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Microfluidic paper-based analytical devices (µPADs) are
a new class of point-of-care diagnostic devices that are
inexpensive, easy to use, and designed specifically for use
in developing countries. (To listen to a podcast about this
feature, please go to the Analytical Chemistry multimedia
page at pubs.acs.org/page/ancham/audio/index.html.)

The first step in proper prevention and treatment of disease is
accurate diagnosis, but diagnostic technologies that are successful
in the economically developed world often are difficult to use in
developing countries. People who live in these countries frequently
cannot afford even modestly expensive tests, and basic infrastruc-
turesi.e., reliable power, refrigeration, and trained personnelsis
often not available.1-5 Currently, diagnosis usually requires a
trained healthcare worker to recognize symptoms or interpret
analyses. By developing effective technologies in health-related
diagnostics for developing countries and coupling these technolo-
gies to existing communication infrastructures, healthcare in areas
without access to trained medical personnel may be possible.

According to the World Health Organization, diagnostic
devices for developing countries should be ASSURED: affordable,
sensitive, specific, user-friendly, rapid and robust, equipment free
and deliverable to end-users.6 Diagnostic devices made of pat-
terned paperswhich we call microfluidic paper-based analytical
devices (µPADs)sare a new platform designed for ASSURED
diagnostic assays. These systems combine some of the capabilities
of conventional microfluidic devices with the simplicity of diag-
nostic strip tests.7-11 When fully developed, µPADs may provide
bioanalyses that are more rapid, less expensive, and more highly
multiplexed than current analyses. They require only small
volumes of fluid and little or no external supporting equipment
or power because fluid movement in µPADs is controlled largely
by capillarity and evaporation.

This Feature summarizes the first steps in the development
of a complete system based on µPADs for diagnosing disease in
resource-limited settings. We describe methods for fabricating
µPADs, colorimetric assays that have been demonstrated on
µPADs and reflectance detection for quantifying the results of
these assays, and the integration of µPADs with camera-equipped
cellular phones as a method for providing low-cost healthcare in
the field. We conclude the article with a summary of two new
types of µPADs that bring new capabilities to paper-based
bioanalyses: multizone plates and 3D µPADs.

PAPER
We and others chose paper as the starting material for fabricating
low-cost microanalytical devices for three reasons: (i) it is available
everywhere and is inexpensive (∼$6/m2 even for high-quality
chromatography paper), so a simple µPAD typically can be
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Microfluidic	
  devices	
  can	
  enable	
  quan2ta2ve	
  analysis	
  of	
  very	
  
small	
   samples	
   of	
   liquids	
   in	
   applica2ons	
   such	
   as	
   healthcare	
  
[1],	
   environmental	
   monitoring	
   [2],	
   and	
   food	
   safety	
   [3].	
  	
  
Common	
   devices	
   include	
   the	
   home	
   pregnancy	
   test	
   and	
   the	
  
blood	
  glucose	
  meter.	
  	
  Paper-­‐based	
  diagnos2c	
  test	
  strips	
  are	
  a	
  
low-­‐cost,	
   lightweight,	
   and	
   disposable	
   technology,	
   making	
  
them	
  viable	
  for	
  use	
  in	
  developing	
  countries	
  [1].	
  The	
  physical	
  
principle	
  underlying	
  these	
  devices	
  is	
  that	
  of	
  capillary	
  ac2on.	
  	
  
	
  
The	
  top	
  image	
  depicts	
  a	
  wet-­‐out	
  flow,	
  in	
  which	
  an	
  advancing	
  
dye	
   front	
  fills	
  a	
  paper	
  microfluidic	
   chip.	
   	
   The	
   front	
   is	
  pulled	
  
ahead	
  by	
  surface	
  tension	
  forces,	
  with	
  the	
  flow	
  rate	
  limited	
  by	
  
viscous	
   fric2on.	
   	
  An	
  elegant	
  model	
  of	
   the	
  wet-­‐out	
  flow	
  was	
  
proposed	
   by	
   Washburn	
   [4],	
   who	
   assumed	
   that	
   a	
   porous	
  
medium	
   could	
   be	
   modeled	
   as	
   a	
   collec2on	
   of	
   circular	
  
cylinders.	
   	
