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High performance magnesium anode in paper-based
microfluidic battery, powering on-chip fluorescence assay
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A high power density and long-lasting stable/disposable magnesium battery anode
was explored for a paper-based fluidic battery to power on-chip functions of vari-
ous Point of Care (POC) devices. The single galvanic cell with magnesium foil an-
ode and silver foil cathode in Origami cellulose chip provided open circuit
potential, 2.2V, and power density, 3.0 mW/cm?. A paper-based fluidic galvanic
cell was operated with one drop of water (80 ul) and continued to run until it was
dry. To prove the concept about powering on-chip POC devices, two-serial gal-
vanic cells are developed and incorporated with a UV-light emitting diode
(A=365nm) and fluorescence assay for alkaline phosphatase reaction. Further,
detection using smart phones was performed for quantitative measurement of fluo-
rescent density. To conclude, a magnesium-based fluidic battery paper chip was
extremely low-cost, required minute sample volumes, was easy to dispose of, light
weight, easy to stack, store and transport, easy to fabricate, scalable, and has faster
analysis times. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4894784]

. INTRODUCTION

Since the discovery of thin film chromatography, paper-based technologies have recently
been rediscovered and the challenges in those technologies taken up.'™ Paper-based technolo-
gies have applications in a wide range of fields, including analytical devices for medical diag-
nosis,”’ electronic circuits,® and batteries.””'! Batteries employing paper-based technologies are
low-cost, lightweight, flexible, reliable, disposable, and biodegradable, which make them ideal
power sources for point-of-care devices. In particular, battery-powered fluorescent detection on
single paper-based fluidic chip can provide rapid/quantitative analysis and prevent possible
contamination,'®!

Recently, Thom et al. and Esquivel et al.'®'" demonstrated the feasibility of using a type
of paper-based battery in a point of care device. However, these studies also highlight the chal-
lenges that remain in the implementation of such batteries, including achieving high power den-
sity, matching the life-time of the battery to its intended use and addressing the complexity of
paper-based battery systems. To maximize energy efficiency in a paper-based electrochemical
cell, parameters to be optimized include selection of anode/cathode electrodes, electrolyte, salt-
bridge, paper-matrix materials, and fluidic design. Other challenges require resolution of similar
numbers of parameters.

Magnesium is a promising metal anode due to its bivalency, highly negative Standard
Reduction Potential (—2.37 vs. Normal-Hydrogen-Electrode (NHE)), specific charge capacity
(2205 Ah/kg),"” and high energy density (3.8 Ah/cm?®)."* The use of magnesium in a disposable
battery is attractive because of its low cost (~$2700/ton), abundance (the 5th most abundant
element in the earth’s crust), as well as its environmental stability, biocompatibility/biodegrad-
ability, low toxicity, and ease of handling.'>°
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Here, we report a paper-based fluidic galvanic cell using magnesium as an anode in a cellu-
lose paper device. The galvanic cell, with the addition of one drop of water, can provide suffi-
cient power with a certain potential/current for a period of time, determined by the presence of
water in the system. This time-limited activity means that the magnesium paper-based battery
has great potential as a disposable device for emergency power supply and for the monitoring/
diagnosing of drug abuse, bacterial, virus, biological/chemical defense, and ailments. In this pa-
per, we integrate a paper-based battery into a chip containing an ultraviolet-light emitting diode
(UV-LED) and fluorescent assay components. We show that alkaline phosphatase (ALP), which
is an indicator of several diseases including liver diseases, liver cancer, hepatitis, bone disease,
osteoblastic bone cancer, kidney cancer, and other ailments,”** can be detected using a paper-
based point of care device and a smartphone’s application software.

