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Abstract

Rapid and accurate on-site wireless measurement of hazardous molecules or biomarkers is one of the
biggest challenges in nanobiotechnology. We herein describe a novel smartphone-based Portable and
Wireless Optical System (PAWS) for rapid, quantitative, and on-site analysis of target analytes. As a
proof-of-concept, we employed gold nanoparticles (GNP) and an enzyme, horse radish peroxidase
(HRPJ, to generate colorimetric signals in response to two model target molecules, melamine and
hydrogen peroxide, respectively. The colorimetric signal produced by the presence of the target
molecules is converted to an electrical signal by the inbuilt electronic circuit of the device. The
converted electrical signal is then measured wirelessly via multimeter in the smartphone which
processes the data and displays the results, including the concentration of analytes and its significance.
This handheld device has great potential as a programmable and miniaturized platform to achieve

rapid and on-site detection of various analytes in a point-of-care testing (POCT) manner.
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1 Introduction
Point-of-care testing (POCT) is defined as medical testing conducted near the location of a patient
whenever medical care is necessary [1]. In recent years, POCT devices have attracted a great deal of
attention because they facilitate near-patient testing, broaden convenient access to diagnostics, and
provide immediate results with simple and cost-effective instrumentation [2, 3]. POCT systems are
normally based on electrochemical [3, 4], optical [3, 5], thermal [6] or piezoelectric [7] detection.
Among these techniques, optical platforms have been widely utilized due to their simplicity [8, 9],
visual response capability [10, 11], accuracy [9], and high sensitivity [9]. Currently, various types of
optical POCT devices are commercially available and most of the popular ones are being produced by
leading companies such as Hach [12], LaMotte [12], Roche Diagnostics [12], and Abbott Diagnostics
[3]. They are portable and comprised of cheaper components compared to bulky lab-based
conventional spectrophotometers. However, the devices have several remaining drawbacks. First, they
are still expensive. Second, they do not possess the advanced functionalities found in most portable
smart devices, which routinely include computing power, wireless and internet connectivity, intuitive
touch-based display and Global Positioning System (GPS) tagging, all of which can facilitate several key
activities, such as analyzing the measured data and then informing relevant authorities of the results.
With the goal of overcoming the drawbacks of the aforementioned systems, many researchers are
trying to develop POCT devices by integrating smartphones, which harness their advanced
computational ability and communication functions. Most of the smartphone-integrated POCT devices
include software that can analyze the data obtained from the sensing system. Representatively,
Pelegris et al. [13] reported an application that checks the heartbeat of a user based on the color
change of a finger placed on the smartphone’s camera. Shen et al. developed a pH sensor utilizing a
smartphone to take images of pH test strips [14]. Recently, Ozcan et al. developed a novel strategy to
detect mercury ions [15] by analyzing a photo captured by the smartphone camera; similar strategies
have been presented by S.K Vashist et al. and A. Garcia et al. for the detection of c-reactive protein
(CRP) [16] and potassium [17], respectively. Priye et al. developed a smartphone-based platform to

detect nucleic acids that can be deployed for the inflight detection [18]. The core of their strategies
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involves a target-specific colorimetric reaction followed by quantification of the resulting color by
analyzing a photo of the solution. These strategies, unlike conventional techniques, are applicable to
POCT instrumentation to achieve on-site detection. However, these approaches have limitations in
terms of repeatability and detection sensitivity, both of which depend on undesirable variations in
ambient light conditions (e.g., day Vs night), alignment and/or user operation (angle of taking photo)
while capturing the photo. Moreover, their detection results vary according to the smartphone chosen
because the detection accuracy depends on the quality of the smartphone camera (e.g., 2 megapixels
versus 10 megapixels).

