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ü Microfluidics

ü Toner- and Paper-based devices

ü Bioanalytical applications

ü Forensic Applications

ü Wearable microfluidic sensors
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PRINTED  MICROZONES

6Oliveira et al.,, Analyst 2013, 138, 1114-1121.



TONER-BASED MICROZONES FOR ELISA 
EXPERIMENTS
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microplate
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Toner microzone plate
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DENGUE DIAGNOSTICS
IgG and IgM detection 
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Chol Glu Prot. Trigly.

Capillary-driven Microfluidics/Toner devices
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Capillary-driven Microfluidics/Toner devices
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Paper microfluidics
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Paper has been used as a substrate material in analytical
testing for centuries, with scientific reports dating back to

the early 1800s with litmus paper.1 As a substrate material,

paper (and related porous hydrophilic materials) has many
unique advantages over traditional device materials including
power-free fluid transport via capillary action, a high surface
area to volume ratio that improves detection limits for
colorimetric methods, and the ability to store reagents in
active form within the fiber network. As a result of these
benefits, paper has been used in applications ranging from spot
tests for metals2 and paper chromatography3 to lateral flow
immunoassays.4 Paper as a substrate material for microf luidic
assays was largely ignored, however, until 2007 when Martinez
et al.5 reported the first microfluidic paper-based analytical
device (μPAD) for chemical analysis. The unique aspect of this
seminal work lies in the use of a hydrophobic (photoresist in
this case) patterning reagent to define hydrophilic flow
channels for directing sample from an inlet to a defined
location for subsequent analysis. This simple yet elegant
development led many to realize paper as a substrate material
for applications where low-cost and portability are critically
important.6

This review focuses on recent developments in μPAD
technology as it applies specifically to making chemical
measurements in the time range of October 2012 to October
2014. During this time over 1 000 articles have been published
in the field, making a full comprehensive review citing all papers
impossible. As a result, we seek to highlight the papers we find
to be most impactful for the field. We also limited our search
criteria and resulting discussion to papers describing analytical
measurements. In recent years, paper as a substrate material has
been used more frequently for electronics as evidenced by a
number of excellent reviews.7,8 While many of these reports
have bearing and importance to analytical measurements, they
are not discussed here in interest of maintaining focus. The
same is true of lateral flow immunoassays. Lateral flow
immunoassays warrant a separate review based on their
ubiquity and have been covered recently.4 Finally, searches
were done using a combination of Google Scholar, Web of
Science, PubMed, and SciFinder. In addition, high impact
journals were scanned for manuscripts that did not readily
appear with standard search terms. Despite these extensive
searches, we have, without a doubt, missed many excellent
papers relating to paper microfluidics. For those papers missed,
we apologize in advance.

■ THEORETICAL STUDIES
We first address developments on theoretical aspects of
transport in paper devices focused on elementary imbibition

Special Issue: Fundamental and Applied Reviews in Analytical
Chemistry 2015
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Tears – Glucose levels?

Composition:
Water
Electrolytes (Na+, K+, Ca2+, Mg2+, Cl-, HCO-)
Proteins 
Glucose, Lactate, Urea…
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(a) (b) (c)

Parafinned
paper

Native  
paper

(d)

45  mm

Stamp

1. Detectability levels?
2. Sample collection?

Paper microfluidic devices

Garcia et al., RSC Advances 2014, 4 (71), 37637-37644
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Chitosan on Paper

Substrato de papel

Quitosana

Enzima
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cromógeno
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0.20 ± 0.01 mM 0.13 ± 0.01 mM

4-APP/DHBS
✓ non-invasive
✓ Sample prep
✓ Recovery = 95 – 102%
✓ Wearable sensors

0.34 ± 0.01 mM

Real Samples

#1 #2 #3

Gabriel, Garcia, Cardoso, Marques, Martins, Coltro. Analyst 2016, 141, 4749.
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Santos Junior, et al. Metallomics, 2014, 6, 1801. 
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Santos Junior, et al. Metallomics, 2014, 6, 1801. 

Santos Junior, et al. Metallomics, 2014, 6, 1801. 



Garcia et al., Analytica Chimica Acta, 2017, 974, 69-74



VH Samples
ICP-MS 
(mg/L)

Paper Device
(mg/L)

PMI

#1 0.55 ± 0.02 0.5 ± 0.1 1 Day
#2 0.66 ± 0.09 0.7 ± 0.1 1 Day
#3 1.07 ± 0.05 1.2 ± 0.1 3 Days
#4 14.72 ± 0.12 15.1 ± 0.3 7 Days

Main limitation: PMI ≥ 1 day

Post-mortem interval 

Garcia et al., Analytica Chimica Acta, 2017, 974, 69-74



Wearable Sensors

de Castro et al., Anal. Bioanal. Chem., 2019, 411, 4919–4928.



Glucose Nitrite

(a) (b)

(c) (d)



Summary – disposable POC devices
- Microfab approaches

Simple (draw/print/laminate/stamp/spray)
Low instrumental requirements
Fast (< 10 min)
Inexpensive (< U$ 0.50)

- Colorimetric sensors:
High sensitivity (nano/bio-materials)
Noninvasive diagnostics
Crime scene

- POC Devices
Simplicity/disposability
Monitoring of  clinically relevant analytes
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