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I. Abstract  
Currently, basal tear extraction serves as the gold-standard method to quantitatively 

analyze human tear fluid [1]. Lysozyme and lactoferrin are proteins in tear fluid responsible for 
bacterial defense, and abnormal concentrations can contribute to  inflamed eyes, eyelid tumors, 
dry eye syndrome, among other conditions and diseases [2]. For this reason, lysozyme and 
lactoferrin measurement can be of considerable diagnostic value. Rather than have a patient 
undertake an uncomfortable basal tear extraction, in this work we present a simple 
cellphone-based fluorometric lysozyme and lactoferrin assay reader which can analyze basal 
tears directly on a contact lens. This reader uses a 3D-printed optomechanical cellphone 
attachment to extract a signal produced by a commercial fluorescent assay. We tested this mobile 
platform in comparison to a clinically approved enzyme-linked immunosorbent assay (ELISA) 
well-plate reader using both artificially incubated contact lenses as well as contact lenses from 
human participants, and found the mobile platform to have a comparable dynamic range, 
sensitivity, and specificity for clinically-relevant lysozyme and lactoferrin concentrations [3]. 
The cost effectiveness, portability, and simple operation allow individuals without medical 
training to measure their daily lysozyme and lactoferrin concentrations using their disposable 
contact lenses. Furthermore, this device is a point-of-care platform that could be multiplexed to 
measure a panel of proteins. By understanding how tear protein levels correspond to changes in 
an individual’s health, this device can advance the field of personalized medicine allowing 
individuals to make real time measurements, diagnoses, and informed health decisions.  
II. Introduction 

Figure 1:​ Tear distribution in the eye. The accessory lacrimal glands  
store and pump tear fluid into the upper and lower meniscus for tear  
distribution.  

Tear fluid proteins and enzymes are vital to ocular health because they serve as 
antimicrobial molecular complexes, they protect the epithelium from desiccation, and they 
provide oxygen to the cornea [2]. As shown in Figure 1, tear proteins and enzymes originate in 

 



the lacrimal glands where they are then distributed throughout the hydrophobic ocular surface 
[4]. These proteins and enzymes can then act as a defense mechanism to protect the eye against a 
range of microorganisms such as: Staphylococcus (S.) aureus, Herpes Simplex Virus, and 
Streptococcus pneumoniae [5]. Since the tear film is in contact with the external environment, 
these tear fluid proteins and enzymes are the first barrier to viruses and pathogens as they try to 
enter the ocular surface epithelia. Two proteins in particular play an antimicrobial role in tear 
fluid composition: lysozyme and lactoferrin.  

In 1822, Alexander Fleming revealed that lysozyme in human tears killed Gram-positive 
bacteria [6].  Later, in 1996, Aho et al. found a piece of the rationale behind lysozyme’s force 
and effectiveness in killing Gram-positive bacteria: lysozyme accounts for 20-30% of the total 
protein in basal and reflex tears [7]. As a result of lysozyme’s abundance in human tear fluid it 
has a higher affinity to break down pathogens in the eye through a series of catabolic reactions. 
More specifically, in 1999, Lee-Huang et al. were able to explain the series of catabolic reactions 
between lysozyme and pathogens: lysozyme catalyzes the hydrolysis of the one and four 
beta-linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine in bacterial cell walls 
[8]. In other words, lysozyme breaks down bacterial cell walls; thereby, compromising the life of 
bacterial cells that enter the eye. Likewise, lactoferrin also exhibits very similar properties to 
lysozyme. In 1983, Janssen and Van Bijsterveld, discovered that lactoferrin also constitutes 
20-30% of the total tear protein in basal and reflex tears [9]. While lysozyme breaks down the 
phospholipid bilayer of cell walls, lactoferrin serves to deprive bacteria of iron (an essential 
nutrient for growth) [2]. Lactoferrin has the same valence states as iron (a divalent cation) and 
therefore has a higher affinity to form a complex with iron [10]. When bacteria are deprived of 
iron, they lack an essential nutrient for life. Therefore, lactoferrin protects the eye through its 
microbiostatic role (inhibiting the growth of bacteria) [11,33].  

