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1. Instrumentation

A wax printer (Colorqube 8870, Xerox, Norwalk, CT, USA) was used to print the microfluidic patterns upon the
filter papers. A Silhouette CAMEO® 3 desktop craft plotter/cutter (Silhouette America®, Lindon, Utah, USA) along
with the Mars® matic 700 technical pens (STAEDTLER Mars GmbH & Co. KG, Nuernberg, Germany, line width =
0.5 mm) were used for deposition of chemical reagents on the detection zones of the distance-based uPADs.
Silhouette Studio® (V4.1.479) free software was used to design the pPADs patterns. A UV lamp (Spectroline®, XX-
15NF, USA) was used to observe the fluorescence emission developed upon the paper.

2. Design and Fabrication of uPADs

The UPADs were fabricated according to the previous reports with a few minor changes [1-3]. Briefly, the micro-
fluidic patterns were designed using the Silhouette Studio® and wax printed upon the paper. The distance-based
microfluidic design comprised of a circular sample zone (5 mm) and a straight detection channel (30 mm). Scale
bars were also printed at 1 mm intervals next to the channels for naked-eye measurement of distance signals. For
distance-based UPADs used in total calcium and acid measurements, the corresponding chemical reagents were
deposited over the detection channels via the Cameo plotter. Finally, the paper was placed on a hot plate (130

°C- 5 min) to melt the wax and then laminated (80 °C) from both sides.
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Figure S1. SEM images of filter papers. (A, B) Standard Whatman paper, grade 1. (C, D) DE81 anion-exchange filter

paper.
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Figure S2. Printability of IE paper. Circles were wax printed on both standard and IE paper and then after wax
melting step (on a hot plate, 130 °C- 5 min), the line width was measured (using Dino-Lite digital microscope)
which was found to be almost the same (~1.5 mm) for both types of papers, indicating similar behavior of papers

toward the wax printing and melting processes. The wax printed circles on the IE paper were also able to confine

the loaded liquids without any leakage.
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Figure S3. Comparison of the flow rate between IE (A) and standard (’) paper. Water was loaded (10 pL) into
the sample inlets of the distance-based uPADs and the sample flow through the microfluidic channels was rec-
orded using a digital camera. Later the solvent front was monitored to measure the flow rate. The error bars
represent the standard deviations from the average values. Insets are representative photographs of uPADs used

in this experiment.
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Figure S4. Determination of the basicity (pKa) of the IE paper. The pH indicators (bromothymol blue (pKa=7.1),
phenol red (7.9), thymol blue (8.9), phenolphthalein (9.3), nile blue A (9.5), alizarin yellow (11.2)) were prepared
as 0.1% w/v in 20% v/v ethanol. The pH of each solution was adjusted (using NaOH and HCI, 100 mM) to the pKa
of that particular indicator in order to provide the highest possible sensitivity to the pH changes. In other words,
the pH of the indicator solution was kept exactly on the border of the acidic and basic range, ready to react to the
slight changes of pH. The solutions were pipetted (1.5 pL) into the wax-printed wells, and the color change was

observed (scanned after 1 min).



Figure S5. Immobilization test continued. Fluorescein spot (1 pL- 0.1 mM) on IE paper strip was kept in water for
2h. No elution was observed and the spot was absolutely intact indicating the strong interaction force between

the ionized dye molecule and the IE paper.
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Figure S6. (A) Immobilization test using bromothymol blue (BTB- 0.1 uL- 0.1% w/v in ethanol 20% v/v) on IE uPAD
devices. (i) Representative photographs of BTB spots on an IE-uPAD device after spotting and drying (left), after
rinsing in water (3x 10 pL) (middle) and after rinsing in aqueous NaCl (200 mM, 1x 10 pL) (right). (ii) Representa-
tive photographs of BTB spots on a conventional uPAD device after spotting and drying (left) and after rinsing
with water (1x 10 pL) (right). (iii) Representative photographs of basic form (pH adjusted to 9 using NaOH) of BTB
on a conventional UPAD device after spotting and drying (left) and after rinsing with water (1x 10 pL) (right). (1V)
The ionized structure of BTB comprising two anionic functional groups anchoring the dye on the positively charged
IE paper. (B) IE paper strip were spotted with BTB and kept in water for 2h, indicating strong attraction force

