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Abstract 

 The use of smartphone for the detection of biological constituents is becoming a useful 

tool as a point-of-care (POC) device and diagnostics. When combined with microfluidic paper 

analytic devices (μPAD) and particle immunoassays, we have the ability to detect bacterial 

pathogens with sensitivity and specificity. Environmental conditions as well as variability in 

smartphone imaging and the cellulose in paper microfluidics however can sometimes easily 

interfere with the detection of small signal changes. Combining this issue with the detection of 

pathogens in blood (our model biological sample of interest) becomes difficult with such a 

platform because of the complexity of the sample matrix. However, in this research we take a 

novel approach at utilizing polystyrene’s auto-fluorescence and the high energy of UV LEDs in a 

particle immunoassay in order to increase our signal change. We first characterized how the 

smartphone actually responds to UV light (275-385 nm) with respect to the RGB components in 

its images. We were then able to determine a favorable response using the 385 nm UV LED. The 

detection of green fluorescence by polystyrene particles was possible by analyzing the 

smartphone’s image in the green channel. There was a significant difference in signal change 

with blood samples including polystyrene versus just blood samples with a normalized signal 

intensity change of 2.5 (150%). The detection of polystyrene fluorescence was translated into a 

field deployable prototype, where preliminary trials showed promising results in detecting 

Escherichia coli in blood with a current limit of detection of 50 CFU/ml. With further 

experimentation and optimization the limit of detection be could improved to 10 CFU/mL, 

making it a very useful tool in the detection of blood borne pathogens to prevent complications 

with onset bacteremia and the more serious cases of sepsis. This assay platform could provide an 
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easy to use solution with detection in a short time (assay time of 1 min) compared to the lengthy 

blood culture monitoring or biomarker detection. 

 

Introduction 

 The introduction of the smartphone to society has revolutionized the way humans interact 

with the world and conduct daily tasks. Its seemingly inseparable presence in people’s lives is 

garnering attention not just in a social context or in the business world but it is also making large 

advances in the medical field especially when considering it as a major tool for Point-of-Care 

(POC) diagnostics. POC devices are playing an increasing role in medicine, environmental, and 

food safety applications (Xu et al. 2015). Smartphones as a POC accessory have commonly been 

paired with microfluidics, and more specifically microfluidic paper analytic devices (μPAD or 

paper microfluidics). These platforms provide advantages such as sensitivity, specificity, 

robustness, and cost effectiveness due to the smartphone’s ability to handle data collection, 

analysis, and the display and transmission of gathered information (Xu et al. 2015; Jeong et al. 

2013). In addition, the use of smartphones in optical detection is favorable as they contain both a 

light source in the form of a white LED and a detector in the form of a camera (Park et al. 2013). 

Consequently, incorporating such a device as a sensing element and user interface for detection 

can have a significant impact for the early, rapid, detection of pathogens. In the future, the 

ubiquity of smartphones along with the growing technology behind them will make for powerful 

inexpensive POC tools. 

 The use of μPAD is also a growing technology in the medical and biological field that 

provides an easy-to-use sensing platform especially considering the simplicity of fabrication. 

Research utilizing this platform has reported its benefits to include low cost, portability, 
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multiplex capabilities, filtration capabilities, the use of small sample and reagent volume, and 

field deployability (Cho et al. 2015). Various chemical and biological assays have successfully 

been demonstrated using paper microfluidics including the detection of glucose, protein, and 

cholesterol (Carrihlo et al. 2009). More recently, use of uPAD has expanded to include the 

detection of bacterial pathogens (Park et al. 2013; Park and Yoon 2015; Cho et al. 2015). A 

popular method of doing so is incorporating the latex particle immunoassay on the paper 

platform. Conjugating antibodies to the surface of the latex particles allows for sensitive and 

robust detection of antigens. The formation of aggregates due to the presence of a target antigen 

was detectable using the increased changes in angle-specific Mie scatter and a smartphone as a 

detector (Park et al. 2013; Cho et al. 2015). Previous work by our group had great success 

utilizing the quantification of angle-specific Mie scatter in ambient light settings showing the 

ability for high sensitivity and low limits of detection. The most recent development included 

sensitive detection of urinary tract infection and gonorrhea in urine, with a limit of detection of 

10 CFU/mL and a total linear range up to 107 CFU/mL (Cho et al. 2015). Other work includes 

the detection of Escherichia coli in wastewater samples and the detection of Salmonella 

Typhimurium, both with a limit of detection of 10 CFU/mL (Park et al. 2013; Park and Yoon 

2015). Although these platforms showed successes of high sensitivity, changes in signal intensity 

were limited and rather small (only 5-7%). Thus, there are still some concerns regarding the 

effect of environmental condition, paper variability, and the image processing of the smartphone 

itself when capturing images in different lighting conditions.  

 There are various strategies employed to enhance signal changes and one of them 

includes the use of fluorescent particles (Nicolini et al. 2015). This issue with fluorescence 

detection is the additional need to incorporate filters, photo bleaching effects, as well as the 
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smartphones limitation in detecting this fluorescence. Typically the Stokes shift observed in 

fluorescence is small causing the excitation and emission wavelength peaks to be close together. 