We herein report a lightweight (~350 g), standalone, cost-effective, field-portable, wireless and
smartphone-based device for the sensitive and quantitative on-site detection, taking melamine and
hydrogen peroxide as the prof-of-concept target analytes by promoting the colorimetric reactions of
the respective colorimetric substrates, gold nanoparticles (GNP) and 3,3’,5,5’-tetramethylbenzidine
(TMB). The smartphone is installed with a custom-modified application that analyzes and displays the

detection result and its significance.

2. Materials and methods

2.1 Construction of PAWS

To construct the PAWS circuit, a transistor (MPS 2222a), LDR (light dependent resistor) (GL55), LED
(light emitting diode) (3 mm, White), resistors (EPX34LM4 and EPX34LNG), battery (AAA), capacitor
(100 pF), and red laser pointer (emission at 650 nm) were purchased from eLePARTS, South Korea.
The wireless multimeter (Mooshimeter, Bluetooth: 4.0) was purchased from Mooshim Engineering.

The LED works as an indicator to check the functioning of the circuit. The wireless mulitmeter was
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connected in parallel to the LED to measure the changes in voltage drop according to the resistance of
the LDR. Darlington transistors were employed to amplify the current from the LDR, and batteries (6
V) were the power source of the circuit. The capacitor was connected parallel to the power source to
reduce voltage fluctuations in the circuit. The mulitmeter was connected to the circuit, which
measures the voltage wirelessly and sends the signal to the smartphone. The smartphone (Samsung
Galaxy S4 mini) detects the wireless signal and displays the voltage and measurement details.
Disposable cuvettes were used to load samples and a red laser pointer was used as the light source.
The laser is placed ~10 mm away from the cuvette and the cuvette is ~16 mm away from LDR. The
sizes of the cuvette, multimeter, circuit and battery are approximately 10 mm x 10 mm, 105 mm x 40
mim, 25 mm x 25 mm, and 50 mm x 25 mm, respectively.

We modified the application of the multimeter to detect the target analytes. We first measured the
voltage change in response to the concentration of the analyte, which was then used to plot a standard
curve of voltage change versus concentration of the analyte. Finally, we calculated the equation
correlating the analyte concentration with the voltage change, which was saved in the application.
Based on the equation of the curve, the application automatically calculated the unknown
concentration of target analytes from the measured voltage. In order to detect other analytes, standard
curves of the analytes can be constructed and stored in the application. When a specific target analyte
under measurement is selected, it refers to the corresponding curve and calculates the unknown
concentration. The equations for standard curves used to quantify melamine and hydrogen peroxide
were y =-0.0034x + 1.9562 and y = -0.0042x + 1.9213, respectively, where “x” is the concentration of
target analyte and “y” is the voltage measured by PAWS. We used these equations to calculate the
unknown concentrations of melamine and hydrogen peroxide. We further programmed the
application to show the significance of the measured concentrations of the analytes, so that users can

determine whether the milk is edible, inedible or to be reported to the relevant authorities.
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2.2 GNP-based melamine detection

GNP was synthesized based on the procedure of Katherine et al. with slight modifications [19]. Fifty pL
of HAuCls (1 mM) was prepared in a flask, which was then stirred continuously until boiling. 5 mL of
sodium citrate (38.8 mM) was added to the boiling solution resulting in a color change from pale
yellow to blue and slowly to red. Boiling was continued for 7 minutes; the hot plate was removed but
stirring was maintained for 15 more minutes. Finally, GNP with 13 nm in diameter was prepared and
used for the detection of melamine in milk.

Milk and melamine were bought from the local supermarket in Daejeon, South Korea, and Sigma
Aldrich, respectively. Melamine was spiked in the whole milk followed by dilution with milk to prepare
the different concentrations of melamine in milk. Melamine-spiked milk was then centrifuged down in
Millipore Amplicon centrifugal tubes (3K) for 10 minutes at 14,000 rpm. The filtrate was mixed with
the GNP solution in a ratio of 1:10 (vol/vol) and incubated for 10 minutes to promote the colorimetric
reaction, followed by 3 times dilution with distilled water, followed by the absorbance measurement.