Since these two proteins exist in such a large concentration in the eye and play 
antimicrobial roles, they are of interest for further study to understand how the interactions 
between lysozyme/lactoferrin and pathogens contribute to ocular health. As both proteins make 
up 20-30% of total tear proteins, they are easily quantifiable through a series of chemical 
analyses. Furthermore, according to K. B. Bjerrum, an abnormal concentration of lysozyme or 
lactoferrin can make people more susceptible to diseases such as: Sjogren's Syndrome, Herpes 
Simplex Virus, Dry Eye Syndrome, etc. [12, 13,14]. Thus, researchers have been developing 
techniques to quantify these proteins in human tear fluid. As a means for developing 
non-invasive methods to quantify these proteins, Daniel Citterio, professor at Keio University in 
Japan, developed the first paper-based assay to quantify lactoferrin in tear fluid. Essentially, he 
measured the fluorescent intensity of a lactoferrin-terbium chloride complex when excited by 
UV light [15, 16]. Despite the novel technique to measure lactoferrin, the paper based assay 
lacks a modular design to be used for batched analysis and high-throughput diagnostic testing 
because each paper testing strip has to be recreated for each sample test. As a result, there is a 
move within the field of biophotonics to replicate the commercial, gold-standard Enzyme-Linked 

 



Immunosorbent Assay (ELISA) Well-Plate Reader because it’s function (to measure proteins in 
solution) can be replicated using optomechanical techniques. Brandon Berg developed a 
cell-phone based ELISA reader in Professor Aydogan Ozcan’s lab at the University of California 
Los Angeles to quantify herpes, measles, and mumps in solution [3]. Despite Berg’s success in 
being able to parallel his results from his portable mobile-phone based device to the 
gold-standard ELISA well-plate reader, his device was only calibrated to measure herpes, 
measles, and mumps. Therefore, there exists a gap in the field: the need for a portable, 
point-of-care, and high throughput device to measure lysozyme and lactoferrin.  

In an effort to fill such a gap, I worked with Professor Aydogan Ozcan at the University 
of California Los Angeles in the Department of Electrical Engineering, where I built upon both 
Daniel Citterio’s and Brandon Berg’s work to create a portable cellphone-based fluorometric 
assay reader to measure lysozyme and lactoferrin in tear fluid using non-invasive sampling 
means. Daniel Citterio’s work still requires that human participants undergo tear fluid extraction 
in order to analyze the contents of their tear fluid.This method is not only invasive, but also it 
only yields a very small sample volume of tear fluid for analysis ~1-2 µL of tear fluid [13]. Thus, 
I wanted to improve upon the current invasive method of collecting tear fluid by analyzing the 
tear fluid deposited onto contact lenses. Contact lenses are porous and can easily absorb tear 
fluid which makes them great candidates as sample collectors [17]. Since the 1990’s the 
interaction between contact lenses and tear fluid has been heavily studied, but never 
implemented for disease diagnostics [10, 11, 12, 17]. Therefore, to fill the gap within the field I 
developed the following research question: ​ Can we improve upon current diagnostic 
techniques to measure lysozyme and lactoferrin on contact lenses using a cell-phone?  

Contrary to popular belief, I worked on this project very independently such that I was 
tasked to design my own experimental setup, draw and 3D print spare parts, set up the chemical 
reactions, etc. In short, I did not work as a lab assistant, but rather I worked as a true researcher 
while still receiving mentorship from graduate student Zachary Scott Ballard. I conducted this 
study in two different ways in order to calibrate the chemistry behind the two different 
fluorescent assays: lysozyme and lactoferrin. To measure lysozyme, I created a 3D printed 
optomechanical reader that was integrated with a mobile phone (refer to figure 2) and used a 
commercially available fluorescent assay from EnzCheck [18]. To measure lactoferrin, I created 
a temporary setup with parts from ThorLabs in order to calibrate the chemistry of the fluorescent 
assay and take preliminary data (refer to figure 3). For the lactoferrin assay chemistry, I 
paralleled Daniel Citterio’s work exactly except tested his assay in solution rather than using a 
paper based substrate. For samples, I used known concentrations of lysozyme and lactoferrin in 
solution, known concentrations of lysozyme and lactoferrin in contact lenses incubated in 
artificial tear fluid, and human tear fluid on contact lenses (under IRB approval).  