Detection is possible with the smartphone but additional components are required to supplement 

a smartphone’s inability to distinguish emission from excitation.  

 A possible way of increasing the amount of signal change in our immunoassay is the use 

of a short wavelength, high-energy light source in the form of a UV-LED. Such a higher energy 

light source has the ability to provide strong fluorescence signals. An important advantage of 

fluorescence detection is that it is less angle dependent than the Mie scatter detection reported 

previously by our group. It has also been shown that polystyrene has the capability to auto-

fluoresce when exited with a UV light source. Excitation with various ultra-violet light sources 

demonstrated emission wavelengths within the visible spectrum (400-520 nm) (Nurmukhametov 

et al. 2006). This is important because it potentially allows for the detection of the fluorescent 

signal with out the use of filters, as the emission wavelength is a considerable distance away 

from the excitation wavelength. Utilizing the physical properties of polystyrene along with UV 

irradiation has the potential to increase the observed signal change in our immunoassays even in 

the presence of complex sample matrices, specifically blood. Previously the characterization of 

the smartphones response to UV has only been done in regards to the radiation from the sun (a 

solar ultraviolet radiation monitor). They have however successfully shown the smartphone 

image sensor having inherent sensitivity and transmission to UV in the 340-400 nm ranges (Igoe 

et al. 2012; Igoe et al. 2014). At the biologically relevant wavelength of 340 nm (wavelength of 

importance causing significant damage to skin causing skin cancer) researchers were able to 

utilize a smartphone in combination with narrow pass band and neutral density filters to observe 

UV radiation and reconstruct broadband irradiance (Igoe et al. 2012). Using a likeminded 
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ideology to characterize the smartphones response to UV, we can allow for specific and sensitive 

detection of a pathogen such as E. coli or Staphylococcus aureus, two of the main possible 

antagonists in the development of bacteremia and sometimes subsequently the progression of 

sepsis, in a biosensor assay platform. 

 Bacteremia is the presence of bacteria in the blood normally due to infection. Normally 

bacteria in the blood are removed successfully by the natural immune response from the body. 

However in specific cases, complications arise and lead to the further development of sepsis. 

Unlike the body’s normal response to infection being site-specific, sepsis is characterized as a 

serious full-body response to infection (Cho 2015; Nachimuthu et al. 2012). Basic symptoms 

include rapid heart rate, rapid breathing, and abnormal white blood cell count. Sepsis is classified 

into three stages; sepsis, severe sepsis, and septic shock. The progression of sepsis to septic 

shock is very severe and begins to target multiple organs causing malfunction and life 

threatening hypotension (Nguyen et al. 2006). The incidence of sepsis is increasing and in the 

most severe cases mortality rate is 50%. It is reported that sepsis is responsible for 10% of 

intensive care unit (ICU) admissions in the United States with a total number of cases amounting 

to 750,000 nationwide (Nachimuthu et al. 2012). Many cases of bacteremia and sepsis result 

from an infection that arises within the hospital setting and it is critical to monitor bacterial levels 

in blood in order to prevent further complication. The current practice is to treat sepsis with 

antibiotics as well as a therapy program in certain cases that includes early intensive fluid 

administration to promote resuscitation. Monitoring and detection of sepsis is commonly done 

using blood culture monitoring system or the use of tracking specific biomarkers. Time to 

detection using blood culture monitoring systems can range from 2-15 hours based on various 

variables such as, the level of bacterial infection, pre-incubation time, temperature as well as 
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sample preparation (Lee et al. 2013). Identifying a faster, sensitive, and reproducible assay for 

the detection of bacteria in blood could seriously improve the time to detection and prevent a 

patient from furthering complications of infection.  

 In this research we aimed to gain a better understanding of how we can use the auto-

fluorescence of polystyrene in a particle immunoagglutination assay with complex sample 

matrices by incorporating a high energy UV excitation light source and characterizing and 

optimizing the smartphone’s response. In addition, we translate the successes of our 

characterization into a field-deployable prototype that is able to detect E. coli in a diluted, 10% 

whole blood sample. This research has major implication in the ability to detect small signal 

changes in complex sample matrices due to the presence of a target antigen in a particle 

immunoassay by enhancing the signal we are trying to detect with the auto-fluorescence of 

polystyrene after UV excitation. In a field-deployable final prototype as a point of care device, 

assaying for risks of bacteremia and sepsis progression could provide an easy to use solution 

with a short time to detection when comparing to blood culture monitoring or biomarker 

detection. For comparison we also chose to include urine as a sample during our investigation of 

the smartphone’s response to UV and polystyrene particle fluorescence.  

 

Methods: Characterization Experiments 

 We split our methods into two overarching categories: Characterization experiments and 

Prototype experiments. In order to define the most favorable conditions and parameters for a 

final prototype set-up of our UV microfluidic paper analytic device (μPAD) immunosensor, 

investigation was required to characterize and optimize the smartphone’s response to both the 

UV LED as well polystyrene’s fluorescence. 
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a. LED Spectrum 

 A custom optimization stage was built (Thor Labs, Newton, NJ, USA) in order to be able 

to control the angle of incident light as well as the angle of the detector (either smartphone or 

fiber optic spectrometer probe). The incident light is positioned 12.7 cm from the paper stage 

while the sensor is 7.62 cm from the paper stage. The paper stage can be adjusted to change the 

angle of incident light as well as the sensor arm in order to adjust the angle of detection.  