Absorbance was measured by Tecan Infinite 200 Pro and PAWS.

2.3 TMB-based hydrogen peroxide detection

HRP (P8735) and TMB were bought from Sigma Aldrich. Typically, 20 uL. of TMB (5 mM), 10 pL of HRP
(1 U/mL), and 50 pL of hydrogen peroxide spiked with different concentrations in lake water were
added into 20 pL of Tris-acetate (25 mM, pH 4). Then, the final mixture was incubated at 40 °C for 30

minutes and the measurement was done via PAWS and UV-Vis spectrophotometer.
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3 Results

3.1 Design and working principle of PAWS

The PAWS system consists of four major components (Fig. 1a): a red laser pointer as a light source,
cuvette holder to hold the sample, a circuit including LDR to convert the optical signal to an electrical
signal and wireless multimeter to send the electrical signal to the smartphone. The light from the laser
pointer first passes through the sample and a certain amount of the light is absorbed by the sample,
depending on the concentration of the target analyte. The target analyte with higher concentration
would lead to higher absorption of light, reducing its intensity. After absorption, this reduced intensity
of light then hits the LDR in the circuit, whose resistance is inversely proportional to the intensity of
the light (Fig. 1b). The small round shaped LDR has a high spectral response at a wavelength similar to
that of red light from a laser pointer (Fig. S1). Next, the current from the LDR passes through an
amplifier and is amplified exponentially, consequently increasing the voltage in the circuit (Fig. 1b).
Thus, the small change in the intensity of the incoming light leads to a large change in voltage, which
achieves the enhanced sensitivity of our system. We employed an advanced multimeter, which is
capable of wirelessly measuring the voltage and displays in the smartphone (Fig. 1b). The custom-
modified application installed in the smartphone finally utilizes the voltage signal, analyzes it, and
displays the measurement results on the screen.

As a proof of concept, GNP and TMB were employed as colorimetric substrates to detect two model
targets, melamine and hydrogen peroxide, respectively. We exploited the feature that GNP, which is
originally red in color, becomes blue (absorbance around 625 nm) [20] in the presence of melamine,
and TMB forms oxidized TMB (oxy-TMB) with absorbance around 650 nm by HRP in the presence of
hydrogen peroxide. Therefore, a red laser pointer was employed as a light source which yielded red
light at the wavelength analogous to the absorption wavelengths of the two substrates.

In our prototype, all the components were combined in an opaque cuboidal box as shown in Fig. 1a,
which is drawn to approximately the same scale as the real setup (165 mm x 115 mm, Fig. 1c). The

size and weight of the system can be further reduced by using button cells and a smaller cuvette, and
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arranging the components more compactly. The device has a lid (Fig. 1a) on top of the cuvette holder.
Closing the lid is very crucial during the measurement because the resistance of the LDR will be
reduced by stray light, which might lead to incorrect results. In this work, we have used a Samsung
Galaxy 4 mini (Fig. 1c); however, other phones can be also used for the analysis and display of the data.
Of note, a smartphone can easily detect the wireless signal from up to 50 meters away, which eases the

detection process.

3.2 Android-based smartphone application for the analysis and display of the data

We developed a custom-designed android application which analyzes the voltage measured in
response to the analyte concentration, and displays the results. The android application can be
installed on smartphones available after mid 2013 (we checked that the Samsung Galaxy S4 mini, S4,
S3, and Note 3 could be employed for our system.). After installation, the smartphone needs to be
connected to the system via Bluetooth network by pressing the “Connect” button on the starting
screen (Fig. 2a).