 



 
 

III. Literature Review  
Before delving into the properties and benefits of mobile-phone readers for disease 

diagnostics, it is important to understand the fundamental characteristics of lysozyme and 
lactoferrin. Lysozyme is found in tears, nasal mucus, saliva, blood serum, plasma, and in many 
other human tissues and secretions [19]. Fleming et al. along with Meyer et al. discovered that 
lysozyme has a high affinity to impose lytic action on a gram positive coccus, ​Micrococcus 

lysodeikticus  (micrococcus luteus), ​ to digest these bacterial substrates (refer to figure 4) [20, 1

21]. Due to lysozyme is relatively simple biological role, its interactions with bacteria can be 
easily tracked and replicated in lab settings. Gachon et al. 
built upon Fleming’s foundational study to suggest there 
exists a correlation between lysozyme concentration and 
Sjogren's Syndrome  [24]. Ohashi et al. identified 2

correlations between lysozyme and lactoferrin levels such 
that a decrease in lysozyme and lactoferrin levels was 
attributed to lacrimal gland dysfunction indicating that 
measuring the concentration of both proteins in the tear 
fluid is of interest for disease diagnostics [23]. Likewise, 
Gachon et al. indicate that the correlation between 
lysozyme and lactoferrin values suggests Sjoren’s 
Syndrome could be more easily identified through a 

lactoferrin assay (which is more difficult and less precise)  [24]. Lactoferrin is an iron-binding 3

glycoprotein that is present in tears [25]. Lactoferrin forms complexes with iron when iron binds 

1 These cells are known as lysis indicator cells because lysozyme functions to break down their cell walls. I used 
these same cells in my study to parallel the academic literature.  
2 An immune system disorder characterized by decreased lacrimal gland function, dry eyes, and mouth [22,23].  
3 ​As part of my research, I worked on improving the sensitivity and dynamic range of the lactoferrin assay​.  
 



to lactoferrin’s positive binding sites (refer to figure 5). As a result of this iron-binding property, 
lactoferrin plays a bacteriostatic role in iron uptake by withholding iron from iron-dependent 
bacteria [25].  

 
 
 
 
 

Realizing the importance of these proteins in ocular health, Daniel Citterio developed the 
first paper based assay to measure lactoferrin via fluorescence [15]. In order to quantify 

lactoferrin from a sample of tear fluid, he relied on 
the chemical interaction of terbium chloride 
hexahydrate, sodium bicarbonate, and lactoferrin 
moderated by HEPES buffer because the lactoferrin 
terbium complex exhibits pH-dependent 
fluorescence. In short, lactoferrin forms a complex 
with terbium that begins to fluoresce when excited 
by 290 nm UV light emitting diode 
(LED).Therefore, the fluorescent intensity is 
directly proportional to the lactoferrin-terbium 
complex concentration. In this way, it is possible to 
measure the concentration of lactoferrin in tear 
fluid. In preparing his paper test strips for analysis, 
Citterio applied 8 printing layers of TbCl ​3​*6H ​2​O 
solution, soaked it in poly (vnyl alcohol), allowed 
the paper to dry, then applied 12 printing layers of 
3.75 mM NaHCO ​3​ to the paper, next he added 
50mM of HEPES buffer to make the overall pH of 
the assay 7.4, and lastly he let the finalized paper 
strip dry (refer to figure 6) [15]. Now that the test 

 



strips were prepared with substrates for analysis, lactoferrin solutions at various concentrations 
were placed onto the sampling area where by capillary action would be transferred to the sensing 
area for analysis. In order to calibrate the device and understand the fluorescent emission 
spectrum, Citterio tested 6 samples of lactoferrin at various concentrations and generated a 
fluorescence emission spectra of 100 µM TbCl ​3​ solutions excited at 290 nm. He generated the 

following fluorescence emission spectra indicating 
that the peak emission wavelength for the 
lactoferrin assay resides between 520 and 550 nm 
for various concentrations of lactoferrin (refer to 
figure 7). This graph was generated by placing the 
paper test strips within a gold-standard ELISA 
Well-Plate reader, therefore it can be assumed that 
these results are specific and accurate. Furthermore, 
when blind testing his technique against a gold 
standard ELISA, Citterio was able to generate 
minimal percent error between both reader’s results 
such that the largest percent error was -4.8% [15].  