 Our light sources consisted of a 365 and 385 nm UV LED (Seoul VioSys, Ansan, 

Republic of Korea) and a 455 nm blue LED (Sparkfun, Niwot, Colorado, USA) as a comparative 

control. Using an angle of incident light of 45° and an angle of detection of 45° (the total angle 

of 90° is most commonly used in fluorescence detection), each LED was illuminated onto plain 

chromatography paper (GE Healthcare, Springfield Mill, UK) in a dark room. The spectrum was 

acquired using a miniature spectrometer (USB 4000, Ocean Optics, FL, USA). In order to 

effectively compare the effect of each UV LED on the paper, particles, and sample matrices the 

supplied voltage and current to each LED was controlled to ensure the area under each spectrum 

(spectral density or power spectrum) was as close to equal. The blue LED was also set to a 

comparative spectral density. 

 

b. Smartphone Camera’s response to UV LEDs 

 Our smartphone camera (iPhone; Apple, Inc., CA, USA) was then setup on our optical stage 

in order to measure its response to the UV LEDs by direct illumination. This experimental set-up 

was done without the use of the paper stage or any filters. Five different LEDs (275, 340, 365, 

375, and 385 nm) were separately illuminated to the smartphone camera again in a dark room 

setting. The current supplied to the LEDs was progressively increased until the maximum 



 11 

recommended value. At each current interval an image was taken by the smartphone. The images 

were processed using ImageJ (U.S. National Institutes of Health, Bethesda, MD, USA) and color 

intensity values were recorded and plotted based on their individual RGB components.  

 

c. Effect of UV Irradiation on Paper, Blood, and Particles Using Smartphone 

 Three strips of cellulose chromatography paper were cut into the dimensions mimicking 

the channels that would be patterned for our final prototype μPAD chip. They were then adhered 

to the paper platform using non-reflective tape. Our angle of incident light and angle of detection 

were set to 45°, the common angles used in detection of fluorescence. A sample of unconjugated 

1% w/v particles (920 nm diameter, Magsphere, CA, USA) was prepared from a stock solution 

of 10% w/v. Human whole blood (Interstate Blood Bank Inc., Memphis, TN, USA) was prepared 

by dilution to 10% v/v with DI water in order to ensure flow through the cellulose paper. In order 

to have another complex sample matrix to compare to, human urine was also acquired (Lee 

Biosolutions; St. Louis, MO, USA). Similar to the LED spectrum experiments, we sought to 

match the spectral densities of the 365 nm and 385 nm LED, in order to allow for an effective 

comparison. It was also additionally required to use an operating supply current that would 

prevent the image taken by the smartphone from becoming too saturated, resulting in a 

indiscernible image taken by the smartphone. We were unable to match the spectral density of 

blue LED; however, because just above the voltage barrier the LED still had a higher spectral 

density than that of the UV LEDs. In separate experiments each LED was illuminated onto the 

paper sample. First, an image was taken of the dry paper. Next, each strip was loaded with 7 μL 

of the appropriate sample (deionized water on the first strip, blood on the second, and urine on 

the third). After samples ceased to flow through the cellulose paper by capillary action, which 
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normally occurred after 10 s, an image was again taken. This was repeated up to 3 times per 

sample in order to obtain average color intensity values. This experimental set-up was then 

repeated with the presence of polystyrene particles. Before loading samples onto the paper strips 

3.4 μL of 1% w/v polystyrene particles was loaded onto the center of each paper strip and 

allowed to dry for 2 min. Once dried, samples were then loaded onto each strip and images were 

again captured. These images were again processed and analyzed for their RGB pixel component 

values. 

 

d. Spectroscopic Responses to UV Irradiation on Paper, Bample, and Particles 

 In order to validate our smartphone’s response to UV illuminated paper with biological 

samples with and without particles, we acquired the spectrum of particles loaded onto paper with 

DI, particles loaded onto paper with urine, and particles loaded onto paper with blood, and 

compared them to samples without polystyrene particles. Using the same optimization stage, we 

replaced the smartphone with the fiber optical spectrometer probe. These experiments were done 

using only the 385 nm light source because we would be able to see the best change in particle 

fluorescence using this light source and analyzing the green pixel channel data.  This is further 

explained in the results. For our experiment with DI water, 5 different concentrations of particles 

suspensions were prepared (0%, 0.05%, 0.1%, 0.5%, and 1% w/v). Samples were loaded (7 μL) 

onto the paper and the spectrum was acquired and plotted. For our experiment with urine we 

prepared the same 5 concentrations of particles suspensions and acquired the spectrum as done 

with DI water. For our experiment with blood we chose a different method of representing our 

data specifically because there was no discernable fluorescence peak when taking the spectrum 

of blood. The samples loaded onto the paper with a volume of 7 μL included, DI water, 10% v/v 
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blood with particles in a 1:1 ratio, and 10% blood further diluted with DI. We took the average of 

intensity values over a range of wavelengths in each RGB pixel channel (400-495 nm for blue, 

495-570 nm for green, and 620-750 nm for red) over the course of 15 sec. These were then 

plotted and displayed in a bar graph.  

