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Abstract  Digital polymerase chain reaction (dPCR) 
enables the accurate determination of deoxyribonucle-
ic acid (DNA) copy numbers. In contrast to real-time 
PCR (qPCR), dPCR can perform quantification with-
out requiring previous standard curve experiments. 
Furthermore, dPCR is more sensitive for rare targets 
in genetic samples. Despite the significant advantages 
of dPCR over qPCR, dPCR is not widely applied yet 
due to the complicated requirements of instrumenta-
tions regarding creating sample subvolumes and the 
equipment cost associated with this. In this paper, we 
present a microwell array that can be used for dPCR. 
The microwell array can be operated with little micro-
fluidic expertise, while it can be manufactured at a unit 
cost of less than 1$. The amplification results of the 
microwell array can be analyzed with a custom-written 
Python script. With this method, we have been able to 
amplify and quantify complementary deoxyribonucleic 
acid (cDNA) samples for the H7N9 influenza virus in 
a concentration range spanning three orders of magni-
tude (1,000-100,000 copies/µL).  
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Introduction 

Polymerase chain reaction (PCR), quantitative PCR 
(qPCR), and reverse transcription PCR (rtPCR) are 
valuable tools due to their ability to amplify deoxy-
ribonucleic acid (DNA) and ribonucleic acid (RNA) 
over several orders of magnitude, followed by sub-
sequent quantification. In contrast to classical PCR 
approaches the sample volume is divided into several 
subsamples with volumes in the pico to nanoliter range 
in digital PCR (dPCR)1-3. This is done in such a way 
that some of the subvolumes contain no copies of the 
target DNA, while others contain one or more copies. 
After DNA amplification the number of DNA targets 
and concentration can be calculated, assuming a Pois-
son distribution of DNA molecules in the subvolu-
mes4,5. Despite the advantages, dPCR experiments 
using commercial equipment are significantly more 
expensive than conventional PCR experiments6. Fur-
thermore, the microfabrication and microfluidic know-
ledge required to create subvolumes provides an ad-
ditional barrier to many users7.  

Three different functions are required for conduct-
ing a dPCR experiment: Division of the sample in suit-
able subsamples, the temperature cycling required for 
the reaction, and the detection of amplification results 
in the individual subsamples. For heating of samples, 
there is a variety of options, which can be easily inte-
grated at low cost. The use of a single heating block, 
set to a constant temperature, for isothermal amplifi-
cation is the easiest and most cost effective method8. 
Thin film heaters can also be used, further allowing 
the following of multistep temperature profiles. These 
can be fabricated in a reusable9, or disposable form10.  
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In addition, µ-Peltier elements can be used for this task, 
allowing heating and cooling of samples, with rela-
tive simplicity and low costs11-13. For detection of PCR 
amplification results, typically a fluorescent dye is 
used. While fluorescent probes, like TaqMan-probes, 
provide specific signals14 and can be easily used for 
multiplexed reactions15, they are relatively expensive. 
Intercalating fluorescent dyes, like Sybr-Green or Eva-
Green for example, provide an unspecific signal with 
any double stranded DNA at a lower cost per react-
ion16. Commercial digital PCR machines often require 
a specialized equipment to read the fluorescent signal. 
The developments in smartphone camera technology 
and 3D-printing has allowed researchers to create low 
costs microscope alternatives17. Integration of optical 
filters further allows for fluorescent imaging with suf-
ficient magnification to analyze dPCR experiments18,19. 
A popular method for creating the subsamples required 
for dPCR is microfluidic droplet technology. This can 
be done using classical Y-junctions for droplet gener-
ation20, which are typically operated by syringe pumps. 
Alternatively pressure gradients21, or centrifugal forces 
can be used for generating the required droplets22,23. 
On the downside variations in droplet volumes can 
negatively influence the accuracy of dPCR experim-
ents24,25. This effect can be reduced by manufacturing 
arrays of microwells for partitioning the dPCR sam-
ple26,27. An example for such an array demonstrated 
by K. A. Heyries et al. consisted of 1,000,000 pico-
liter-sized microchambers connected by a micro-
channel28. The chambers are filled by flowing the 
sample through the channel before partitioning the 
chambers by flushing the channel with an immiscible 
oil phase. Other designs use three-dimensional (3D) 
designs with two chambers on top of each other29. 
The bottom chamber contains the microwells, which 
are open. After filling the bottom chamber with sam-
ple, pressure is applied to the top chamber, causing 
the chamber to swell, partitioning the microwells in 
the bottom chamber. Other methods use a fractal 
branching microchannel, connecting microchambers30. 
The poly (dimethylsiloxane) (PDMS)-based device is 
degassed and the developing negative pressure used 
to fill the chambers. The partitioning of wells is 
achieved by the subsequent filling of the channel 
with an immiscible oil phase. However, these devices 
often require three dimensional microfabrication and 
microfluidic knowhow and are thus impractical for 
typical dPCR users.  

