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Abstract

Noninvasive measurement of oxidative markers in clinical samples has the potential to rapidly 

provide information for disease management, but is limited by the need for expensive analytical 

instrumentation that precludes home monitoring or point-of-care applications. We have developed 

a simple to use diagnostic platform for airway hydrogen peroxide (H2O2) that combines optimized 

reaction-based chemiluminescent designs with an inexpensive home-built darkbox and readily 

available smartphone cameras. Specialized photography software applications and analysis of 

pixel intensity enables quantification of sample concentrations. Using this platform, sample H2O2 

concentrations as low as 264 nM can be detected. The platform has been used to measure H2O2 in 

the exhaled breath condensates of human subjects, showing good agreement with the standard 

Amplex Red assay.
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1. Introduction

The human body's capacity to regulate oxidative processes through the generation and 

scavenging of reactive oxygen species such as H2O2 is a critical fulcrum that balances health 

and disease [1]. Non-invasive monitoring of this physiological redox status using easily 

collected clinical samples such as exhaled breath condensate represents a promising 

approach for monitoring respiratory diseases such as asthma [2] and chronic obstructive 

pulmonary disease [3]. In the inflamed lung airways, activated eosinophils, macrophages, 

and neutrophils can produce superoxide (O2
−), which rapidly dismutates to form the 

relatively stable reactive oxygen species, H2O2 [4,5]. This H2O2 is extruded with the 

exhaled breath and can report on inflammation and oxidative stress. Levels of H2O2 in 

exhaled breath condensate are elevated in both adult [6–11] and children [12] asthma 

patients. Although many studies have reported that H2O2 elevation tracks with disease 

severity and can be attenuated with corticosteroid treatment, other studies report 

contradictory results [13]. This uncertainty is due, in part, to a lack of fast, simple, and 

reliable methods for routine detection of H2O2 in exhaled breath condensates.

A variety of advanced techniques have been applied for measuring H2O2, including the 

Amplex Red assay [14], as well as colorimetric [15], luminescence [16], magnetic resonance 

[17], and electrochemical [18] methods. While useful in well-equipped laboratory 

environments, these methods require expensive instrumentation that limits their widespread 

application in low resource, home monitoring, and point-of-care settings. Technological 

innovations to enable diagnostic tasks normally reserved for highly trained physicians and 

well-equipped central hospitals to be shifted to healthcare volunteer clinics or even the 

patients themselves are recognized as an important strategy to address global health care 

challenges [19]. For example, commercial NIOX® devices [20] enable asthma patients to 

monitor nitric oxide levels in their exhaled breath, providing an instant reading of lung 

inflammation. While still expensive, these devices have helped adults and children manage 

their disease and track response to medication [21].

A growing trend in point-of-care medicine leverages the rising use and availability of 

smartphones in both the developed and developing world [22,23]. Many smartphones are 

equipped with sensitive complementary metal-oxide-semiconductor (CMOS) based cameras 

and processing capabilities that poise them to be situated as central components of low-cost 

platforms for clinical monitoring [24,25]. The key implementation challenge is designing 

effective analytical assays that can interface and be accurately and sensitively read with a 

smartphone device. Indeed, connecting mobile phone cameras with low-cost excitation 

sources and band-pass optical filters has enabled fluorescence detection and imaging of 

pathological biomarkers including C-reactive protein [26], immunoglobin G [27], food 

allergens [28], pH [29], E. coli [30], thyroid stimulating hormone [31], M. tuberculosis 
[32,33], β-galactosidase [34], and blood cells [35]. These innovative designs have 
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dramatically empowered the analytical capabilities of mobile phone technology, yet many of 

the accessories require external power sources, multiple parts, and optical filters.