 

Methods: Prototype Experiments 

a. Paper Fabrication 

 Our cellulose paper was patterned to include 3 channels with an inlet and absorbent pad 

using common lithography technique with UV exposure and development (Park et al. 2013). 

Cellulose paper was immersed in SU-8 2010 negative photoresist followed by a pre-bake step. 

This was followed by an exposure to UV for 4 min on each side of the photomask and 

subsequent washing steps with acetone (Sigma-Aldrich, St. Louis, MO, USA) and isopropyl 

alcohol (Sigma-Aldrich, St. Louis, MO, USA). Channel dimensions included a flow channel of 

2.5 mm by 11.5 mm and an oval absorbent pad of 4.5 mm by 5.5 mm.  

 

b. Particle Conjugation 

 Two types of antibody-conjugated beads were prepared. Bovine serum albumin (BSA; 

Sigma-Aldrich) was used as our negative control used to generate negative control signals with 

bacteria spiked blood samples. Goat polyclonal antibody for E. coli (Meridian Life Sciences, 

ME, USA) was used for our particles in the detection of E. coli. The highly carboxylated 920 nm 

diameter polystyrene particles (Magsphere; Pasadena, CA, USA) were covalently conjugated to 

anti-E. coli antibody and BSA in separate batches. The conjugation protocol was followed 
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exactly as done in our most recent paper on urinalysis including soft-centrifugation in order to 

isolate non-specific aggregates from the particle suspension (Cho et al. 2015) 

 

c. E. coli Preparation 

 E. coli samples were revived from a lyophilized K12 cell powder (Sigma-Aldrich; St. 

Louis, MO, USA). They were then cultured in brain heart infusion broth (Remel; Lenexa, KS, 

USA) for 8 hours at 37°C to reach the highest bacterial concentration of 108 CFU/mL. 

Concentrations were confirmed with plate counting. Blood samples for the prototype assay were 

prepared by first diluting human whole blood (Interstate Blood Bank Inc., Memphis, TN, USA) 

to 10% v/v with DI water. Spiked blood solutions were then prepared by serial dilutions via 

inoculation using the cultured E. coli into 10% diluted blood in a 1:10 ratio, down to 50 

CFU/mL. 

 

d. Assay Procedure 

 Anti-E. coli and BSA conjugated particles (0.5 μg) were loaded on separate channels 

using the patterned paper microfluidic chip. While the particles dried on the paper (2-5 min), our 

10% serially diluted blood spiked with E. coli (50, 150, 103, 104 CFU/mL) was mixed with 1% 

Tween 80 in a 1:10 ratio. 7 μL of each sample mixture at various concentrations of E. coli was 

then loaded onto the inlets of the paper microfluidic chip. The 385 nm UV LED irradiated the 

paper at 55° and the smartphone was used to take an image at 65° (Figure 1). The reasoning 

behind changing our angle of incidence and detection is that our fluorescence signal is angle 

independent and we want to add this signal intensity to that of what we would obtain using this 

identified and optimized angle for Mie scatter detection (Park et al. 2013). In addition, we 
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wanted to decrease the amount of signal due to reflection that is present at irradiation and 

detection at 45°. An image was taken before the samples were loaded (background image) as 

well as after sample loading (signal image). Images were loaded into ImageJ and the green 

channel intensities were obtained from the central region of each channel where the particles 

were loaded. In order to determine the changes in signal intensity of a test channel that contained 

anti-E. coli antibody conjugated particles, we divided the intensity of the signal image by that of 

its background. The same was done to get the intensity of the negative channel (BSA particle 

loaded channels loaded with E. coli); dividing the intensity of the signal image by that of its 

background. A final double normalized intensity was then obtained by dividing the test channel 

intensity to that of the negative channel intensity. This experiment was repeated 3 times using 

different samples and paper chips to obtain averages. 

 

Results: Characterization Experiments 

a. LED Spectrum 

The UV and blue LED spectrums are displayed in Figure 1. This spectrum gives us an 

idea of exactly how the smartphone can be responding to the UV LED. Both the 365 and 385 nm 

UV LEDs show the tail end of their peaks leaking into the visible spectrum (400 nm). We can 

also see that the blue LED has a rather wide peak and large full-width at half max, covering most 

of the blue color spectrum. This has the potential to saturate the blue channel when taking 

images with the smartphone. The sharp peaks in the spectrometer data represent the high energy 

of each UV LED.  

