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CHAPTER 3 

COMPARTMENTALIZATION GENERATES DIGITIZATION: USING DIGITAL 

PCR ON A MULTIVOLUME MICROFLUIDIC DEVICE TO QUANTIFY VIRAL 

LOAD IN A LARGE DYNAMIC RANGE 

3.1 The need for viral load quantification and its challenges  

Nucleic acid-based diagnostic tests detect the presence or determine the abundance of the DNA or 

RNA of the target in the host. Such tests are of particular interest in research ranging from early 

cancer diagnosis, to prenatal diagnosis, to infectious disease detection and genotyping. In all of 

these cases, nucleic acids carry important information. Viral load quantification, defined as 

measuring the amount of virus present in 1 mL bodily fluid, is critical for monitoring the 

progression of the viral infection and the outcome of the performed treatment. One of the 

examples is the need for HIV viral load monitoring during treatment. Nowadays, first-line 

antiretroviral treatment for HIV patients is becoming more available, which increases survival 

time. However, it begins to fail when several key mutations in the HIV genome appear and drug 

resistance develops. To ensure prompt responses to such failures and to stop the spread of drug 

resistance, it is recommended to measure HIV viral load regularly. HIV viral load test should not 

only have high resolution (2-3 fold), but also large dynamic range (50 copies/mL to 750,000 

copies/mL). HCV, one of the major causes for liver disease and cirrhosis, is another example 

where viral load information is required to determine therapy and monitor treatment outcome. 

Although the requirement for resolution for HCV (1 log) is lower than that of HIV, it requires a 

larger working range: the viral load for chronic HCV ranges from 50,000 to 5 million 

international unites per mL (IU/mL)22, and for patients taking antiviral therapy it can go down to 

50 IU/mL. Similarly to many other infectious diseases, the majority of the HIV- and HCV-

infected population live in the developing world or limited-resource settings. Therefore, a POC 

viral load quantification assay with large dynamic range and high resolution is in demand.  
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3.2 Digital PCR quantifies nucleic acid by converting analog signal to digital 

Most nucleic acid-based quantitative tests are performed in central laboratories with real-time 

PCR. However, this method is cost-prohibitive under limited-resource settings and usually 

requires multiple instruments, highly skilled technicians, and isolated rooms. Digital PCR on 

simple microfluidic devices presents an alternative quantification method in non-laboratory 

settings. In digital PCR, single nucleic acid molecules are separated into compartments and 

amplified independently. An absolute count of the target molecule is obtained at the endpoint, 

eliminating the need for real-time monitoring.  

Digital PCR is one example of the second definition of “analog to digital conversion” discussed 

in Chapter 1. By isolating single entities from each other, the amplification of each molecule 

proceeds without interference from other molecules, and the rate of reaction does not influence 

the quantification result as long as the final state of a reaction can be clearly recognized as ON or 

OFF. Based on the digital pattern (number of ONs and OFFs) acquired at the end of the reaction, 

the amount of input molecule could be calculated based on Poisson statistics. Poisson and 

binomial analysis can be used to quantify number of input molecules based on the number of 

negative wells. The details of equations derived from Poisson distribution in the context of digital 

PCR have been reported before23 and can be found in Appendix F. Although digital PCR has been 

demonstrated on various platforms, including well plates24, microdroplets25, spinning disk26 and 

Openarray27, most of them still require complicated manipulation systems. SlipChip, which relies 

only on simple slipping to manipulate droplets on device, offers an easy platform to perform 

digitization16. Digital PCR has been successfully performed on SlipChip using S aureus gDNA 

(Figure 5) and the quantification results agreed well with spectrophotometry measurement results.  
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Figure 5 Schematic drawing and bright field image of SlipChip used in digital PCR assay and the 
fluorescence image of digital results. (A) Schematic overview of the design and mechanism of 
SlipChip for digital PCR. Black solid line depicts the top piece (a) and blue dotted line depicts the 
bottom piece (b). The two pieces are assembled and the aligned such that the elongated wells in 
the top and bottom plates overlapped to form a continuous fluidic path (c). The aqueous reagent 
(red) is injected into SlipChip and flows through the connected elongated wells (d). The two 
pieces are slipped relative to each other to the position where the fluidic path breaks up and 
isolated droplets form (e). (B) Digital PCR on the SlipChip with different concentrations of S. 
aureus gDNA. a-f) Digital PCR on the Slipchip with a serial dilution of target DNA template 
ranging from 100 pg/µL to 0 fg/µL. Reproduced from Reference 16 with permission of The 
Royal Society of Chemistry. 
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3.3 Using a combination of multiple volumes to achieve large dynamic range 

Typical digital PCR platforms including the SlipChip design discussed above use wells of the 

same volume. The upper limit of quantification is determined mainly by the volume of each well 

and the lower limit of detection is determined by the total volume analyzed on the device. 

Therefore, in order to achieve a large dynamic range, a large number of wells need to be used. 