  Assuming	
  Poiseuille	
  flow	
   in	
  a	
   cylinder	
  of	
   radius	
   r	
  
currently	
  filled	
  to	
  length	
  L	
  by	
  a	
   liquid	
  with	
  dynamic	
  viscosity	
  
μ,	
  the	
  speed	
  of	
  advance	
  of	
  the	
  front	
  is	
  dL/dt	
  =	
  (Δp/L)(r2/8μ).	
  
The	
   pressure	
   differen2al	
   driving	
   the	
   flow	
   is	
   the	
   capillary	
  
pressure:	
  Δp	
  =	
  2	
  γ	
  cosθ	
  /	
  r,	
  where	
  γ	
  is	
  the	
  surface	
  tension	
  and	
  
θ	
   is	
   the	
  contact	
  angle.	
   	
   Integra2ng	
  yields	
   the	
   length	
  of	
  pipe	
  
filled	
  with	
  fluid:	
  L2	
  =	
  (γ	
  cosθ	
  r	
  /	
  2	
  μ)	
  t.	
   	
  For	
  a	
  porous	
  medium	
  
assumed	
   to	
   be	
   composed	
   of	
   many	
   cylinders	
   of	
   various	
  
lengths	
  and	
   radii,	
   an	
  effec2ve	
   radius	
  R	
  can	
  be	
   formed,	
   such	
  
that	
  in	
  general:	
  	
  
	
  

L2	
  =	
  (γ	
  cosθ	
  R	
  /	
  μ)	
  t.	
  	
  
	
  

Interes2ngly,	
   although	
   the	
   wet-­‐out	
   flow	
   is	
   not	
   a	
   diffusion	
  
process,	
   this	
   equa2on	
   resembles	
   the	
   general	
   form	
   for	
   a	
  
diffusion	
  process:	
  L2	
  ~	
  (constant)	
  t.	
  	
  For	
  example,	
  momentum	
  
diffusion	
  is	
  governed	
  by	
  L2	
  ~	
  ν	
  t,	
  and	
  heat	
  diffusion	
  by	
  L2	
  ~	
  α	
  t,	
  
where	
   ν	
   is	
   the	
   kinema2c	
   viscosity	
   (momentum	
   diffusivity)	
  
and	
  α	
   is	
   the	
  thermal	
  diffusivity.	
   	
  The	
  quan2ty	
  (γ	
  cosθ	
  R	
   /	
  μ)	
  
has	
  the	
  units	
  of	
  diffusivity,	
  but	
  it	
  represents	
  the	
  macroscopic	
  
balance	
  between	
  surface	
  tension	
  and	
  viscous	
  forces.	
  
	
  
The	
  paper	
  microfluidic	
  chip	
  imaged	
  herein	
  was	
  created	
  using	
  
coffee	
  filter	
  paper	
  and	
  clear	
  tape.	
  	
  Red,	
  yellow,	
  and	
  blue	
  food	
  
coloring	
  highlight	
  different	
  pathways	
  through	
  the	
  circuit,	
  with	
  
orange	
   and	
   green	
   sec2ons	
   indica2ng	
  where	
   dye	
   has	
  mixed.	
  	
  
The	
  three	
  dyes	
  advance	
  through	
  the	
  paper	
  at	
  different	
  rates,	
  
resul2ng	
  in	
  a	
  beau2ful	
  blend	
  of	
  colors.	
  	
  

Figure:	
  (top)	
  ar2s2c	
  visualiza2on	
  of	
  flow	
  through	
  a	
  paper	
  microfluidic	
  chip	
  using	
  colored	
  dye	
  (image	
  enhanced	
  by	
  adjustment	
  of	
  
color	
  satura2on	
  and	
  tone	
  as	
  well	
  as	
  digital	
  image	
  filtering);	
  (le`)	
  microfluidic	
  chip	
  with	
  X-­‐Acto	
  knife	
  for	
  scale;	
  (center)	
  paper-­‐
based	
  analy2c	
  device	
  for	
  point-­‐of-­‐care	
  medical	
  diagnos2cs	
  (image	
  copied	
  from	
  [1]);	
  (right)	
  schema2c	
  of	
  wet-­‐out	
  flow.	
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