Overall, Citterio found that it is possible to 
create a user-friendly and low-cost sensing device 
for analysis of lactoferrin in human tear fluid to 

yield results within 15 minutes. This very short turnaround time allows for any user to obtain the 
same results that an ELISA Well-Plate reader can obtain but at a lower opportunity cost, 
meaning that users can bypass the hours of pipetting, incubation, and washing steps necessary to 
obtain results [15].  Despite the shortened turnaround time, the paper based assay has inherent 
limitations such as only being able to be used for a single test rather than for high-batched 
analysis. Additionally, in order to obtain samples from human participants, they must undergo an 
invasive tear fluid extraction which must be done in a laboratory setting. If this technology were 
to be brought to field settings to grant better medical care to those in low-resource areas, there 
would need to be significant improvement in the modularity of the device. Therefore, in my 
study, I bridged the gap within this field by using contact lenses as sample collectors for human 
tear fluid. This method allows for a simple and minimally invasive way to collect human tear 
fluid without the need for laboratory equipment. In this way, that is the first step I took toward 
improving Citterio’s current work.  

To elaborate, with ocular diagnostics, a simple platform for analysis of tear fluid 
constitutes contact lenses. These hydrogels are porous and easily absorb tear fluid, which makes 
them viable candidates for tear fluid analysis. Mann et al. reveal biochemical changes brought 
about by the influence of the contact lens on the tear film can be categorized in two ways. First, 
the lens can reduce the levels of specific components in the tear film (contributing to a percent 
error from the literature in my study as some proteins would be denatured) [27]. Second, the lens 

 



can stimulate an increase in tear production (leading to a higher sample volume) [27]. Zhao et al. 
elaborated on Mann’s conclusions in order to conduct experiments with contact lenses analyzing 
the amount of cholesterol available in tear fluid [28]. Zhao used contact lenses made from 
different polymers and ensured that each lens was worn on a daily schedule with various lens 
care solutions. Lipid extracts were separated and cholesterol was quantified using thin layer 
chromatography, while protein extracts were quantified using a gold-standard technique with a 
urea substrate [28]. Zhao et al. found that Balafilcon A lenses had the most protein and 
cholesterol extracted at 4.1-8.2 µg/lens and 5.4-23.2 µg/lens [28]. As a result, Zhao et al. 
concluded that different contact lens solutions and lenses can affect the quantity of secreted 
proteins and certain lens care solutions actually decrease protein and lipid production [28,29]. 
Given the foundational literature, contact lenses make a viable platform for tear fluid sample 
collectors in order to improve upon Daniel Citterio’s invasive tear collection techniques. In my 
study, I used Acuvue Oasys contact lenses made from Balafilcon A in order to parallel the 
literature.  

To improve the second construct of Citterio’s work, repeatability and high-throughput 
analysis, there is an emerging technique within the field of electrical engineering: using mobile 
phone cameras for medical diagnostics. According to J.C. Contreras- Naranjo et al., the quality 
of consumer electronic devices, specifically camera phones, has increased since the early 2000’s 
[30]. According to Moore’s Law, from 2000 to 2015 the megapixel count of mobile phone 

cameras has doubled almost every two years in 
conjunction with the increase in transistor count of 
central-processing-units (CPU’s) [30]. The evolution of 
megapixel and transistor count has allowed 
manufacturers to implement increasingly sophisticated 
electronic features on mobile devices (phones, 
computers, etc.) [30]. Now, consumer electronic devices 
provide users with cost effective and high-performance 
products that can be used for conducting advanced 
measurements [30]. As a result of these technological 
advancements, there has been a growing trend toward 
the use of cellphone-based devices (CBDs) in 
bioanalytical sciences [31]. More specifically, 
immunoassays are increasingly used as tests to measure 
proteins in solution for healthcare monitoring. In 
conjunction with mobile phone point-of-care devices, 
ELISA (microplate reader) technology can be easily 
adapted to fit a mobile phone [3].  

Brandon Berg along with Aydogan Ozcan 
developed a Cellphone-Based Microplate Reader 

 



for Point-of-Care Testing of ELISA [3]. This device relies on the principles of colorimetry to 
measure Herpes Simplex Virus 1 and 2, measles, and mumps in solution enabling 
high-throughput analysis in less than 2 minutes (refer to figure 8) [3]. After performing a 
Sandwich-ELISA, Berg found that he achieved an accuracy of 99.6%, 98.6%, 99.4%, and 99.4% 
for mumps, measles, and herpes one and two tests [3]. Therefore he concluded that a cell-phone 
based colorimetric assay reader could replace a gold-standard ELISA-well-plate reader in order 
to provide disease diagnostic equipment to low-resource areas.  