In order to develop a simplified system with minimal parts, we have optimized a 

chemiluminescent platform for smartphone detection of H2O2 and applied it to monitoring 

H2O2 in human exhaled breath condensates. Due to its high sensitivity and low background, 

chemiluminescence has been applied for analyte detection in vitro [36], in cells [37], and in 
vivo [38]. The chemiluminescent peroxyoxalate system is highly efficient at generating 

chemiluminescent emission and consists of an activated bis-oxalate ester, acyl transfer 

catalyst such as imidazole, and a fluorescent dye (Scheme 1) [39]. It proceeds via chemical 

reaction between H2O2 and an activated oxalate to form the high-energy molecule 1,2-

dioxetanedione. Interaction with particular dyes initiates O–O bond cleavage in a reaction 

pathway that generates the dye in the excited state, and ultimately emits a photon of light as 

it relaxes to the ground state. While this chemistry has been used in combination with 

sophisticated photondetection equipment to measure H2O2 [40–43], we envisioned that 

advances in CMOS camera technology and freely available software applications could 

enable this chemistry to be implemented into a smartphone-based platform for monitoring 

H2O2. The platform consists of using the optimized peroxyoxalate chemiluminescent 

reaction inside of a low cost darkbox accessory and imaged using a smarthphone camera 

with advanced photography applications. Importantly, the use of chemiluminescence 

emission eliminates the need for an excitation source and optical filters, greatly simplifying 

data collection, and offers a platform that can be readily adopted, even in resource-limited 

environments.

2. Experimental

2.1 General methods and materials

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) or Alfa Aesar (Ward 

Hill, MA) and used without further purification. Chemiluminescence emission spectra were 

acquired using a Hitachi F-7000 Spectrophotometer (Hitachi, Tokyo, Japan). 

Chemiluminescence images were acquired using an iPhone 4s or iPhone 6 (Apple, 

Cupertino, CA).

2.2 Darkbox design and fabrication

The wooden darkbox was designed using the RetinaEngrave3D software and fabricated 

using an FSLaser Professional Large Format (ProLF) Series Laser System (Full Spectrum 

Laser LLC, Las Vegas, NV) in the Innovation Gymnasium at Southern Methodist University. 

The floor and walls were cut with precisely fitted notches and glued together using an epoxy 

resin (Epoxy Quick Set, Locktite, Westlake, OH). The lid was pieced together from four side 

pieces and a top piece with a small square 0.5" by 0.5" hole cut into it. A plastic smartphone 

case was glued to the lid so that the hole in the box was flush with the hole of the lid. The 

dimensions of the finished box were 5" × 7.5" × 5.5 " (L × W × H). A 96-well plate is placed 

inside the darkbox along a pre-marked position to ensure the wells of interest are inside the 

field of view of the smartphone camera.
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2.3 Chemiluminescence imaging

Imaging experiments were performed using the darkbox design described above and the 

time-lapse photography application OSnap! (Head of the Mule, New York, NY) [44], VSCO 

(VSCO, Oakland, CA) [45], or the stock camera application on an iPhone 4s or iPhone 6. 

Stock solutions of 7 mM diphenylanthracene (DPA), 7 mM rubrene, 7 mM 

bis(phenylethynyl)anthracene (BPEA) [46], 60 mM imidazole, 10 mM bis(2,4,6)-

trichlorophenyl oxalate (TCPO), and 7 mM bis(2-carbopentyloxy-3,5,6-trichlorophenyl) 

oxalate (CCPO) in 9:1 EtOAc:CH3CN were used in all experiments. TCPO, CCPO, and 

H2O2 stock solutions were prepared on the same day of the experiment and other stock 

solutions were used in the same week. 180 µL DPA, rubrene, or BPEA stock solutions, 20 

µL imidazole stock solutions, and 100 µL TCPO or CCPO stock solutions were added to a 

microwell plate inside of the imaging box. After 3 min, 25 µL or 75 µL H2O2 was added to 

the microwell plate and the time-lapse or photographic imaging application (OSnap!, iPhone 

6 stock camera app, or VSCO) was immediately initiated, taking images at intervals ranging 

from 0.5–10 sec (with H2O2 addition at t = 0) or a single image 2–3 seconds after addition 

of H2O2. The lid was immediately placed on the imaging box. This process was repeated for 

each of the H2O2 stock solutions.

2.4 Image acquisition with the OSnap! application

The time-lapse imaging application OSnap! was downloaded from the Apple App Store. The 

following settings were used:

Orientation: landscape Flash: off

Resolution: 1080p(1920×1080) Timer interval: 00:00:00.25s

Delayed start: no delay Limit total frames: 20 frames

Suppress camera errors: on

2.5 Image acquisition with Apple stock camera application

An iPhone 6 with iOS 8 was used to capture images with the stock camera app (Apple, 

Cupertino, CA). Flash was turned off and exposure was set to the highest setting by long 

pressing on the phone screen, with the camera aimed into the darkbox, until AE/AF LOCK 

appears and then moving the sun icon to its highest position. The testing procedure 

explained above was followed, and a picture was taken 2–3 seconds after addition of H2O2 

to account for the time taken between addition and closing the lid of the box.