 

b. Smartphone Camera’s Response to UV LEDs 
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 When illuminating the UV LEDs directly to the smartphone we were able to see exactly 

how the pixels respond. Any wavelength higher than 340 nm was shown to provide a response in 

all channels of the smartphone. For our 385 nm LED we see that the blue channel responds the 

most, followed by the red channel, and lastly the green channel showed little to no response 

(Figure 3A). The response gathered is very similar to the response curve of common 

CCD/CMOS camera that we obtained (LDP LLC; Carlstadt, NJ, USA). In the UV and near UV 

regions (350 – 400 nm) we see a similar response in the RGB values. It is important to note the 

lack of response by the green channel towards 385 nm.  Our wavelength vs. RGB value plot was 

also compared to various other current settings we acquired in order to find the most favorable 

operating current for the LEDs. If the supplied current was over 0.2 A we saw saturation of color 

intensity in all three channels, simply because the UV LED became too bright for the 

smartphone. Following this response we determined the best operating current for our further 

experiments was 0.1 A for the 365 nm LED and 0.05 A for the 385 nm LED. At this setting the 

spectral response also showed comparative spectral densities so the appropriate comparisons 

could be made when we actually used biological samples. 

 

c. Effect of UV irradiation on Paper, Blood, and Particles Using Smartphone 

 The raw RGB pixel intensity value provides us with a lot of information about how the 

smartphone responds to each sample matrix as well as the particles (Figure 5A). With a 365 nm 

LED the smartphone registers the UV across all three channels while the 385 nm LED is only 

picked up in the blue and red channels. This becomes advantageous for us to use the green 

channel signal for our prototype assay because if our baseline signal starts off small it is very 

easy to detect small changes due to polystyrene fluorescence. With the presence of blood, we see 
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an obvious attenuation in the blue color channel across the UV LEDs. The high absorbance of 

UV by blood (Figure 4) easily explains this attenuation. Small attenuation also occurs in the red 

channel. Urine showed the highest amount of fluorescence in the green channel under the 365 

nm light source. The 450 nm blue LED shows obvious saturation in the blue channel, no 

detection by the red channel, and small representation in the green channel. 

When comparing results of each light source with and without particles we see similar 

trends, however, from Figure 5A it is difficult to actually see the differences between the 

samples with polystyrene and our samples without polystyrene. Therefore the raw intensity 

values were first normalized to the background signal, which in our case is the RGB pixel 

intensity of dry cellulose paper. Next we divided the normalized signal intensity of samples with 

particles by the normalized signal intensity without particles to get an idea of how our signal 

changed in regards to each RGB channel. The most relevant changes relating to our major aim at 

detecting pathogens in blood with polystyrene fluorescence (Figure 6) are shown by a significant 

signal change in the green channel for blood with a normalized signal intensity change of 2.5 

which amounts to a signal change of 150% (a normalized signal change of 1.5 would denote a 

signal change of 50%). When comparing to DI as our control using a two-sample t-test we get a 

p-value of 0.0243 with a 95% confidence interval. The data for the blue and red channel also 

reported p-values < 0.05 (p = 0.0133 and p = 0.0412 respectively). These values may show 

statistical significance; however, these changes do not reflect detection based on the physical 

properties of polystyrene auto-fluorescence. 

 Additional graphical representations of normalized signals comparing experiments with 

polystyrene to experiments without polystyrene for each light source (including the data for urine 

samples) are supplied as additional figures as Figure 9. 
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d. Spectroscopic Responses to UV Irradiation on Paper, Blood, and Particles 

 Our smartphone responded to the polystyrene particles in the green channel significantly 

using the 385 nm light source. Our spectroscopic results show that there is an actual increase in 

signal when adding polystyrene particles to our samples, whether it is DI water, urine, or blood. 

However, the smartphone is able to pick up this change the best in the presence of a blood 

sample. Figure 7A shows the peak of our UV LED along with the signal where increasing 

particle concentrations were detected in the green channel, peaking at ~523 nm. A close up of the 

peak in the green channel shows discernable differences in spectral intensities as we increase the 

particle concentration in DI water. Notice that the peak for the polystyrene fluorescence lies far 

away from the excitation from UV. Figure 7C and D show the exact same trends except for 

increasing particle concentration in urine. We notice that the overall intensity is also higher due 

to the fluorescence of urine. With no clear identifiable peak when the spectrometer experiment 

was run with blood a graphical representation of average signal intensities across a number of 

wavelengths correlating to each RGB component yielded positive results as well. Figure 7E 

shows that there is a clear difference in the green channel between the blood with DI and blood 

with particles (p < 0.05).  

 

Results: Prototype Experiments 

 Our double normalized intensities were plotted against E. coli concentrations, confirmed 

by the counting done on culture plates (Figure 8). This represents the detection of E. coli in 

blood. We see the highest signal change in our samples containing 150 CFU/mL with a signal 

change up to 30%. Our signal change for 50 CFU/ml was 10%. These results are from our assay 
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that used 0.5 μg of particles. This amount of particles is what we traditionally use in order to get 

detection in the lower concentrations of antigen. After 150 CFU/mL we see a significant drop off 

in signal for 103 and 104 CFU/mL. With these current results we can report a limit of detection of 

50 CFU/mL, which is well in the range for biologically relevant concentrations of E. coli present 

in the blood in cases of bacteremia. 