between the dye and the paper surface, without any elution happening.
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Figure S7. Immobilization test using (A) Arsensazo Il (1 mM in TBE buffer (5x)) (B) Calcein (0.1 mM in water) (C)
2,6-Dichlorophenolindophenol (DCPIP) sodium salt (0.1 mM in water) (D) Thymol blue (0.1% in ethanol 20% v/v)
on IE uPAD devices. (i) Representative photographs of spots on an IE-uPAD device after spotting and drying (left),
after rinsing in water (3x 10 uL) (right). (ii) Representative photographs of spots on a conventional uPAD device
after spotting and drying (left) and after rinsing with water (1x 10 uL) (right). (iii) The ionized structure of dyes

comprising anionic functional groups anchoring them on the positively charged IE paper.



Figure S8. Mechanism (top) and representative photographs (bottom) of total acid assay performed on IE paper.
(A) Wax printed IE-uPADs. (B) Deprotonated bromothymol blue (BTB) (blue) is immobilized in the detection chan-
nel via its sulfonate and phenolic groups. (C) Acid containing sample is loaded and wicked from left to right; upon

reaction with BTB, the dye protonates and appears blue.
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Figure S9. Effect of sample zone removal on the distance signal obtained in the total acid assay (n=5). The distance
signal for the applied tartaric acid samples with two different concentrations (5 and 20 mM) on the IE-uPADs were
A)0and 2.31£0.53 mm, sample inlets not cut out (B) 2.37+0.63 and 7.11+0.70 mm, sample inlets cut out. Remov-
ing the extra paper (titrant) in the sample zone is basically reducing the amount of titrant available on the IE-

MUPADs, resulting in longer distance signals (i.e. higher sensitivity).
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CERTIFICATE OF ANALYSIS
Donor Sheep Serum
Lot No. 6060 Process Date: 2/0472016
Sterile Filtered (0.2um) Expiration Date:  2/2021
Store Frozen (-20°C) Lot Volume: 20x3.0L
Product Code: 662 314 x 500ml
3 x 100ml
TEST SPECIFICATION RESULT
Endotoxin (EU/ml) <0.5 None detected
(Limulus Amebocyte Lysate Assay)
Hemoglobin (mg/dl) <20.0 8.9
Mycoplasma None detected None detected
(Modified Barile Method)
Bacteria & Fungi No growth No growth
pH 7.0-85 7.8
Total Protein (g/dl) 6.0-7.5 6.8
BIOCHEMICAL ANALYSIS
Glucose (mg/dl) 58 Cholesterol (mg/dl) 54
BUN (mg/dl) nbea 25 Triglycerides (mg/dl) 15
Creatinine (mg/dl) 0.63 Bilirubin, Total (mg/dl) 0.2
Bun/Creatinine Ratio 39 Alkaline Phosphatase (U/L) 123
Sodium (mEq/L) 144 Gamma GTP (U/L) 42
Potassium (mEq/L) 4.7 LDH (U/L) 373
Chloride (mEq/L) 104 SGOT (UL) 102
Phosphorus (mg/dl) 5.7 SGPT (U/L) 12
Calcium (mg/dl) 10 Iron (pg/dl) 157
Uric Acid (mg/dl) <15
Albumin (g/dl) 31
A/G Ratio 0.8

This product was manufactured from donor sheep blood collected and processed in Ryegate, Montana (USA).
“Product meets European Union requirements for production of technical blood products.”

Wiley Micks I \,( "y }\

Production Manager Signature \——-") N

QC035.2-1

Figure S10. Certificate of analysis of the sheep serum sample used in this work to demonstrate the performance

of the IE-uPADs for distance-based determination of calcium.
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Movie S-1. Immobilization test: Flushing fluorescein spot (1 uL) with water.

Movie S-2. Immobilization test: Flushing BTB spot (1 uL) with water.

References

[1] Nuchtavorn, N.; Macka, M. Anal. Chim. Acta. 2016, 919, 70-77.

[2] Rahbar, M.; Nesterenko, P. N.; Paull, B.; Macka, M. Anal. Chem. 2017, 89, 11918-11923.
[3] Rahbar, M.; Nesterenko, P. N.; Paull, B.; Macka, M. Anal. Chim. Acta. 2018, 1047, 115-123.