How to achieve the largest dynamic range with the least material and space possible remained a 

challenge. Our solution was to combine wells of different volumes on the same device. The 

smallest wells enable quantification of the target at high concentrations while the large volume 

wells contribute to the quantification of the target at low concentrations. This multi-volume 

approach can achieve the same dynamic range as single-volume approaches without the need for 

an excessive number of wells23. Careful consideration in the mathematical treatment when 

combining results from multiple volumes has been given23 and the analysis was successfully 

applied in the quantification of HIV and HCV RNA28. 

The performance of digital RT-PCR in a multivolume digital SlipChip was first characterized 

with a 6 log serial diluted synthetic RNA (Figure 6). As the RNA concentration increased, the 

place where “digital” pattern was observed started to shift from the larger volume to the smaller 

volume. The calculated experimental results across the concentration range agreed well with the 

theoretically predicted distribution and 74% of the experiments fell within the 95% confidence 

interval. 



5 
 

 

Figure 6 Schematic drawing and bright field image of multivolume SlipChip device and the 
fluorescence image of assay results (A) The bright field image (a, e-g) and schematics (b-d) of the 
rotational multivolume SlipChip (well volumes: 1nL, 5nL, 25nL, 125nL). The dead-end filling 
process was shown step-by-step: (b,e) SlipChip at the loading position; (c,f) orange food-dye was 
loaded along the connected wells; (d, g) after rotational slipping, droplets of four different 
volumes were formed simultaneously. (B) A serial dilution of the synthetic RNA on rotational 
multivolume SlipChip from 0 to 2.2×106 molecules/mL in the RT-PCR mix. Reprinted with 
permission from reference 28. Copyright 2010 American Chemical Society. 

3.4 Running multiplex assays while maintaining large dynamic range on a multivolume 

SlipChip 

To perform multiplex assays on the same device, wells need to be divided into different sections 

and therefore the dynamic range of each section will be decreased. To maintain the large dynamic 

range for each section, another two sets of volumes (0.2 nL and 625 nL) were added to the design 

described previously. When the entire device was used for one assay, the lower detection limit 

was improved from 120 copies/mL to 40 copies/mL, and the dynamic range was improved from 

5.2×102 - 4.0×106 copies/mL to 1.7×102 - 2.0×107copies/mL. The lower detection limit of the new 

design was tested with a pre-quantified HIV RNA with an expected concentration of 51 

copies/mL. With the new multiple volume design, the concentration was determined to be 70 

copies/mL with a standard deviation of 20 copies/mL based on the analysis of six experiments (a 

representative image is shown in Figure 7C), which agreed well with the predicted value.  
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To test the compatibility of this device with multiplexed assays, the design was modified to 

divide the wells into five sections for five different samples, which can be injected into SlipChip 

simultaneously by pressure (Figure 7A). The lower limit of detection for each sample is 2.0×102 

copies/mL and the dynamic range is 1.8×103 to 1.2×107 copies/mL. The multiplex SlipChip 

device was tested with HIV and HCV RNA to mimic the scenario of a patient with HIV/HCV co-

infection (Figure 7B). The 5 samples applied were: HIV viral RNA, HCV viral RNA, negative 

control for HIV, negative control for HCV and a synthetic control RNA to determine the sample 

preparation recovery rate. Digital RT-PCR was performed with all the samples using the same 

thermal cycling profile. No cross-contamination or false positives were observed in the panel. 

The measured concentration of HIV RNA was 1.2×106 molecules/mL with a standard deviation 

of 3.7×105 molecules/mL in the original plasma sample, while the predicted concentration was 

1.5×106 molecules/mL. The measured concentration of HCV RNA was 2.3×107 molecules/mL 

with a standard deviation of 9.7×106 molecules/mL in the original plasma sample. Based on this 

result, the conversion factor from international units (IU) to copy number for HCV viral load in 

our test was determined to be approximately 0.9, which was the same as the number published for 

the Roche Amplicor HCV Monitor v2.0 test when using a manual purification procedure29.  
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Figure 7 Bright field image of multiplex format multivolume SlipChip and the fluorescence 
image of assay results. (A) A photograph of a multiplex SlipChip device for 5 different samples 
(shown in different colors). Inset shows a zoomed-in area at the edge between two samples. (B) 
Representative experiment performing RT-PCR of HIV viral RNA at an expected concentration 
of 51 molecules/mL to test the lower detection limit of the device. This experiment was repeated 
six times to quantify the viral RNA concentration. (C) Fluorescence image of a multiplexed 
digital RT-PCR detection panel with 5 sections: I-V) measurement of control RNA in HCV 
sample, HCV viral RNA; negative control for HIV; HIV viral RNA; negative control for HCV. 
Inset shows an amplified area from HCV viral load test. Reprinted with permission from 
reference 28. Copyright 2010 American Chemical Society. 

The multiplexing capability enables easy incorporation of necessary control experiments in the 

same assay and simultaneous monitoring of multiple targets, such as co-infection diseases and 

genotyping. The multivolume multiplex device also allows flexibility of using the same device to 

perform multiple assays of lower quality or single assays with higher quality depending on the 

application. Such a platform could be valuable in various applications besides viral load 
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quantification, such as detection of rare cells or rare alleles and prenatal diagnostics due to its 

high sensitivity. The rotational format is suitable to be applied in resource-limited settings 

because of the ease of operation.  

 

      

 

 


