 

found that significant color appeared for the 10 mM m-cresol samples but no color was seen for any 

concentration of vanillin.    



the tyrosinase oxidation of vanillin11, suggesting the problem is not a failure of the enzyme in 

generating the quinone species.  

 A simple device for the detection of vanillin would play a big role in the biofuel, health 

and food industries. Such a device can’t be created using the tyrosinase mediated quinone-

chitosan reaction. Other colorimetric reactions should be explored to determine if a suitable 

reaction exists that could be used to accurately detect vanillin. While the tyrosinase mediated 

quinone-chitosan reaction can’t be used to detect vanillin, it can be used for detecting other 

phenols such as m-cresol, and it is important to understand the limitations of what the reaction 

can and can’t detect.  

3.2 The Rate-based detection of m-Cresol 

m-Cresol samples generated color with the tyrosinase mediated quinone-chitosan reaction during 

both in solution experiments and on paper (Fig 6). Visible signal was present in the 10 mM 

reaction pads after 20 minutes. An end point reading at 10 minutes could detect 10 mM m-cresol 

samples (7b), but even after waiting sixty minutes no significant difference could be detected 

between the control and a concentration of 1 mM using end point detection. The rate of signal 

generation could be used to significantly (α=0.11) differentiate between 10, 1 and 0 mM of m-

cresol using the tyrosinase mediated quinone-chitosan reaction where a simple endpoint 

concentration was not sensitive enough to detect the 1 mM sample. Ten minutes after the sample 

was applied to the reaction pad, the 10 mM sample was observed to have a reaction rate of ten 

times larger than the 0 mM control and the 1 mM m-cresol sample had a reaction rate that was 

four times larger than the 0 mM control (Fig 7a). Both the 10 and 1 mM samples had positive 

reaction rates indicating a steady increase in signal generation, whereas the 0 mM control had a 

negative reaction rate, indicative of the slow brightening of the pad as the fluid dries.  



 

4. Conclusions 

Though vanillin could not be detected with the tyrosianse mediated quinone-chitosan reaction, 

the reaction can be used to detect other phenols. The rate of signal generation metric proved to 

have increased sensitivity over the end point intensity reading metric. Analyzing the rate of 

signal generation allowed for lower concentration detection with the tyrosinase mediated 

quinone-chitosan reaction. This lower limit of detection allows the paper test to detect m-cresol 

concentrations in the 1 mM range, a range which is significant for health diagnostics such as 

monitoring toluene exposure or hemodialysis. Faster measurements also occurred using the 

reaction rate as a metric, which found that signal could be detected in the 10 mM m-cresol 

sample pads as early as 5 minutes. The rate of signal generation metric could be coupled with the 

tyrosinase mediated quinone-chitosan reaction to create future tests for phenols with lower limits 

of detection than previous tests which looked only at end point readings. Rate of signal 

Fig. 7  a) A plot of end point intensity readings over the concentration series. The graph shows that 10 

mM could be detected with end point intensity measurements but no significance occurred between 

the 1 mM and 0 mM readings. b) A plot of signal generation rate reading over the concentration 

series. The graph demonstrates that both 10 mM and 1 mM could be detected using the signal 

generation rate metric. This suggests that the signal generation rate has higher sensitivity than end 

point readings.  



generation as a metric also allows the user to receive results at a faster rate than the time it takes 

to visually observe an endpoint reading. 

4.2 Future Research 

The results demonstrated above suggest great potential for using the signal generation rate as a 

metric in detecting phenols with the tyrosinase mediated quinone-chitosan reaction. Future work 

could demonstrate the applicability of the rate-based metric for detecting other phenol 

compounds of interest, such as L-Dopamine, a compound which has recently been associated 

with Parkinson’s disease and its monitoring is coming under increased interest16. Further work 

could also be performed demonstrating how to optimize the using the reaction rate as a metric for 

different ranges of phenol concentration. The lack of color generation from the tyrosinase 

mediated quinone-chitosan reaction when vanillin is present suggests that the reaction scheme 

only works for a select class of phenol compounds and identifying which compounds can be 

detected using this reaction scheme could be important for understand the reactions specificity. 

Eliminating the brown background color created by the tyrosinase could help increase the tests 

limit of detection and decrease the variability between reaction pads. 
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