Building upon the principles of my foundational literature, with a focus on Berg’s and 
Citterio’s work, I developed and tested a cell-phone based device to address the current 
limitations in the field. First, there is no current research discussing a novel technique to measure 
lysozyme using cell-phone based devices. Therefore, only relying on a commercially available 
fluorescent assay, my study presents a modified version of Berg’s portable device calibrated to 
measure lysozyme from a contact lens specifically. Second, Citterio’s research relies on a paper 
based assay, my study improves upon his work by implementing a new method to measure 
lactoferrin in solution.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



IV. Methods  
The goal of this study is to measure lysozyme and lactoferrin off of tear fluid deposited 

onto Acuvue Oasys (Balafilcon A) contact lenses. In an effort to parallel the foundational 
sources, my study followed the same sampling procedures in order to obtain quantitative results. 
However, because there was no academic literature measuring lysozyme with a paper-based 
assay or with a cellphone biosensor, I followed the procedure listed in a commercially available 
lysozyme assay from Enzchek Molecular Biology [18]. The lysozyme assay works on the 
principle of fluorescence (refer to figure 9) [18]. Whereby I used fluorescent solution, PBS 
buffer, and varying concentrations of lysozyme for sample tests.  

Likewise, I modeled Daniel Citterio’s procedure to fit my study by using the same 
reagents, but modifying the assay from a paper-based assay to an assay done in solution. The 
reagents include, 50 µL of 3.75 mM NaHCO ​3​, 50 µL of 100 µM TbCl​3​, 50 µL of pH 7.4 HEPES 
buffer, and 50 µL of varying concentrations of lactoferrin for sample tests[15]. The assay works 
by capturing the fluorescent light formed by the lactoferrin terbium complex when excited by 
290 nm UV light.  

Furthermore, after testing the assays in solution only to calibrate the readers, samples 
were then tested with contact lenses in two ways: incubated lenses and lenses from a human 

 



participant under IRB approval. Both a contrived a natural setting was used in order to verify the 
diagnostic capabilities of the device in a controlled (artificial incubation) and real-life setting (the 
human eye). For the contrived setting, Acuvue Oasys contact lenses were artificially incubated 
using a polydimethylsiloxane (PDMS) microfluidic chamber (because of its durability and 
modularity as a rubber, PDMS can be molded into any form to facilitate microfluidics) and a 
syringe pump [26]. Artificially created tear fluid with a controlled concentration of lactoferrin 
was injected into the microfluidic chamber at a flow rate of 1 µL/min (mimicking the tear flow 
rate of the eye) [24]. The concentration of lysozyme in solution varied by the following values: 
0µg/mL, 50 µg/mL, 100 µg/mL, 250µg/mL, 500µg/mL, and 1,000µg/mL (mimicking the mean 
lactoferrin concentration in the eye: 1,768 µg/mL) [24]. Lactoferrin was tested at the following 
concentrations: 0mg/mL, 1mg/mL, 2mg/mL, and 4mg/mL. Higher concentrations of lactoferrin 
were used in order to test the dynamic range of the assay [15]. In order to obtain these 
concentrations a serial 1:10 dilution between the commercially purchased protein solution and 
phosphate-buffered saline (PBS) was used. Contact lenses were incubated in the microfluidic 
chamber for 12 hours, and data was collected within 15 minutes of contact lens removal to 
ensure a maximum yield of quantifiable lysozyme and lactoferrin [27].  

Incubated contact lenses were used in order to understand how the contact lenses 
interacted with the assays (lysozyme and lactoferrin) themselves and to see if a signal could be 
read from the tear fluid deposited onto the contact lenses [17]. The following figure represents 
how both contact lenses were incubated and which reagents were placed for both assay tests.  

 



Fluorescence spectra in solution (and with contact lenses) was measured in two separate 
devices for lysozyme and lactoferrin. For lysozyme, a 3D printed optomechanical fluorescent 
ELISA reader was created and is shown below in figure 2. The device houses a 470 nm LED, a 
465 nm BP excitation filter, ELISA wells, a 530 n, BP emission filter, and optical fibers to 
transmit the light to the cellphone image sensor [3]. These specific optical components were 
chosen to measure this specific assay. Future studies must be done to see how this device can be 
multiplexed to measure a panel of proteins. The fluorescent light was recorded with a Nokia 
Lumia cell-phone (also shown in figure 1).  
 