Il. MATERIALS AND METHODS
A. Chemicals and materials

Magnesium foil (99.5% purity, 2.50mm wide, and 0.15mm thick) was purchased from
Alfa Aesar. Corrosion products were removed by chromate solution (ASTM G1-03-E, Standard
Practice for Preparing, Cleaning, and Evaluating Corrosion Test Specimens, C.5.1) and polished
sequentially with 600, 800, 1000, and 1200 grit silicon carbide sandpaper, followed by washing
with ethanol and drying with nitrogen stream. Final dimensions of the magnesium anode were
2.50mm x 6.50mm x 0.10 mm. The polished magnesium foil was stored in desiccators until
use. Silver foil (Alfa Aesar, 0.10 mm thickness, 99.998% pure, annealed) was polished accord-
ing to the method for magnesium foil; the final dimensions of the cathode electrode was
2.50mm x 6.50mm x 0.08 mm. Other chemicals, magnesium chloride (MgCl,, pure, ACROS
organics), silver nitrate (AgNOsz, 99%, ACROS organics), and barium chromate (BaCrO,,
99.998%, Alfa Aesar) were used as received. Chromatographic cellulose filter paper (Whatman
grade 1, 0.18 mm thickness) was used for the battery structure, which typically had linear flow
rate (water) of 130mm/30min. Red LED (RadioShack), glue stick (3M), polypropylene (PP)
film (3M), and conductive pen (CircuitWriter™) were used in the construction of the battery.
For the disclosed fluorescence assay, an endogenous phosphatase detection kit (Life technolo-
gies, ELF 97 Phosphatase detection kit, E6601), phosphatase (Sigma Aldrich, Alkaline from bo-
vine intestinal mucosa), and 365 nm UV-LED (Nichia, NSSU100C) were employed.

B. Paper-based galvanic cell fabrication

Wax printing technology was used to fabricate paper-based fluidic galvanic cell devices.
A design was created using AutoCAD (Fig. S1 in the supplementary material)*> and then
printed onto filter paper using a wax printer (Xerox ColorQube 8570). The printed devices
were placed on a hot plate (123 °C) for 5 min, which caused the wax to permeate throughout
the paper, forming the 3D—hydrophobic barriers to control liquid flow (Fig. 1(a)). Silver ni-
trate (AgNO;) and magnesium chloride (MgCl,) were pre-deposited into the hydrophilic
region (white color) as electrolyte for each of the half-cells, as specified in Figure 1(a).
Barium chromate (BaCrO,), an oxidation agent of magnesium metal was also pre-deposited.
The treated magnesium foil was used as the anode electrode, and the treated silver foil was
used as the cathode electrode in the galvanic cell.

Electrodes were affixed using an adhesive tape to the bottom layer of filter paper before
folding and attaching the filter paper layers to one another using glue applied to the wax sur-
face (Figs. 1(a) and 1(b)). The assembled paper-based battery chip was pressed using a three
pound block for half day (Fig 1(c)). The battery did not require a separately configured salt
bridge because the half-cells in paper-based battery are connected as shown Figs. 1(a) and 1(b):
the electrolytes were pre-deposited on hydrophilic zone (white color) of the paper layer, when
dissolved in water, the soaked layers of filter paper yield a U-shaped salt bridge-like resistance.
The battery’s dimensions were 20.00 mm width x 20.00 mm length x 1.00 mm thickness and the
total weight was 0.50 g (Fig. 1(c)).
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FIG. 1. Paper-based fluidic galvanic cell. (a) Schematic representation, (b) wax-printed Origami (paper folding) chip pic-
ture, and (c) top and side view of final assembled galvanic cell.

C. Galvanic cell performance

Performances of the paper-based fluidic galvanic cell was investigated using Gamry
Potentiostat/ Galvanostat (Model: Reference 600, software: PWR 800), specifically the open cir-
cuit potential and discharge curves. All experiments were conducted in an aluminum Faraday
cage. Discharge curves of paper-based fluidic galvanic cell were obtained using a constant load
of current. The performances for red LED and UV-LED power output were also evaluated. The
current and voltage were measured simultaneously using a Fluke digital multimeter.

D. Fluorescence assay

Fluorescence assays to detect ALPs were performed using a paper-based fluidic device consist-
ing of a battery chip (with two galvanic cells with an in-serial connection), a UV-LED, and fluores-
cent assay components. A piece of transparent polyproplyene film covered the top of the UV-LED.