2.6 Image acquisition with VSCO application

The application VSCO (VSCO, New York, NY), was used to capture single images 2–3 

seconds after addition of H2O2. The following settings were used:

Exposure: 3.0 ISO: 1856

Shutter speed: 1/2.0.
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All other settings were left at their default settings of automatic. Because the shutter speed is 

longer than a normal picture, it takes about 4 seconds to capture a single image. There are 

sometimes camera errors with this application and the image is not taken, so to prevent data 

loss, it is recommended to take a “test” picture right before the addition of H2O2.

2.7 Image analysis

Images were transferred from the imaging application to a computer and analyzed in ImageJ 

by converting the set of images acquired using OSnap!, the Apple stock camera, or VSCO 

into a single stack. A circle was selected around the reaction well and the mean pixel 

intensity was evaluated for each image. Data shown in all figures are the average of at least 

three independent trials. In order to locate wells with very low emission intensity, a 

photograph with the flash was taken at the end of the experiment and included in the stack. 

The well could be identified in this photograph. Circling in ImageJ would identify the 

placement when scrolling through a stack of images. Accurate measurements were obtained 

using the mean pixel intensity from the first image acquired. Background correction 

consisted of evaluating the mean pixel intensity of three blank wells and subtracting this 

value from the mean pixel intensity of the reaction well. All reported error bars are ± 

standard deviation (S.D.). The limits of detection were estimated from linear plots by 

determining the concentration of H2O2 needed to provide a signal of 3×S.D. (LoD) above 

the signal generated from adding a vehicle control to the chemiluminescent reagent system.

2.8 Selectivity Studies

Analyte selectivity for the smartphone-based chemiluminescent detection system was 

performed using an iPhone 6 (Apple, Cupertino, CA). All measurements were repeated three 

times. 0, 25, 50, 100, and 200 µM solutions of H2O2, NO2
−, tBuOOH, HOCl, and 

ONOO− (75 µL) were added to a solution of 3.4 mM BPEA, 3.2 mM imidazole, and 1.9 mM 

CCPO in 9:1 EtOAc:CH3CN (375 µL final volume) that was premixed and allowed to sit for 

5 minutes. A picture was acquired 2–3 seconds after addition of the analyte using VSCO 

(VSCO, New York, NY). ONOO− was synthesized using an adaptation of a literature 

procedure [47,48]. 0.24 mL of H2O2 (35% wt. in H2O, 2.8 mmol, 1.4 equiv) was added to a 

round bottom flask containing 4.5 mL of 0.55 M NaOH and 5 mL isopropyl alcohol, after 

which isoamyl nitrite (0.27 mL, 2.0 mmol, 1.0 equiv) was added, and stirred at rt for 15 

minutes. MnO2 (10 mg, 0.12 mmol, 0.060 equiv) was added to the reaction and stirred for an 

extra 5 minutes to decompose excess H2O2. The reaction mixture was filtered to remove 

MnO2 and washed four times with 10 mL of CH2Cl2 in a separatory funnel. The aqueous 

layer was removed with a Pasteur pipet, carefully avoiding CH2Cl2. The concentration was 

determined by UV/Vis using the absorption at 302 nm (ε = 1670 M−1 cm−1), and was 

diluted to make 0, 25, 50, 100, and 200 µM stock solutions.

2.9 Measuring H2O2 in human exhaled breath condensates

Participants (18–33 years old) were recruited from chemistry undergraduate and graduate 

research students. Exhaled breath condensate samples were collected using an R-Tube 

(Respiratory Research, Austin, TX). The cooling sleeve was cooled in a −20 °C freezer 

overnight before collection. The sleeve was placed on the R-Tube and the participant was 

instructed to breath tidally through the R-Tube over the course of 10 minutes. The R-Tube 
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mouthpiece was removed and the condensate was collected from the walls using the plunger 

provided with the R-Tube kit. This procedure typically provided ~1 mL of exhaled breath 

condensate. This protocol was approved by the local Institutional Review Board (IRB# 

2014–015–LIPPA) and all participants provided informed consent.