 

Discussion: Characterization Experiments 

 The progression of our characterization experiments allowed for us to effectively 

determine the proper conditions for detecting the fluorescence from polystyrene using a 

smartphone. After examination of the spectrum for our UV LEDs it is apparent that these light 

sources are not exclusively emitting in the UV range. With a small percentage of their emission 

leaking into the visible spectrum near 400 nm, the smartphone is able to “recognize” the UV 

light and properly display RGB pixel intensity values. The smartphones response to UV at 385 

nm can be generalized with a strong representation in the blue channel, followed by a medium 

response in the red channel, and finally almost no response in the green channel. This response 

parallels the typical adjusted RGB curves seen in today’s CCD/CMOS cameras. We were also 

able to identify the proper current supply (no greater than 0.125A) for the UV LEDs to prevent 

saturation in the images taken by the smartphone. For our specific UV LEDs we suggested using 

0.1 A for the 365 nm LED and 0.05 A for the 385 nm UV LED. The absence of response by the 

smartphone to UV LEDs in the green channel becomes significantly important for our 

application. Because we are trying to detect signal changes of polystyrene’s fluorescence in the 

green channel we now do not have to worry about any signal interference that may be caused by 
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the UV LED irradiation. In addition, we expected to see significant changes in signal intensity 

due to polystyrenes fluorescence.  

 We are able to explain changes in raw RGB pixel intensity values based on the 

absorbance characteristics of human whole blood (Figure 4).  The greatest amount of absorption 

happens in the UV and near UV range, thus the significant attenuation in signal in the presence 

of blood when compared to DI water. The lack of signal in the green channel is strictly due to the 

inability of the smartphone responding to UV. In the case that there is any small signal in the 

green channel, the absorption curve of blood shows that green would also be absorbed. This 

again is favorable when utilizing the green channel and polystyrene as our target of interest for 

detection. Small attenuation is also seen in the red channel, which could partially be dues to the 

small absorption by blood in the red wavelengths. With the specific wavelengths of UV that we 

utilized, unlike urine, blood does not display any specific fluorescence properties. Previous 

studies reported the auto fluorescence of white blood cells with excitation wavelengths at 250-

265 nm (Monici et al. 1995). Major excitation and emission peaks of blood have been 

characterized using 3D fluorescence spectra (260-630, 280-340, 340-460, 450-510 nm) and 

neither coincides with our UV LEDs of choice, giving us more confidence in the detection of our 

signal (Li et al. 2006). Endogenous molecules such as NADH, FAD, NADPH, porphyrins, and 

tryptophan explain much of this fluorescence of blood. Other characterizations of blood 

fluorescence used a 457.9 nm excitation 9 (Li et al. 2006). Their results showed similar emission 

peaks for red blood cells (RBCs) and hemoglobin with abundant peaks. Hemoglobin has an 

emission at the wavelength range of 580-650 nm. Emission beyond 650 nm was also discovered 

and attributed to generation of new fluorophores by the breakdown of bonds within RBC 
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membranes (Gao et al. 2004). These results give us confidence that the physical properties of 

blood make it advantageous to detect the fluorescence of polystyrene. 

 The results from our experiments irradiating paper with UV on paper strips with our 3 

different samples showed similar trends when comparing the experiments with and without 

polystyrene. With UV irradiation blood always attenuates the signals in each RGB components. 

The detection of green using a 365 nm UV LED made it difficult to justify its use further down 

the road for our prototype assay. We were unable to detect a positive signal change with the 

addition of polystyrene in the green channel with this LED as displayed in (Figure 9A). Thus for 

the reasons highlighted throughout, we selectively chose 385nm as the best possible UV LED to 

use in the detection of polystyrene fluorescence. When these polystyrene beads aggregate in the 

presence of antigen, we should get a more intense signal that can be detected by the smartphone. 

Our results in Figure 6 emphasize the ability to detect a signal change in a blood sample with 

polystyrene particles. It is also important to note that a lot more optimization is possible when 

considering which wavelength UV LED to use in such an assay. Wavelengths of 375-395 nm all 

produce similar responses in the smartphone and it may be possible that green intensity signal 

changes can be increased even further.  

Urine specifically, showed the greatest increases in signal in the green channel. Due to 

the fluorescence of urine in the green channel, it makes it non-viable sample matrix when 

detecting the fluorescence of polystyrene particles. Even though we identified that spectral 

intensities change with increasing concentrations of particles, any variations in urine samples 

from human to human will drastically interfere and even mask the detectable changes with a 

smartphone. The results using our blue LED as a control, only suggest how the smartphone 

response to the blue LED. Because of the broadband spectral peak of the LED in the blue region 
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we see saturation in the blue channel from the smartphone image. Some of this spectrum even 

leaks into green and is picked up by the smartphone in the green channel.  Overall the blue LED 

does not provide any useful application to our group when working with blood or urine samples.  

The addition of the spectrometer response experiments were to shed light and provide 

some confidence that the green signal changes were not due to just noise or random artifact. In 

addition there is a clear visible representation in the separation of excitation and emission peaks. 