The phosphatase substrate fluoresces blue with a maximum excitation at 345 nm. Once the
substrate’s phosphate group is enzymatically removed via reaction with alkaline phosphatase,
the resulting product is an intensely fluorescent green precipitate with a maximum emission at
530nm.** Phosphatase substrate was diluted 20-fold in detection buffer. We loaded 160 u dis-
tilled water to the inlet of the battery chip described above and then 8 ul of phosphatase sub-
strate was added to the assay zone over 15 min. A picture (iPhone 4 S) of the assay zone was
taken and analyzed using the Colour Detector Application (Nanospark version 1.5). Alkaline
phosphatases (48 mU/ml) were then loaded onto the assay zone and another picture taken. A
calibration curve was obtained using different alkaline phosphatase concentrations using a
power supply to provide constant voltage; the voltage used (3.2'V (Fisher Scientific, U33020)
was the same voltage obtained from a chip comprising two-galvanic cells in series in combina-
tion with the UV-LED and fluorescence assay region (see Figure 3(c)).

lll. RESULTS AND DISCUSSION

Fig. 2 shows the performance results of a paper-based fluidic galvanic single cell. As
shown in Fig. 2(a), the amount of the electrolytes were optimized to maximize the open circuit
potential; the final optimized amount was 3.33 mg for MgCl, and 3.57 mg for AgNO; (dashed-
line box in Fig. 2(a)).

As shown in Fig. 2(b), the open circuit potential of the single galvanic cell was maintained
at 2.2V for 1h after loading 80 ul of distillated water. Fig. 2(c) shows a discharge curve with
constant current density, 300 #A, for 1 h (Galvanostatic test). The potential immediately
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FIG. 2. Paper-based fluidic galvanic single cell. (a) Electrolytes effect between anode and cathode. (b) Open circuit poten-
tial of single galvanic cell, (c) discharge curve at constant current 300 ¢A, and (d) measuring the relative current and run-
ning voltage of light produced by the red LED in the single galvanic cell.

increased after 80 ul of distilled water was loaded to the inlet on the top of paper chip and the
potential was maintained at 1.6 V for 1 h. Fig. 2(d) shows that red LED (which requires a mini-
mum of 50 uA to light) was successfully lit even as the voltage decreased to 1.5 = 0.1V and
was maintained for 1 h while the current slowly decreased. Another drop of water added at the
end of the first hour led to a recovery of the current and red LED was on again (Fig. S3 in the
supplementary material).>> Even though we did not show the result, LED was on more than 5 h
as long as water provided and until magnesium dissolve.

The electrochemical reaction for the water-operated paper microfluidic battery at the mag-
nesium anode (oxidation) and silver cathode (reduction) are represented by Eqgs. (1) and (2),
respectively, %’

Anode Mg + 2~ — Mg*", (1)
Cathode  2AgNO, + 2~ — 2Ag + 2NO;, )
Overall Mg + 2AgNO; — Mg (NO3), + 2Ag. 3)

Because Mg is an active material, a side reaction between the Mg anode and the electrolyte in
the drenched paper can occur according to the following equation:

Mg + 2H,0 — Mg (OH), + H,. )

While this reaction may occur in theory, we did not observe hydrogen bubble evolution in the
experimental set up, using a microCT to monitor the reaction (see supplementary material Fig.
S4, video S1).”’

Based on the standard reduction potential difference between magnesium, —2.37V and sil-
ver, 0.08V,*® the theoretical potential of this paper-based galvanic cell is 3.17 V.
Experimentally, the measured potential was 2.20 V. Without being bound by theory, it is possi-
ble that formation of magnesium hydroxide on the magnesium surface®” and Ohmic polarization
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FIG. 3. Paper-based microfluidic device consisting of a battery chip (two galvanic cells in-serial connection, UV-LED, and
fluorescent assay components): (a) Origami design for paper-based device, (b) graph of open circuit potential over the first
hour, (c) graph of the power-output (current and voltage) from a two-series galvanic cell in serial connection with a load
comprising a surface-mounted UV LED (4 =365 nm).

based on solution resistance’’! are factors contributing to the decreased potential. The calcu-

lated power density of the single galvanic cell is 3.00 mW/cm® (Fig. 2(c)).