Exhaled breath condensate samples (75 µL) were added to a solution of 3.4 mM BPEA, 3.2 

mM imidazole, and 1.9 mM CCPO in 9:1 EtOAc:CH3CN (375 µL final volume) that was 

premixed and allowed to sit for 5 minutes. A picture was acquired 2–3 seconds after addition 

of the exhaled breath condensate using VSCO. The concentration was determined using a 

calibration curve constructed from known stock H2O2 solutions at 0, 250, 500, 1000, and 

1500 nM prepared on the same day as exhaled breath condensate measurement. Each data 

point is the mean pixel intensity from 3–4 replicates of the same exhaled breath condensate 

sample. The same exhaled breath condensate samples were also tested using the Amplex 

Red assay (Life Technologies, Carlsbad, CA) as per the manufacturer's instructions. Briefly, 

calibration was performed using 150 µL aliquots from stock H2O2 solutions at 0, 250, 500, 

1000, and 1500 nM. The stock solutions were measured in triplicate using the Amplex Red 

reagent kit and by monitoring the peak fluorescence emission at 583 nm using an F-7000 

Spectrophotometer (Hitachi, Tokyo, Japan). Calibrations were performed on the same day as 

exhaled breath condensate measurement.

3. Results and Discussion

We designed a wooden darkbox accessory using specialized RetinaEngrave3D software to 

precisely laser cut the individual components (Figure 1a). The pieces consisted of wooden 

panels with carefully measured notches to enable easy interlocking, which were found to be 

critical to decrease leakage of light into the box. Previous designs with un-notched wooden 

panels were found to be unsuitable due to small cracks between connections from warping 

of the wood. A small hole was laser cut into the lid and a smartphone case was glued on for 

easy attachment of a smartphone, and assuring flush alignment of the camera lens and the lid 

opening (Figure 1b). A 96-microwell plate can be inserted into the darkbox and wells visible 

in the camera field-of-view can be marked (Figure 1c). In situations where fabrication of a 

darkbox is impractical, we note that a shoebox may serve as a suitable, albeit less robust, 

substitute. After reagent mixing, the lid and attached smartphone could be quickly placed 

atop the box and imaging started within 2–3 s, using the time-lapse photography application 

OSnap!, VSCO, or the stock camera app equipped on the iPhone 6.

First we analyzed the ability of the platform to detect H2O2 using several different dye/

chemiluminescent reagent combinations. We used the dyes diphenyl anthracene (DPA, 

Figure 2a,b), rubrene (Figure 2c,d), and 9,10-bis(phenylethynyl)anthracene (BPEA, Figure 

2e,f). These dyes provide a range of peak emission wavelengths of 426 nm, 500 nm, and 563 

nm in the chemiluminescent emission spectrum for DPA, BPEA, and rubrene, respectively 

(Figure 3). As well, we explored two different chemiluminescent reagents: bis(2,4,6)-

trichlorophenyl oxalate (TCPO, Figure 2a–d) and bis(2-carbopentyloxy-3,5,6-

trichlorophenyl) oxalate (CPPO, Figure 2e,f). We tested stock solutions in the range of 0–

130 mM H2O2 by adding 25 µL aliquots to premixed solutions of the dye, imidazole acyl 

transfer catalyst, and chemiluminescent reagents. A dim background glow could be observed 
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after addition of TCPO or CCPO, which subsided after 3 minutes. Addition of H2O2 before 

3 minutes resulted in a falsely high signal, so all measurements were performed at least 3 

minutes after TCPO or CCPO addition. This background of the peroxyoxalate reaction in 

the absence of H2O2 has been previously attributed to solvent impurities [40] or an 

uncharacterized chemiluminescent reaction [49], but its precise nature remains unclear. For 

every system tested, 25 µL aliquots from a stock H2O2 concentration of 130 µM (10 µM 

final microwell concentration) could be readily observed by eye (Figure 2a,c,e) and 13 µM 

stock solutions (1 µM final microwell concentration) could be visualized by adjusting the 

brightness of the acquired images (Figure 2b,d,f). For equal comparison, the brightness 

levels of the raw images were identically adjusted in ImageJ by setting the Maximum value 

to 35 in the Brightness/Contrast window. This adjustment saturated the images for the 

highest H2O2 concentrations in the experiments that used rubrene and BPEA, but enabled 

visualization of microwells containing lower concentrations of H2O2. While kinetic data 

could be readily attained using the time-lapse imaging application OSnap! (Figure 4), we 

generally observed accurate measurements using the mean pixel intensity from the first 

image collected. Careful quantification of the mean pixel intensity using ImageJ revealed a 

dose-dependent light emission with increasing H2O2 levels (Figure 5). The light emission 

reached a maximum value at H2O2 concentrations above 13 mM (final concentrations 

greater than 1 mM).