 
To measure lactoferrin, a 285 nm UV LED was used as an excitation light source; an 

additional lens was placed before the 510 nm LP emission filter; and a CMOS Image sensor was 
used to calibrate the assay before integrating the device with a cell-phone (refer to figure 3 
below). These specific optomechanical components were used in order to specifically measure 
lactoferrin in solution following the parameters set by  Daniel Citterio [15].  

 



Following Gachon’s study, adults ages 30-45 who regularly use contact lenses were 
sampled [24]. According to Gachon, adults naturally have a higher and more stable/less 
fluctuating concentration of tear proteins in comparison to children [24]. As a result, this device 
was calibrated with a higher dynamic range and limit of detection that may not be viable for use 
on children [23]. Adults were used as a dependent variable to see the effects of lens wear and 
deposition in comparison to artificially incubated contact lenses. The sample size consisted of a 
convenience sample of 3-5 adult males from the University of California Los Angeles (a large 
public research institute located in Southern California). Adult males were used for this study on 
the basis of availability and as a proxy for the population of healthy adult males.  

A machine learning algorithm was created using Matlab code for image registration in 
order to image features within the wells and gather light intensity from the series of photons 
taken every minute for twelve minutes. Paralleling Berg’s data analysis procedure, from the raw 
images, a scaled intensity map is created by the machine learning algorithm by normalizing the 
intensity values to a control [3]. Next, a graphical representation of the change in the intensity 
values over time was interpolated against a standard curve to attain protein concentration values 
[3]. The concentration values were further analyzed using a machine learning algorithm to 
generate a diagnoses or indicate clinically relevant lysozyme concentrations [3]. On the other 
hand, for sampling lactoferrin, an image processing software, ImageJ, was used along with 
mechanical analysis with Microsoft Excel. ImageJ was used to analyze the lactoferrin because 
the assay was not integrated with a cell-phone at the time of data collection.  
V. Findings   4

Lysozyme has a natural affinity to lyse bacteria cell walls by breaking the glycosidic 
linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine [12]. As a result of this 
affinity, it is possible to measure lysozyme concentration via a fluorescent assay [10]. A serial 
dilution titration using various concentrations of lysozyme was performed to understand how the 
device reads a fluorescent signal for varying concentrations of lysozyme. This experiment was 
performed not only to calibrate the device, but also to see if the device yielded comparable 
results to a gold-standard ELISA well-plate reader as recording in the commercial assay 
literature [18]. Using lysozyme concentrations of 0 mg/mL, 0.005 mg/mL, 0.01 mg/mL, 0.015 
mg/mL, 0.02 mg/mL, 0.025 mg/mL, and 0.03mg/mL a serial dilution titration was achieved and 
compared to the data from an ELISA Well-Plate reader (refer to figure 11). While this graph 
does have comparable shape to the graph from the literature, further statistical analysis between 
my study’s findings and my academic literature’s findings could not be done because my 
academic literature did not release its data. Furthermore, the units of fluorescent intensity are 
arbitrary because each reader has a different dynamic range, thereby reading photons differently 
[3]. Therefore, it would not be of merit to do a comparative statistical analysis between both 
sources of data since the values for fluorescent intensity are arbitrary. In order to understand the 

4 ​All analysis was analyzed using comparative descriptive statistics.  

 



dynamic range of the reader, a comparable shape between the foundational literature and the 
mobile reader is sufficient enough to merit a titration.  

 
Given the comparable relationship between the mobile phone reader, the gold-standard 

ELISA reader, and the gold-standard literature, a study was conducted to understand how adding 
a contact lens to the titration would affect the dynamic range of the lysozyme assay. The same 
procedure was used as the first titration, the only difference was that incubated contact lenses 
were used as the substrate for lysozyme samples. The following data was collected using contact 
lenses incubated in 0 mg/mL, 0.5 mg/mL, 1 mg/mL, and 2 mg/mL lysozyme concentration (refer 
to figure 13).  
 

