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In this project, paper-based analytical devices (PADs) targeting simple healthcare applications have
been developed. The analytical targets of the PADs include markers of nutrition condition (copper, iron,
zinc), hydration status (sodium, potassium, chloride), and several other general health-status markers
(urea, lactoferrin, albumin, creatinine, vitamin E, thyroid-stimulating hormone TSH, thyroxine T4). The
use of paper as a substrate material provides low-cost and disposable diagnostic devices, as well as
pump-free microfluidic systems thanks to the availability of capillary action. The PADs have been
fabricated by means of an inkjet printing technique to demonstrate their mass-producibility.

This project has been carried out by a collaborative team composed of three groups. Prof. Daniel
Citterio’s research group (Department of Applied Chemistry, Faculty of Science and Technology, Keio
University) has worked on the development of inkjet-printable sensing materials and their application to
diagnostic PADs. Hiroki Yamazaki (Techno Medica Co., Ltd.) promoted their practical application by
elaborating high-volume production techniques and prototyping of stand-alone analytical systems. A
validation study using human tear fluid samples has been finally performed at the School of Medicine,
Keio University. The overall project work has been divided into three sub-sections targeting: 1) the
microfluidic patterning of paper substrates by inkjet printing technology; 2) the development of
chemically functional inks (sensing inks) and their application to PADs; and 3) the development of
simple detection systems for quantitative signal readout from PADs.

1) Microfluidic structure patterning onto paper substrates with inkjet printing

A UV curable ink blending acrylate monomers and a photo-polymerization initiator has been
successfully utilized to pattern microfluidic structures onto filter paper. Patterning of copy paper was also
achieved by condensation of inkjet-deposited tetramethyl orthosilicate to hydrophilize the paper surface.
Finally, these patterning methods have been applied to microfluidic PADs for the detection of
micronutrients (copper, iron, zinc) and an immune disease marker (lactoferrin).

2) Inkjet-printable (bio)chemical sensing inks for diagnostic PADs

For the sake of colorimetric detection of micronutrients (copper, iron, zinc), an inkjet-printable

cationic particulate ink (110 nm diameter) was synthesized for electrostatic immobilization of anionic

colorimetric indicators onto paper substrates. Other types of developed particulate materials include silica
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labelling reagents for luminescence-based immunoassays. Silica nanoparticles doped with either a Eu**
complex or a luminol-derivative dye allowed microtiter plate-based sandwich immunoassays with better
detection sensitivity than that of a commercial product. Importantly, a paper-based lateral flow
immunoassay of TSH was successfully performed by using the fluorescent labelling particles. In addition,
we demonstrated that mesoporous silica particles doped with DPPH-loaded micelles are useful for
selective extraction and colorimetric detection of hydrophobic antioxidants (vitamin E). Selective
detection of alkali metal cations has been achieved by using ionophores, which exhibit strong binding
affinity toward a specific ionic species. Inkjet-printing of chemically functional inks of ion-selective
optodes and ion-selective electrodes has enabled on-paper detection of sodium and potassium ions by
colorimetric and electrochemical (potentiometry) approaches. Disease markers of for immune disorders
(lactoferrin) and kidney dysfunction (albumin, creatinine, and urea) have been detected by developing
aqueous inks containing the fluorescent metal Tb** or classical organic chromogenic indicators,
respectively. All the assays were successfully performed within 20 min after pipetting of a sample.

3) Portable detection systems and validation study of PADs

Reflectance and absorbance measurement systems commercialized by Techno Medica were
transferred to prototyping of PAD analysis, together with programming of customized analysis software.
For this purpose, 3D-printing was effectively used to prepare a housing to arrange PADs in the detection
unit of the measurement system. These prototypes combined with a 3D-printed housing allow robust PAD
assays without the use of sophisticated analytical instruments such as spectrophotometers.

Finally, the practical utility of the developed PADs was evaluated by preparing calibration curves
within the physiological range of each target analyte. Among the initially targeted analytes (copper, iron,
zinc, urea, lactoferrin, albumin, creatinine, vitamin E, TSH, T4, sodium, potassium, chloride), 11 types of
clinical targets, excluding chloride and T4, were successfully detected. A validation study of the PADs
was performed relying on real sample analysis. Human tear fluid lactoferrin was successfully determined
by using the fluorescence detection-based PAD within 6% error of the conventional ELISA method,
demonstrating real-world application to simplified immune disease diagnosis. Electrochemical PADs
were successful in determining sodium and potassium ions in diluted urine samples within 4% error of a
commercial ion-selective electrode device.

Overall, the current work has demonstrated point-of-care tests by means of inkjet-printed
microfluidically patterned paper devices for low-cost, user-friendly, and rapid medical diagnosis. The
future outlook includes in-depth performance evaluation using a larger number and variety of clinical

samples and the development of automated analytical systems for sample-in-answer-out platforms.
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