This eliminates the need for optical band pass filters or any dichroic mirrors or filters. The 

emission in the green wavelength is the specific signal we were detecting with the smartphone 

CCD/CMOS camera. We successfully demonstrated changes in spectral intensity with particles 

in the green wavelength regions in all of DI water, urine, and blood. We noticed that the peak for 

the polystyrenes fluorescence got much broader in the presence of urine and this is very likely 

due to the number of biological constituents present in urine, such as molecules like urobilin. In 

addition the peak seen in the case with just DI water, we attribute to the auto-fluorescence of 

paper. Auto-fluorescence of paper was discovered to have a secondary emission peak at 520 nm 

upon UV excitation (Danielson et al. 2003). This auto-fluorescence becomes less of a concern 

when translating to smartphone applications because the normalization of our signal intensity 

changes to a background signal that effectively eliminates the variations due to paper’s auto-

fluorescence.  Although we were able to detect spectrometric changes of intensity with the 

addition of polystyrene to blood, we note that our experiment could have significantly benefitted 

by adding various concentrations of particles to a blood suspension.  
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Discussion: Prototype Experiments 

 The first iteration of our prototype assay had identifiable successes that could change the 

way pathogens in blood are detected and or monitored. The newly discovered detection 

capabilities using the auto-fluorescence of polystyrene particles in conjunction with the particle 

immunoagglutination assay can greatly enhance the amount of signal change detected in the 

green channel with the presence of blood. Our results displayed trends that are commonly 

characteristic for the detection of antigens with agglutination (Cho et al. 2015; Park et al. 2013); 

however, our signal changes were much greater, up to 30% increase for the detection of 150 

CFU/mL of E. coli. This is a marked change compared to the signal changes we would obtain 

without the use of UV irradiation (5-7%). The linear range of this assay involving blood is 

narrower than previous assays run by our group. This can be attributed to the blood obstruction 

to diffusion and capillary flow. The concentration of particles used in our assay is the amount 

traditionally used in order to detect pathogens in the lower concentration ranges. Further 

experiments with increasing concentrations of particles would be required to expand the linear 

range of this assay and detect higher concentrations. This is because this increases the amount of 

available antibodies able to detect antigens. Nevertheless, with biologically relevant 

concentrations of E. coli in blood to begin causing symptoms of bacteremia being around 10-100 

CFU/mL (Lee et al, 2013), our prototype platform has the potential to quickly and effectively 

determine infection and prevent further complications that result from bacteremia and its 

development into sepsis. The total assay time for our set-up can be done in as little as one 

minute. As a final product the application of this technology could be used for sensitive detection 

and not necessarily a quantitative tool. It is only critical to be able to tell the risks of the patient 

developing further complications. When patients are already exhibiting symptoms of bacteremia 
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or sepsis bacteria concentrations tend to already be high, and we are focused on the early 

detection presumably towards the earlier exponential stage of cell growth.  

 Our resultant plot shows a linear increase from 50 – 150 CFU/mL. 50 CFU/mL is the 

current limit of detection based on our preliminary results. There were a few irregularities in our 

data, as in our traditionally used imunoagglutination detection shows a steady increase of our 

signal up to 103 CFU/ml. We did not anticipate the concentrations of our E. coli culture after 

plating to be so high and can attribute some of these discrepancies to that cause. A more 

controlled and identifiable culture would yield us significantly better data in the range of interest, 

potentially lowering our limit of detection down to 10 CFU/mL. Overall the highlights of our 

prototype assay are centralized across 4 major themes; the auto-fluorescence of polystyrene 

particles, the lack of a response in the green channel by the smartphone at 385 nm, detection of 

bacteria in blood, and fluorescence detection without the use of filters due to the inherent 

separation between excitation and emission peaks.  

 

Conclusion 

 By harnessing the physical and optical properties of polystyrene particles and a UV LED 

as an excitation light source, we were successfully able to demonstrate large signal changes 

detectable by a smartphone in the green pixel channel. Our normalized signal change amounted 

to 150% change. Because our smartphone CCD/CMOS camera does not respond to UV in the 

green channel, the signal changes detected in green are amplified. By combining our 

characterization of the polystyrene fluorescence and the smartphone’s response to UV with a 

latex immunoagglutination assay the detection of E. coli in blood is possible. Current limit of 

detection lays around 50 CFU/mL with the potential of getting as low as 10 CFU/mL by 
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adjusting the particle concentrations and getting consistent E. coli cultures to assay. In a clinical 

setting this technology can easily be deployed in order to provide a low-cost, easy-to-use, 

sensitive, detection method as opposed to blood culture monitors and biomarker detection for 

pathogens in blood. It is important under the first signs of symptoms of bacteremia to monitor 

the concentrations of pathogens in the blood to prevent complications and progression of the 

disease by therapeutic intervention by doctors. In cases of sepsis, where bacteria concentration 

are much greater, the assay can be optimized for a greater linear range. This will allow for 

consistent and fast monitoring of bacteria concentrations of blood, informing the doctor on the 

effectiveness of treatment and the development of complications to prevent septic shock. The 

time to detection of this assay in on the order of minutes as opposed to hours when comparing to 

blood culture techniques. Further understanding in the use of UV light sources to increase signal 

intensity changes with a particle immunoagglutination assay on paper microfluidics will result in 

this technology being translatable to other types of biological and chemical detection.  
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List of Figures 

 

 

Figure 1. Experimental Set-Up. The depiction of the experimental setup for optimization and 

our final prototype assay. Incident light is either 365nm UV, 385 nm UV, or 455 nm blue LED. 