 



Given the comparable shape of the titration generated between the gold-standard reader 
and the mobile-phone reader, the graph indicates the titration for various lysozyme 
concentrations yielded comparable results to the gold-standard ELISA-well-plate reader. 
However, according to Charles Leahy in his study “Initial in Vivo Tear Protein Deposition on 
Individual Hydrogel Contact Lenses”, contact lenses do not absorb all of the lysozyme they are 
incubated in [17]. In fact, there exists a protein transfer factor show below for a 2 mg/mL 
incubated lysozyme concentration. It was found that the standard deviation for the sample 
between the gold-standard ELISA Well-Plate Reader and the Mobile Reader was ±0.035 mg/mL 
indicating that both readers yield comparable results of diagnostic value.  

As the relationship between contact lens deposition within the lysozyme assay system 
was established, a human participant’s tear fluid was sampled over a three day period under IRB 
approval. According to Gachon et al. the human participant’s tear fluid should not fluctuate if the 
participant is healthy because abnormal tear secretion only occurs in the advent of a bacterial 
infection or other autoimmune system disorders [24]. Therefore, it was fitting that the data taken 
over the three day period revealed that the participant’s lysozyme concentration remained at 
around 3 mg/mL with an average concentration of 2.71± 0.13 mg/mL. This value is very close to 
the reported value in Gachon’s research of 2.39±0.65 mg/mL (refer to figure 15) [24]. The 
percent error between the two readings 13.38% mg/mL. The percent difference can be attributed 
to protein denaturation. According to a study conducted by Mann and Tighe at Aston University, 
denaturation occurs as a result of a protein unfolding and losing its tertiary structure [24]. This 
process could occur as a result of lens drying and solution interaction [24]. As a result, the  

 



contact lenses tested in both readers should have had different properties (dryness, 
temperature,etc.) that contributed to the percent error in the measurement. Further studies would 
have to be conducted to understand the root of the error.  

A similar study was conducted to measure lactoferrin deposited on a contact lens. In a 
comparable study to Daniel Citterio’s work with a paper based assay for analyzing lactoferrin in 
human tear fluid, my study focused on implementing his same chemical principles but in a liquid 
solution in order to reduce the need for sample preparation. In order to calibrate the 
optomechanical setup, a fluorescence emission spectra was measured using a gold-standard 
spectrofluorometer .  

 
 

 

 



Both fluorescence spectra have comparable shapes for their respective lactoferrin 
concentrations indicating that it is possible to measure lactoferrin using a liquid based solution 
setup. Furthermore, a direct statistical comparison to understand the accuracy of the 
measurements in comparison to Citterio’s study could not be done because Citterio has not 
disclosed the data he gathered. Additionally, the units for light intensity are arbitrary indicating 
that statistically comparing the fluorescent intensity of the system would not be a viable analysis 
for determining accuracy [3].  

Since the overall goal of this study is to see if it is possible to measure lactoferrin 
on contact lenses, a second test was conducted to determine if the CMOS image sensor could 
read a signal from the assay just as well as the gold-standard spectrofluorometer  (refer to figure 
17). It was found that the CMOS image sensor could read a signal from a 4 mg/mL lactoferrin 
solution. However, when compared to the control of a 0 mg/mL lactoferrin solution the signal is 
very weak. The weak signal could be a result of autofluorescence from the external environment 
as the device was not made into a closed system [32]. Likewise, a second test was conducted to 
understand the amount of autofluorescence within the signal when a contact lens was placed into 
the system. Shown in figure 18, it was possible to attain a signal from the system using a 
gold-standard spectrofluorometer . However, the contact lens still yielded a considerable amount 
of autofluorescence such that the CMOS reader would not be able to distinguish the fluorescent 
signal from the contact lens autofluorescence. Due to the unique nature of the lactoferrin assay, 
Knight and Billiton have studied methods to increase the signal to noise ratio of biological assays 
and imaging systems [32]. Knight et al. reveal that autofluorescence tends to plague assays that 
are excited in UV light. Specialized optical filters can be used to increase the signal-to-noise 
ratio of the system [32].  