We next analyzed the limits of detection of our platform. It should be noted that an analysis 

of a clinical sample requires a dilution of the aqueous sample into the chemiluminescent 

reagent system. In our initial protocols, a 25 µL aliquot of an aqueous H2O2 solution was 

added to 300 µL of 9:1 EtOAc:CH3CN. At these volumes, the stock solution is diluted by a 

factor of 13. In order to ascertain the efficacy of our platform for clinical analysis, we 

evaluated the detection limits in terms of the sample concentration before dilution of the 

H2O2 solutions (Table 1, Column 4, Entries 1–3). Under these conditions, detection limits (3 

σ) were estimated to be 10.7 µM, 32.4 µM, and 3.65 µM for the DPA, rubrene, and BPEA 

systems, respectively. In terms of the final microwell concentration, these detection limits 

correspond to 823 nM, 2.49 µM, and 281 nM H2O2 for the DPA, rubrene, and BPEA 

systems respectively (Table 1, Column 3, Entries 1–3). In the best performing BPEA system, 

the chemiluminescent reagent CCPO was used, which provided a decreased background and 

increased signal due to improved solubility. This decreased background is primarily 

responsible for the improved detection limit of this system. We tested the selectivity of the 

best performing BPEA/CCPO reagent formulation versus other reactive oxygen and nitrogen 

species that may be found in exhaled breath condensate (Figure 6). H2O2 provided up to 

~100-fold increase in luminescent emission versus a blank control, and none of the other 

species tested, including NO2
−, tBuOOH, HOCl, or ONOO− yielded a comparable response.

Having shown that the BPEA system provided the most sensitive response using our 

chemiluminescent platform for smartphone imaging of H2O2, we next explored the 

possibility of increasing sensitivity by optimizing the settings on the smartphone camera. We 

first moved from using the OSnap! time-lapse photography application to using the stock 

camera application on the iPhone 6. We found that by setting the exposure to the maximum 

setting, we could obtain a distinct improvement in sensitivity. While the visible threshold in 

the raw images using the OSnap! application was between 100 µM and 200 µM H2O2 
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(Figure 7a), stock solution concentrations as low as 25 µM H2O2 could be readily observed 

using the stock camera application on an iPhone 6 (Figure 7b). At this stage, we surmised 

that increasing the aliquot volume could provide an increase in sensitivity by increasing the 

total molar amount of analyte delivered. Tripling the aliquot volume from 25 µL to 75 µL 

yielded a clearly observable increase in light emission (Figure 7c), and this aliquot volume 

was used in subsequent experiments. A series of control experiments was performed to 

ensure that different wells within the field-of-view did not give drastically different 

measurements (Figure 8). We found that the variation between wells with consistent reagent 

concentrations did not provide large variations in comparison to other sources of error. 

Encouraged by the drastic increase sensitivity, we identified the software application VSCO 

that enabled further optimization of the camera settings. The levels of H2O2 in exhaled 

breath condensate are estimated to be in the range of 0–2000 nM H2O2 [2]. This range was 

not visible using the iPhone 6 stock camera application (Figure 9a), even with adjustment of 

the brightness (Figure 9b). On the other hand, maximizing the exposure and ISO setting in 

VSCO, while minimizing the shutter speed, 2000 nM H2O2 could be observed in the raw 

images (Figure 9c). We found that uniform adjustment of the brightness in ImageJ provided 

a clearly observable trend in this range (Figure 9d). Quantification of the mean pixel 

intensities displayed a linear calibration curve (Figure 10) with an estimated detection limit 

(3 σ) of 264 nM (Table 1, Column 4, Entry 4), within the range of previously measured 

values of H2O2 in exhaled breath condensates.