In order to detect a target analyte, users put a sample into a cuvette in the cuvette holder, close the
lid, and run the application. Pressing the “Detection” button on the main screen of the application (Fig.
2b) will show the voltage obtained from the circuit and direct the application to the next page (Fig. 2c),
where users are supposed to select the target analyte. Since “Melamine” and “Hydrogen Peroxide”
were employed as the model analytes in this study, the screen shows these two corresponding buttons
(Fig. 2c). Finally, the application will calculate the concentration of the target analyte by using a
previously uploaded equation, and display the determined concentration together with the proper
instructions (Fig. 2d and 2e). The instructions will instruct users about the significance of the results

by informing them, for example, of the desired action for that particular analyte concentration.
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3.3 GNP-utilized detection of melamine

In order to prove the detecting capability of PAWS, melamine was first employed as a target analyte.
Melamine is an organic compound widely used in polymer industries; however, it is illegally added to
adulterate protein rich foods due to its high nitrogen content (66% nitrogen by mass [21]. It is
estimated that more than 50,000 babies and 300,000 victims were hospitalized and hundreds of pets
died of renal failure by consuming melamine-adulterated milk products in 2007 and 2008 [21]. Until
now, various techniques such as capillary electrophoresis [22], gas/mass chromatography [23],
ionization mass spectroscopy [24], electrochemical methods [25], ELISA-based methods [26], and
colorimetric sensors [27] have been reported to identify the presence of melamine, but none of them
provides miniaturized and on-site sensing interfaced with wireless connectivity.

To achieve a novel system capable of the on-site sensing of melamine, coupled with an intuitive touch-
based display and wireless connectivity, GNP was employed as a colorimetric substrate. GNP has
unique colorimetric properties which can tune by particle size; it is originally red in color, but changes
to blue after aggregation. This property of GNP has been intensively studied [28-32], and utilized in
various colorimetric detection systems including those for DNA [33-36], proteins [33, 37], small
molecules [33, 38[, heavy metal ions [33, 39-41], hazardous materials [42, 43], disease biomarkers
[44], bacteria [45], and cancerous cells [46]. Melamine has electron rich amine and ring nitrogen
groups that bind onto the electron deficient surfaces of metal nanoparticles [47, 48]. The three
exocyclic amine groups within a melamine molecule can bind to three GNPs at the same time and
crosslink them, consequently inducing the aggregation of GNPs (Fig. 3a) [49].

In this study, we prepared GNP with about 13 nm particle diameters (Fig. S2), which exhibited little
variation in size, by #2 nm, and a narrow absorbance peak at 520 nm, and then incubated the GNP
with milk spiked by melamine. As a result, we observed the color change from wine red to purple or
blue depending on the concentration of melamine (Fig. 3b). Since the target samples were melamine-
adulterated milk products, it was possible that the results might be affected by interfering compounds
in the milk, including amino acids such as glycine and L-alanine, small molecules such as glucose, and

salts such as Na* and K*. Therefore, we examined the selectivity of our system by employing 100 fold
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higher concentrations of these compounds compared to melamine. As a result, as shown in Fig. 4, a
quite significant signal was observed only from the presence of the target melamine, which confirms
the excellent selectivity of our system.

We next checked the sensitivity of our system. The limit of detection (LOD) for the detection of
melamine in whole milk was determined to be 6.12 uM, and the linear range was observed from 10 to
90 uM (Fig. 5a). According to the Food and Drug Administration of United States and the European
Union, the safety limit of melamine in milk and dairy products is 20 uM [49], which is much higher
than our LOD, and lies within the linear range of our system. Therefore, PAWS could actually be
employed for the on-site quantification of melamine in whole milk.

We next evaluated the detection precision of our system by analyzing three independent milk
samples spiked with melamine. The recovery rates were in the range from 96.18% to 106.4% and the
CVs of all datasets were less than 7.05%, indicating the high precision of our system (Table 1a).

We also examined the performance of a typical large benchtop UV-Vis spectrophotometer, a Tecan
Infinite 200 Pro, and compared it with that of our system (Fig. 5a). The absorbance observed from the
benchtop system showed almost the same pattern and linear range from 10 to 90 uM (Fig. 5a), and its
LOD was determined to be 3.24 uM (Fig. 5a) which is comparable to that of our system. These results
confirm that our system is as sensitive and accurate as the commercially dominant benchtop

spectrophotometers.