Figure 3 shows schematic design of a paper based microfluidic device consisting of a bat-
tery chip (two-galvanic cells in-serial connection) integrated with surface mounted UV-LED
(see video S2)** and fluorescent assay components. The paper-based design consists of six
layers; (1) inlet zone, (2) sample entry, (3) reaction zone, (4) pre-deposited electrolytes, (5)
UV-LED/electrode integrated layer, and (6) bottom hydrophobic layer. The assembled paper-
based microfluidic chip was 25.60 mm wide x 19.20 mm long x 2.20mm thick (Fig. 3(b) inset).
As shown in Fig. 3(b), the open circuit potential of the two-galvanic cell in serial connection
initially increased and then stabilized at 4.30 V. Upon loading of 160 ul distilled water to the
inlet (water zone) of the battery, emission from the surface-mounted UV-LED (4= 365nm)
was observed; current and voltage were measured over time (Fig. 3(c)). The maximum current
was 260 nA while the voltage remained essentially constant at 3.2V (maximum power, 0.83
mW). Compared with the results from Thom et al.,w which need 24 cells to run a UV-LED,
magnesium anode based paper microfluidic battery provided superior performance.

TABLE I. Comparison of paper-based microfluidic battery reported in literature.

Anode Cathode Open circuit potential (V) Max. current (power out, ftA) Life time (min) Literature

Mg Ag 2.2 (1-cell) 260 (UV-LED, 2-cells) ~60 This article
4.2 (2-cells)

Al Ag 1.3 (I-cell 300" (UV-LED, 24-cells) ~60 Ref. 10
5.0 (24-cells)

Al Cu 082 (1-cell 500 (Regular LED, 8-cells) ~65 Ref. 32

5.0 (8-cells)

“Estimated from supplementary material of Ref. 10.
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FIG. 4. A fluorescent assay-based alkaline phosphatase detection using a paper-based microfluidic device; (a) iPhone 4S
photograph of fluorescent assay-based alkaline phosphatase detection, (b) colorimetric analysis of the photograph of the flu-
orescence from alkaline phosphatase detection (photographs show blue color before adding alkaline phosphatase (top pic-
ture) and green color after adding alkaline phosphatase (bottom picture)).

Table I shows the comparison of paper-based microfluidic battery reported in literatures.
Paper-based battery based on Mg anode provides higher power density (3.0 mW/cm?), enough
to run bioanalytical devices.

Figure 4 demonstrates the proof-of- concept that a paper-based microfluidic device can be
used to monitor a fluorescent assay. A battery comprising two-galvanic cells connected in-serial
was able to operate a UV-LED (/4 =365nm) to detect alkaline phosphatase based on a color
evaluation using an iPhone 4S (Fig. 4(a)). Fig. 4(b), (top and bottom photographs) shows a
change from a weak blue color at 0 mU/ml enzyme concentration to green color at 48 mU/ml
enzyme concentration. The green color intensity was measured using Colour Detector
(Nanospark version 1.5) an iPhone application.

Figure 5 shows a calibration curve of alkaline phosphatase concentration versus the inten-
sity of green light from the LED, as evaluated by Colour Detector. The results show a typical
calibration curve, which (1) starts 85 color intensity at 0 mU/ml, (2) be gradually increased and
then (3) is slowly saturated. Dynamic range as well as detection limits of this device can be
improved by (1) increasing of the UV-LED light intensity by increasing power such as four
cells, (2) controlling sample volume at assay zone, (3) using better color detection software.
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FIG. 5. Calibration curve of alkaline phosphatase concentration versus green intensity measured by iPhone application.
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IV. CONCLUSION

We have developed paper-based microfluidic battery using Mg anode that has a high power
density. This disposable battery was shown the possibility for point of care devices interfaced
smart phone App. This has a number of key advantages: (1) easy high power generation, (2)
extremely low production costs, (3) high-throughput fabrication, (4) easy to dispose, (5) fast/
self high-surface-to-volume ratio, and (6) self powering bio/chemical reaction/detection regard-
less of heavy and expensive extra facilities. Therefore, this high powered paper based galvanic
cell is suitable for disposable devices such as portable diagnostics, bio/chemical sensor, and
emergency power patch. It will be useful to have an electrochemical biosensor as a point-of-
care device that can be developed several biomarkers at a relatively low cost.
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