 

 



VI.Conclusion  
Overall, my study found that it is possible to measure lysozyme and lactoferrin on contact 

lenses. The lysozyme assay mobile-phone reader allows for a shortened turnaround time such 
that gold-standard results can be gathered within ~5 minutes. The lysozyme assay mobile-phone 
reader yielded lysozyme protein measurements within a 13.38% mg/mL sampling error [18]. 
Further tests to improve the machine learning algorithm developed by Brandon Berg has not 
been studied; however, doing so will improve the calibration of the device in order to attain 
better diagnostic results [3]. Additionally, the serial dilution titration between the lysozyme assay 
and the same assay measured in a gold-standard ELISA reader exhibited a comparable titration 
curve shape, meaning that both devices yield comparable measurements with a comparable 
dynamic range. The same graphical behavior was found in the incubated lysozyme contact lens 
titration, indicating that the mobile-phone reader was calibrated to read at a comparable dynamic 
range as the ELISA reader. The lactoferrin assay on the other hand could not yield a signal 
strong enough to measure clinically relevant lactoferrin levels [18]. Through troubleshooting the 
assay, it was found that the chemical complexation between lactoferrin and terbium did occur as 
a signal was measured with a gold-standard spectrofluorometer . However, when the same assay 
was placed in the CMOS image sensing system, the signal was not strong enough to yield viable 
results in comparison to Citterio’s work due to an excess autofluorescence signal [15]. Therefore, 
further studies with the lactoferrin assay is of interest in order to multiplex the lysozyme 
mobile-reader.  

My study improves upon the current academic studies of Brandon Berg and Daniel 
Citterio because it presents a new and novel method of measuring proteins in tear fluid: 
specifically lysozyme and lactoferrin. This method of measuring lysozyme and lactoferrin using 
a mobile phone has never been studied before. Therefore, by improving upon Citterio’s 
paper-based device, with the limitation of a turnaround time of ~15 min and needing to recreate 
each paper strip for testing, my study allows for high-throughput testing without the need for a 
laboratory setting [15]. Furthermore, by modifying Brandon Berg’s device to specifically 
measure lysozyme in tear fluid, my study reveals that the modular design of Berg’s device can 
allow for the mobile-phone-reader to be multiplexed to measure a panel of proteins and 
biological substances in order to improve disease diagnostics [3]. Nevertheless, the assays could 
be enhanced through modification of the machine learning algorithm in order to obtain more 
accurate and clinically relevant lysozyme and lactoferrin measurements. More specifically, the 
lactoferrin assay has a low signal-to-noise ratio. There exists multiple studies that describe 
techniques to increase the signal-to-noise ratio in bio-photonic analyses, such as Knight’s work 
with dual-wavelength fluorescence spectra [32]. The use of dual-wavelength fluorescence 
spectra analysis has not been implemented with either a lysozyme or lactoferrin assay.  

Lastly, the purpose of this work is to create a portable device to improve the field of 
medical diagnostics. The portability, clinical relevance, and simplicity of the device allows for 
individuals with minimal medical training to perform gold-standard diagnostic testing. 

 



Furthermore, the connectivity of cellular devices allows for results to be shared on the cloud 
which can connect low-resource and rural areas to laboratory and medical centers throughout the 
world.  
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Appendix  
Lysozyme Data Collected for Mobile Phone Reader Analysis  

500 u/mL Analysis  

 

1000 u/mL Analysis  

 

 



Synthesis of lysozyme data: Process Analysis  

Figure: Titration through Contact Lens Incubation Data Processing- ​In order to process the data and compare 
the serial dilution titration with the contact lens titration, first a single sample with a known concentration of 
lysozyme was placed in the cell-phone based device and the fluorescent intensity of the assay was gathered. Since 
this device was adapted to measure the lysozyme assay specifically, three optical fibers were placed below each well 
sampling area to gather a large field of view and minimize optical aberrations. The data gathered from one known 
concentration of lysozyme was plotted (as shown in the first graph). A serial dilution was performed in both the 
gold-standard Elisa Well- Plate Reader and the Mobile Phone Reader to generate the second graph. Finally, a serial 
dilution titration was performed using contact lenses with known concentrations of lysozyme to generate the third 
graph. In order to test contact lenses with unknown concentrations of lysozyme, a human participant wore contact 
lenses for twelve hours. The contact lenses were analyzed in both the mobile reader and the gold-standard ELISA 
Well-Plate Reader and concentration values were deduced from interpolating the fluorescent intensity data gathered 
from the human worn contact lenses with the incubated contact lens titration curve. This data was gathered over a 
three day period and plotted on the bar graph shown above. 
 
 
 
 
 
 
 
 
 
 

 



Lactoferrin Data Collected for Preliminary Titration Analysis  

Artist Rendering of Assay Fluorescence  

 
Sample of the Spectrofluorometer Lactoferrin Titration Data  

 
 
 
 

 



Incubated Contact Lens: CMOS Reader Emission 

 

 