3.4 TMB-utilized detection of hydrogen peroxide

To further demonstrate the detecting capability of our system, we applied the PAWS system to the
detection of our second model analyte, hydrogen peroxide, by employing TMB as a colorimetric
substrate. TMB forms a stable and insoluble blue colored product after oxidation (Fig. 3c). Since
hydrogen peroxide is produced as a byproduct of various metabolic and enzymatic reactions including
the signal transduction pathways [50] and oxidative reactions[51-53], it's detection could be used to
monitor these reactions and identify the corresponding substrate molecules, such as glucose [54],

galactose [55], choline [56], and acetylcholine [57]. We examined the sensitivity of PAWS for the
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detection of hydrogen peroxide in the same manner as the first model analyte, melamine, and the LOD
was determined to be 0.70 uM (Fig. 5b), which is even slightly lower than that of a standard benchtop
UV-Vis spectrophotometer (0.81 uM, Fig. 5b and Fig. 3d). All the absorbance measured by PAWS were
quite consistent with those obtained with the benchtop spectrophotometer. The recovery rates were
in the range from 100.52% to 102.27% and the CVs of all the datasets were less than 1.85%, indicating

the high precision of our system (Table 1b).

3.5 Stability of PAWS

For our system to be actually applied for the on-site detection of target analytes, it should be stable
enough for a certain period of time and reproduce results consistently. Our system employs a battery,
and measures the circuit’s voltage to quantify the analyte. Since a battery has a certain lifetime and
voltage might fluctuate during the measurement, it is necessary to confirm the stability of the device
when measuring the circuit’s voltage. We examined the stability of our device and confirmed that the
circuit’s voltage, measured by PAWS, was quite consistent for up to two months (Fig. S3a) and that the
time dependent fluctuation of the voltage was negligible during the measurement (Fig. S3b, green

number on the right), assuming that clicking the button does not take more than 90 seconds.

4 Discussion

In summary, we have developed a simple, portable, cost effective and smartphone-based PAWS
platform capable of wirelessly sending the electrical signal resulting from the colorimetric assay to a
smartphone, which finally quantifies the amount of target analytes. We demonstrated the capability
and utility of our PAWS prototype by successfully detecting melamine spiked in milk and hydrogen
peroxide spiked in lake water, and demonstrated the PAWS prototype was as sensitive as a bulky,
expensive and highly advanced benchtop spectrophotometer. Notably, PAWS is very cheap compared
with the currently available representative portable optical devices and the typical benchtop
spectrophotometer, Tecan Infinite 200 Pro (Table S1), and its measurement is very fast (within a few

seconds).
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Our system can be further improved with advanced system hardware and software. Our ongoing
endeavour to enhance the system’s detection sensitivity includes utilization of a photodiodes array,
and optimization of amplification with respect to voltage for an enhanced signal. Moreover, our device
can be also extended to quantify other target molecules, including hazardous molecules [58], proteins
[58], bacteria [58], and cancerous cells [59] by labelling the GNP with target-specific ligands [58] or by
employing a laser with a different wavelength and the corresponding LDR.

PAWS is an excellent example of building a new system by utilizing pre-existing individual technical
components, including multimeter-based measurement and wireless signal transfer to the
smartphone, and the computing and communication capability of the smartphone. By taking
advantage of its computational capability and internet connectivity, our device could be used to detect
hazardous materials and dangerous pathogens while simultaneously conducting their spatial mapping.
Furthermore, PAWS could be also applied to continuously monitor harmful chemicals and pathogens
found in different parts of the world, and to upload that information to the internet to warn people.