Encouraged by the achievement of a smartphone-based platform with the requisite 

sensitivity, we performed a validation of this system for measuring H2O2 in human exhaled 

breath condensates by cross referencing with the established Amplex Red assay.14 

Approximately 1 mL of exhaled breath condensate sample was collected from volunteers 

using an R-Tube apparatus as described in our IRB approved protocols. All participants 

provided informed consent. A total of five samples were collected. These collected samples 

were measured on the same day using our optimized chemiluminescent platform by 

sampling 75 µL exhaled breath condensate per trial, and using the Amplex Red assay by 

sampling 150 µL exhaled breath condensate per trial. Same-day calibrations for each system 

were performed by sampling 75 µL or 150 µL aliquots from H2O2 stock solutions in the 

range of 0–1500 nM. For each calibration and sample measurement, three trials were 

performed and the average values obtained from our smartphone-based platform were 

compared with the average values from the Amplex Red assay. In 4 of 5 sample 

measurements, we obtained excellent agreement between the assays (Figure 11). The 

Amplex Red assay yielded less deviation between replicate measurements, but the mean 

values from both assays were generally consistent. In one outlier (as determined by a 

Grubb's test analysis on the ratio of the iPhone measurement to the Amplex Red), we found 

an elevated measurement in the iPhone method (Figure 11, Sample 5). In this sample, the 

Amplex Red assay yielded a value of 107 nM H2O2, which is below the estimated detection 

limit of the iPhone-based system and may have contributed to the lack of agreement. There 

are other factors, including the need for precise timing in these assays, variations in ambient 

temperature, or saliva contamination that may have also contributed and will be the subject 

of future investigations.
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We finally evaluate the cost of this smartphone-based assay in both the context of a research 

laboratory operating under limited resources and on a cost-per-test basis for future 

development of a point-of-care assay (Table 2). Based on this analysis, we estimate a cost-

per-test of ~$0.12, which incudes chemical reagents and consumable supplies. Typically 

three replicates are performed for each sample (~$0.36 total) and a calibration with 5 

different H2O2 concentrations (13 total replicates, ~$1.80). When considering the total cost 

of equipment needed to perform these assays, and additional fixed cost of $3,785.85 is 

estimated. Much of this cost is due to the cost of an analytical balance for measuring out 

reagents and the iPhone 6 itself. One strategy to overcome these fixed costs would be to 

provide the reagents in a pre-measured kit, enabling H2O2 measurement without the need for 

an analytical balance, reducing these fixed costs to under $1,000. Nonetheless, eliminating 

the need for sophisticated photon detection equipment drastically reduces cost for low-

resource research laboratories and other settings.

4. Conclusions

In summary, we have developed a sensitive chemiluminescent platform that enables accurate 

smartphone monitoring of airway H2O2. The assays are low cost and provide an intensity-

based readout compatible with widely available CMOS camera technology. Using this 

current platform, samples with H2O2 concentrations as low as 264 nM can be detected. The 

optimized system uses CCPO, BPEA, and imidazole in 9:1 EtOAc:CH3CN, the photography 

application VSCO, and sampling 75 µL of exhaled breath condensate (Figure 9c,d, 10–11). 

The utility of such a platform was demonstrated by monitoring H2O2 levels in exhaled 

breath condensate from human volunteers. It was found that this system provides a 

quantitative measure of H2O2 that showed good agreement with the "gold standard" Amplex 

Red assay. In future validation studies, we plan to enlist larger human subject enrollments 

and investigate the robustness of the assay across healthy volunteers and asthma patients 

where larger variations in H2O2 levels are expected. Taken together, the experiments in this 

study describe an affordable and widely accessible method to monitor H2O2 in exhaled 

breath condensate that could be optimized for home use, low resource clinics, or other point-

of-care settings. Additionally, we anticipate that this method could have a broad impact on 

global research capacity, particularly in areas where access to spectrophotometers is a 

limiting factor.
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Highlights

• The peroxyoxalate chemiluminescent reaction enables smartphone 

detection of airway H2O2.

• Optimization of reagents and camera settings provides a 264 nM 

detection limit.

• Measurements of H2O2 in exhaled breath condensates match the 

Amplex Red assay.

