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ABSTRACT
We present a new label-free method to quantify DNA for genetic analysis with the potential point-of-care analysis.  

The method requires only a simple protocol and cost-effective materials that are readily available; a pipettor, pipet tips 
and filter paper.  An image analysis algorithm is developed to define a calibration curve, with which the DNA content in 
unknown samples can be quantified.  Integration of this method with DNA extraction and PCR could promote the 
development of cost-effective microfluidic systems for point-of-care testing.
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INTRODUCTION
Genetic analysis has greatly promoted the development of clinical diagnosis and forensic applications.  A typical 

experimental process includes DNA preparation and quantification, amplification by polymerase chain reaction (PCR), 
and subsequent detection.  The success of amplification often depends on the quality of prepared DNA, specifically 
purity and concentration, consequently, a quantification step between DNA preparation and amplification is critical.  

Towards point-of-care testing,  paper-based microfluidic systems have been emerging due to their high portability and 
low cost and requirements for power.  Lab-on-paper devices for cell lysis and DNA extraction have been reported 
recently [1], which could be combined with microfluidic PCR systems for rapid sample-to-result tests.   However, the 
lack of a simple DNA quantification method at the point-of-care may compromise the success rate of PCR and hinder 
further analysis.  

At MicroTAS 2011, we reported the pinwheel assay (recently published [2]) with a twist on the concept that involved 
preparing the aggregates in an ‘image-ready’ form via a ‘Pipet, Aggregate and Blot’ (PAB) approach on filter paper,  as an 
alternative ‘label-free’  QUALITATIVE DNA detection modality [3].  Here, we extend the approach to a label-free DNA 
QUANTIFICATION method, which readily quantifies nanogram-
scale samples prior to downstream analysis.

EXPERIMENTAL
The protocol of PAB assay includes: (1) pipetting silica-coated 

superparamagnetic microparticles in 8 M GuHCl and DNA sample, 
(2) promote aggregation of DNA and silica particles by exposure to 
a magnetic field, and (3) dispensing the pipetted volume (blotting) 
onto filter paper for image analysis (Figure 1).  

RESULTS AND DISCUSSION
The particles transform from a dispersed state to tight 

aggregates upon mixed with DNA, as illustrated in the images of 
negative (Figure 2A) and positive controls (Figure 2B) and 
corresponding saturation histograms.  Figure 3A shows the change 
of histogram as DNA concentration varies, and the total number of 

Figure 1.  General experimental procedure of 
the pinwheel assay via the PAB approach.  [3]

Figure 2.  (A) and (B) illustrate the scanned images of magnetic beads blotted on filter paper without and with DNA 
respectively.  The saturation histograms in HSB (hue-saturation-brightness) color space denote the differences between 
the two samples. 
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pixels representing particles and aggregates (i.e.,  dark area) decreases as DNA-particle interaction increases which, with 
constant bead concentration, is solely a function of DNA mass (Figure 3B).  The sensitivity appears to increase (6-fold) 
proportionally with a decrease in bead size (8-fold), providing a simple way of tuning the standard curve (Figure 4).  

Human genomic DNA samples were extracted from blood, quantified with the PAB assay,  and amplified with PCR 
for short tandem repeat (STR) analysis, a finicky assay that is sensitive to the input mass of DNA.  The PAB 
quantification results are comparable to those from UV-Vis spectroscopy (Figure 5) and, most importantly, only the 
sample with appropriate DNA concentration yielded successful PCR, as shown in the electropherogram (Figure 6).  
Consistent with the concept of simplicity, image data was acquired with a photo scanner for high resolution and image 

Figure 3. Algorithm and standard curve for DNA quantification.  (A) The change of saturation histogram at various 
[DNA] illustrates dispersed beads converting to tight aggregates.   A threshold [2] was set by a negative control to define 
‘Dark Area’.  (B) The dark area values were normalized with the negative control and correlated with [DNA].  Error 
bars denote standard deviation (n=14). 
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Figure 5.  Quantification of human genomic DNA extracted from blood samples.  (A) A standard curve was generated 
with serially diluted DNA samples.  (B) The DNA concentrations of six samples were measured with the PAB assay and 
compared with the prepared concentration based on UV-Vis spectroscopy.  Error bars denote the standard deviation of 
four replicates.   The red line represents a linear fit on the data points, while the black dashed line shows the theoretical 
correlation y = x.
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Figure 4.  Adjusting the sensitivity by varying the size of beads.  The 
standard curves of 1 µm beads and 8 µm beads are shown in red and blue 
respectively.  The green curve represents the standard curve of a bead 
mixture with 50% 1 µm beads and 50% 8 µm beads.
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quality, while a cellphone camera also suffices the need of quantification with enhanced portability and lower power 
consumption (Figure 6).

CONCLUSIONS
In conclusion, we report a paper-based label-free DNA quantification method with minimal footprint, cost,  and power 

consumption.  The assay provides quantitative information on DNA concentration in a simple and fast fashion, which can 
interface with lab-on-paper devices for DNA extraction with microchip PCR.  This could advance the development of 
cost-effective microfluidic systems for point-of-care testing in resource-limited regions.
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Table 1.  Application for short tandem repeat (STR) analysis.  The PCR reaction forSTR analysis typically requires 0.5 - 
2 ng/µL DNA.  Three DNA samples were measured with the PAB assay, and Sample C was determined as > 2.83 pg/µL 
because the result locates outside the dynamic range shown in Figure 5A.  A comparison of the electropherograms shows 
that the interpretable result was only generated from the sample with appropriate DNA concentration.

Figure 6.  Towards a portable assay for point-of-care applications.   The images of blotted beads on filter paper can 
also be acquired by a camera phone, which still yield quantitative results (A) histogram (B) calibration curve.  Error 
bars denote the standard deviation of four replicates.
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