In fact, mobile phone subscriptions by 2013 reached more than 7 billion worldwide and smartphone
penetration was expected to be more than 60%, 45%, and 25% in North America, Europe, and Africa,
respectively, at the end of 2015 [15]. Therefore, smartphone-based bioanalytical applications can be
widely deployed and used quite effectively even in resource-limited regions, including third world
countries, where on-site measurement of hazardous materials or food additives is very important
because of deep-rooted problems such as famine and lack of clean drinking water. To date, in these
places, samples such as water or food need to be sent away to a laboratory in order to verify their
purity, despite the immediate necessity. Therefore, we believe that the PAWS system could be widely
utilized for the on-site sensing of various target analytes and serve as a good model to construct a

novel POCT device capable of computational works and communication functions.
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Table 1. Detection precision of PAWS for (a) GNP-based detection of melamine in whole milk and (b)

TMB-based detection of hydrogen peroxide in lake water. Recovery (%) = measured value/expected

value x 100.
(a)
Melamine Melamine
Sample recovered CV (%) Recovery (%)
added (uM)
(uM)
1 0 0 - -
2 25 255+14 5.40 102.1
3 40 42.5%3.0 7.05 106.4
4 55 52919 3.60 96.18
(b)
H20;
Sample H20; added recovered CV (%) Recovery (%)
(uM) M
(uM)
1 0 0 - -
2 30 30.17 £ 0.11 0.37 100.52
3 35 35.79 £ 0.54 1.53 102.27
4 55 55.39 £ 1.02 1.85 100.71




www.biotechnology-journal.com Page 20 Biotechnology Journal

Figure legends
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Figure 1. Design of PAWS. (a) 3D schematic illustration of the internal structure of PAWS. The upper
cover of the system is transparent to illustrate the internal structure (in reality, it is opaque to block
the ambient light.). (b) Procedure for wireless signaling on the smartphone. The LDR converts the
optical signal to an electrical signal and the multimeter measures the voltage wirelessly in the

smartphone, which analyses it and shows the result. (c) Photograph of the actual PAWS device.
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Figure 2. Screenshots of our android-based application. (a) Start screen on the smartphone after
installation of the android application. (b) Main screen of the application. The number in the second
lane is the voltage measured in response to the analyte concentration, while the number in the first
lane is the current. (c) Detection menu. Screen displayed after pressing the “Detection” button in the
main menu. (d) Melamine detection menu. The detected concentration of melamine and its
significance are displayed on the screen. (e) Hydrogen peroxide detection menu. The detected

concentration of hydrogen peroxide and its significance is displayed on the screen.
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Figure 3. Schematic illustrations of colorimetric reactions. (a) Aggregation of GNP in the presence of
melamine. (b) UV-Vis absorption spectra of GNP incubated with milk spiked by melamine at varying
concentrations. Inset shows the corresponding photographs. (c) Oxidation of TMB in the presence of
hydrogen peroxide. (d) UV-Vis spectra obtained from the HRP-catalyzed oxidation product of TMB in
the presence of hydrogen peroxide at varying concentrations. The final concentrations of TMB and

HRP were 1 mM and 0.1 U/mL, respectively. Inset shows the corresponding photographs.
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Figure 4. Selectivity of GNP-based melamine detection in whole milk. The voltage change (V0-V)
measured by PAWS in the presence of different analytes, where V0 and V are the voltages measured in
the absence (control) and presence of analytes, respectively. Analytes: 1, melamine; 2, glycine; 3, L-
alanine; 4, L-aspartic acid; 5, L-histidine; 6, cyanuric acid; 7, glucose; 8, galactose; 9, L-ascorbic acid;
10, sodium chloride; 11, potassium hydroxide. Concentrations of melamine and other analytes were

10 uM and 1 mM, respectively.
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Figure 5. Sensitivity and accuracy of the PAWS system. The detecting performance of the PAWS
system was compared with that of the commercial UV-Vis spectrophotometer, Tecan Infinite 200 Pro,
for the detection of (a) melamine and (b) hydrogen peroxide using GNP and TMB, respectively, as the

colorimetric substrates.