• Described methods offer low cost monitoring of ROS in human 

airways.
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Figure 1. 
Design and fabrication of a wooden darkbox accessory. (a) Photograph of wooden panels 

being cut using a ProLF Series Laser System. (b) Photograph of the wooden darkbox 

accessory for iPhone imaging of H2O2. (c) Photograph of a 96-well plate in the darkbox 

accessory.
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Figure 2. 
Images of 0–13 mM H2O2 acquired using an iPhone 4s or 6, a home-built darkbox, and the 

time-lapse imaging application OSnap! (a) Unprocessed images and (b) images processed in 

ImageJ by setting the maximum pixel value to 35 using 25 µL aliquots of 0–13 mM H2O2 

(0–1 mM final concentration) and 3.9 mM DPA, 3.7 mM imidazole, and 3.1 mM TCPO in 

9:1 EtOAc:CH3CN. (c) Unprocessed images and (d) images processed in ImageJ by setting 

the maximum pixel value to 35 using 25 µL aliquots of 0–13 mM H2O2 (0–1 mM final 

microwell concentration) and 3.9 mM rubrene, 3.7 mM imidazole, and 3.1 mM TCPO in 9:1 
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EtOAc:CH3CN. (e) Unprocessed images and (f) images processed in ImageJ by setting the 

maximum pixel value to 35 using 25 µL aliquots of 0–13 mM H2O2 (0–1 mM final 

concentration) and 3.9 mM BPEA, 3.7 mM imidazole, and 2.2 mM CCPO in 9:1 

EtOAc:CH3CN. Images were acquired 2–3 seconds after addition of H2O2.
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Figure 3. 
Chemiluminescent emission spectra of 1.9 mM CCPO, 3.2 mM imidazole, 400 nM H2O2 

and (a) 3.4 mM DPA, (b) 3.4 mM BPEA, or (c) 3.4 mM Rubrene.
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Figure 4. 
Quantification of time-lapse images acquired every 10 s using an iPhone 4s, a home-built 

darkbox, and the time-lapse imaging application OSnap! of 25 µL aliquots of 0–130 mM 

H2O2 and 3.9 mM DPA, 3.7 mM imidazole, and 3.1 mM TCPO in 9:1 EtOAc:CH3CN.
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Figure 5. 
Quantification of images in Figure 2. Plots of measurements from 25 µL aliquots of 0–130 

mM H2O2 (0–10 mM final concentration) versus mean pixel intensity of circular ROIs 

around the microwells using the reagents (a) 3.9 mM DPA, 3.7 mM imidazole, and 3.1 mM 

TCPO in 9:1 EtOAc:CH3CN. (b) 3.9 mM rubrene, 3.7 mM imidazole, and 3.1 mM TCPO in 

9:1 EtOAc:CH3CN. (c) 3.9 mM BPEA, 3.7 mM imidazole, and 2.2 mM CCPO in 9:1 

EtOAc:CH3CN. Images were acquired 2–3 seconds after addition of H2O2. Error bars are ± 

S.D (n = 3).
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Figure 6. 
Selectivity for H2O2. Experiments were performed using 3.4 mM BPEA, 3.2 mM imidazole, 

and 1.9 mM CCPO in 9:1 EtOAc:CH3CN, and 75 µL aliquots of 0, 25, 50, 100, and 200 µM 

of (1) H2O2 (2) NO2
− (3) tBuOOH (4) HOCl (5) ONOO−. Images were acquired 2–3 

seconds after addition of CCPO as the final reagent. Error bars are ± S.D (n = 3) and values 

are normalized to the blank value for each trial.
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Figure 7. 
Images of H2O2 acquired using an iPhone 6, a home-built dark box, and either (a) the time-

lapse imaging application OSnap!, (b) the stock iPhone 6 camera application with exposure 

settings at maximum using 25 µL aliquots and aliquots of 0, 25, 50, 100, 150, and 200 µM 

H2O2 and 3.9 mM BPEA, 3.7 mM imidazole, and 2.2 mM CCPO in 9:1 EtOAc:CH3CN, or 

(c) the stock iPhone 6 camera application with exposure settings at maximum using 75 µL 

aliquots of 0, 25, 50, 100, 150, and 200 µM H2O2 and 3.4 mM BPEA, 3.2 mM imidazole, 

and 1.9 mM CCPO 9:1 EtOAc:CH3CN. Images were acquired 2–3 sec after addition of 

H2O2 as the final reagent.
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Figure 8. 
Evaluation of luminescence measurements from various wells. (a) Mean pixel intensity of 

3.4 mM BPEA, 3.2 mM imidazole, and 1.9 mM CCPO before (orange markers) and after 

(blue markers) addition of 25 µM H2O2 in 12 different wells in the field of view. Images 

were acquired using an iPhone 6. (b) Photograph of a microwell plate in the darkbox after 

completion of the experiments. The numbering of the wells corresponds to the Well # in (a). 