The Incident light is positioned 12.7 cm from the paper stage while the sensor 

(smartphone/spectrometer) is 7.62 cm from the paper stage. We used an angle of detection at 45° 

and the angle of incident light at 45°. The final prototype schematic illustrates auto-fluorescence 

detection of polystyrene particle immunoagglutination E. coli assay using a smartphone camera 

and a UV-LED on paper microfluidics. The smartphone’s CMOS camera is able to detect the 

green auto-fluorescence with the irradiation of UV light. 
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Figure 2. Spectra of UV and Blue LEDs. Spectrum analysis of each light source irradiating 

plain chromatography paper while matching the spectral density shows the comparative full 

width at half max. This analysis provides insight as to how the smartphone may be responding to 

UV LEDs as we can see each UV LEDs spectrum leaks into the visible spectrum just over the 

400 nm wavelength.  
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Figure 3. Smartphone and CCD/CMOS camera response curve (A) After directly irradiating 

the smartphone with differing wavelengths of UV LEDs, the response in each pixel channel was 

plotted. We can see that after 340 nm the smartphone transmits the UV LEDs. At 385 nm we see 

the strongest response in the blue channel, followed by the red channel, and lastly almost no 

response in the green channel. The lack of response in the green channel becomes useful toward 

the application in our final prototype assay as we can better detect changes in green signal 

intensity due to the auto-fluorescence of polystyrene. (B) A publicly available RGB curve of a 

common CCD/CMOS camera (LDP LLC; Carlstadt, NJ, USA) is shown with the wavelength of 

interest highlighted in red. It is apparent that the response in the UV range followed the same 

trend that is observed when using our smartphone camera.  

 

Applied power = 0.125A 
(constant current) 

A) 

B) 
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Figure 4. Absorbance Spectrum of Blood. The absorbance spectrum of blood shows the 

highest amount of absorption in the UV/Blue wavelength. The red line denotes deoxygenate 

hemoglobin while the blue line indicates oxygenated hemoglobin. There is also some absorbance 

by blood in the green channel, which again allows for the signal of our polystyrene particles to 

be detected.  

 

 

 

 

 UV 



 30 

 

 

 

Figure 5. Raw RGB Pixel Intensity Values Plotted By LED Light Source With Biological 

Samples, With And Without Polystyrene. (A) Graphical representation of the changes in raw 

pixel intensity values at each RGB component. At 365 nm we see strong fluorescence by urine. 

For 385 nm, there is a signal change in the green channel with blood in the presence of 

polystyrene. The change is highlighted by the red circle but is better represented in Figure 6. The 

450 nm Blue LED shows obvious saturation in the blue channel and no physiologically relevant 

changes in any channel. (B) Image of actual samples under their respective light source. 
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Figure 6. Normalized Intensities of Particle Fluorescence in Blood. The raw intensity values 

were compared by comparing the normalized signal of sample with polystyrene to the 

normalized signal we obtained without polystyrene. Here we showcase our biological sample of 

interest blood. We see a large signal change in the green channel, which can be explained by the 

fluorescence effect of polystyrene. Using a 385 nm LED as our incident light has the potential to 

greatly increase the detectable signal from polystyrene particles. Asterisk indicate p-value < 

0.05, however our signal of interest is the changes in green channel intensity. 

* 

* 
* 
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Figure 7. Spectra of Polystyrene Particles in DI, Urine, and Blood (A) Spectrometer data of 

increasing particle concentration in DI water. The fluorescence of polystyrene is detected in the 

green channel at a wavelength of ~523 nm. (B) A close up of the emission peak shows visible 

increased in spectrum intensity as our particle concentration is increased. (C&D) The spectrum 

of increasing particle concentration in urine shows a similar trend as seen in DI water. There is 

however a broader peak due to the added fluorescence of urine. Both spectrums for DI and Urine 

show the clear separation of excitation and emission peaks. (E) Our spectral changes in blood, 

specifically in the green channel, show that the spectral intensity with blood that includes 

particles is noticeable when compared to just blood diluted with water.  

(C) (D) 

(E) 
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Figure 8. Detection of E. coli in Blood. The normalized intensities of polystyrene particle 

immunoagglutination of E. coli in a blood sample done on paper microfluidics with a UV LED 

light source is displayed. Although the data is rather preliminary, we see promising results that 

that mimic the trends seen in our previous assays with other sample matrices with the biggest 

difference being that our signal changes reached up to 30%.  
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Figure 9. Normalized Intensities of Particles in DI, Blood, and Urine samples. (A) Our raw 

intensity values were compared by comparing the normalized signal of sample with polystyrene 

to the normalized signal we obtained without polystyrene. These are the results with the 365 nm 

LED. (B) These are the same results as Figure 3 with the addition of our results with Urine. (C) 

These are the results with our 450 nm LED. 
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