Note that the flash was partially occluded in the acquisition of this photograph.
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Figure 9. 
Images of 3.4 mM BPEA, 3.2 mM imidazole, 1.9 mM CCPO in 9:1 EtOAc:CH3CN and 75 

µL aliquots of 0, 500, 1000, 1500, and 2000 nM H2O2 acquired using an iPhone 6, a home-

built darkbox, and different imaging applications. (a) The stock iPhone 6 camera application 

with exposure settings at maximum, (b) the same images in (a) adjusted in ImageJ by setting 

the maximum pixel intensity to 35, (c) the camera application VSCO (with exposure set to 

3.0, ISO set to 1856, and the shutter speed set to 1/2) (d) the same images in (c) adjusted in 

ImageJ by setting the maximum pixel intensity to 35. Images were acquired 2–3 sec after 

addition of H2O2 as the final reagent.
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Figure 10. 
Calibration of 75 µL aliquots of 0–1500 nM H2O2 using 3.4 mM BPEA, 3.2 mM imidazole, 

and 1.9 mM CCPO in 9:1 EtOAc:CH3CN. Images were acquired 2–3 seconds after addition 

of H2O2 as the final reagent. Error bars are ± S.D (n = 3).
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Figure 11. 
Validation of the chemiluminescent platform for smartphone measurement of H2O2 in 

human exhaled breath condensates. Measurements were made using 3.4 mM BPEA, 3.2 mM 

imidazole, and 1.9 mM CCPO in 9:1 EtOAc:CH3CN, and 75 µL aliquots of exhaled breath 

condensate using an iPhone 6 and the camera application VSCO (with exposure set to 3.0, 

ISO set to 1856, and the shutter speed set to 1/2). Images were acquired 2–3 seconds after 

addition of the exhaled breath condensate as the final reagent. Amplex Red measurements 

were made according to the manufacturer's instructions using 150 µL aliquots for calibration 

and exhaled breath condensate measurement. Error bars are ± S.D (n = 3).
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Scheme 1. 
Reaction scheme for H2O2 detection using peroxyoxalate chemiluminescence. H2O2 reacts 

with a bis-oxalate ester in the presence of an acyl transfer catalyst such as imidazole to 

generate 1,2-dioxetanedione, which in turn reacts with a fluorescent dye in a 

chemiluminescent reaction.
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Table 1

Limits of detection (3 σ).

Entry Dye LoD Final [H2O2] LoD Sample [H2O2]

1 DPAa 823 nM 10.7 µM

2 Rubrenea 2.49 µM 32.4 µM

3 BPEAa,b 281 nM 3.65 µM

4 BPEAb,c 53 nM 264 nM

a
Images acquired using the OSnap! application and sampling 25 µL aliquots.

b
CCPO was used as the chemiluminescent reagent.

c
Images acquired using VSCO with exposure set to 3.0, ISO set to 1856, and the shutter speed set to 1/2 and sampling 75 µL aliquots.
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Table 2

Cost Analysis.

Item Unit Expenditure Cost-per-test

CCPO 5 g $44.99 $0.0043

BPEA 1 g $31.29 $0.015

Imidazole 100 g $23.18 <$0.0001

H2O2 100 mL $31.28 <$0.0001

96-well plate Case/50 $105 $0.065a

Pipette Tips Pack/768 $24.1 $0.032

Darkbox ~$10 N/A

Automatic
Pipettor

$226.7 N/A

iPhone 6 $549 N/A

Analytical
Balance

$3000.15 N/A

Totals: $3785.85b $0.1c

a
Based on 32 usable wells per plate.

b
Total non-consumable fixed costs.

c
Evaluated based on chemical reagents and consumable supplies.
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