Here, we present a PDMS-based microwell array, 
with a high loading efficiency for the microwells, re-
quiring nothing more than a micropipette. The mate-

rial costs of PDMS are low, allowing the total material 
cost for the device shown here to be less than 1$. Ther-
mocycling of the device can be done on a commercial 
thermocycler usually used for conventional PCR. Flu-
orescent images of the arrays are taken and results are 
analyzed using a custom written image recognition 
algorithm. Following this method, we can perform si-
mple and fast dPCR experiments with little additional 
equipment requirements compared to qPCR. 

 

Materials and Methods 

Microwell Array Fabrication 

The PDMS microwell array has been fabricated using 
a standard soft lithography process as described previ-
ously31,32. Briefly, photomasks were designed using 
AutoCAD (Autodesk, USA). Negative photoresist 
(SU-8 2025, MicroChem Corp, USA) was spin-coated 
onto 4 inch silicon wafers (Wanxiang Silicon-Peak 
Electronics Co., China) and the design transferred from 
the masks by photolithography. Next, PDMS (10:1 
monomer:curing agent, Slygard 184, Dow Corning, 
USA) was spin-coated onto to wafers at 1,200 rpm for 
1 minute, resulting in a thickness of 125 µm. After cur-
ing of the PDMS at 80 °C for one hour, the individual 
devices were carefully peeled from the wafer. A micr-
oscope cover slide (SPL Life Sciences, Korea) was 
bound to the back of each device using an oxygen pla-
sma to act as an evaporation barrier. After fabrication 
devices were inspected by naked eye and bright field 
microscopy for physical damage, and missing or de-
formed wells. Devices with visible damage or de-
formed wells were disposed and not used in further 
experiments. 

 
dPCR 

As a target sequence, synthetic cDNA encoding for 
haemagglutinin in the H7N9 virus was used for dem-
onstrating the device as previously reported (Supple-
mental Material Table S1)33. The DNA samples for 
digital PCR experiments were prepared in a solution 
as follows. To 10 µL of QuandtStudio 3D Digital 
PCR Master Mix V2 (ThermoFisher, USA) 2.5 µL of 
EvaGreen Dye (20X in water, Tataa Biocenter, Swe-
den) and 6 µL bovine serum albumin solution (40 mg/ 
mL in water, Sigma Aldrich, USA) were added. Fur-
ther 2 µL of a solution containing 10 µM forward and 
reverse primer was added, resulting in a primer con-
centration of 500 nM. To this solution cDNA was add-
ed and the sample volume adjusted to a total of 20 µL 
using PCR grade water (Thermo Scientific, USA). 
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To load the microwells, 5 µL of the PCR solution 
was pipetted onto the PDMS device, completely cov-
ering the area occupied by the wells, which were thus 
filled by capillary forces34. Afterwards, the PDMS 
device was covered with a microscope objective slide 
(Marienfeld, Germany), which was treated in an ox-
ygen plasma for 1 minute before. This sealed the de-
vice and separated the sample into the microwells. 
Excess PCR solution, not filled into the microwells 
was carefully removed from the edges of the device 
using a paper towel to which it was guided by the cha-
nnels separating the individual panels of the device. 
To ensure reliable sealing, the device was then placed 
in an oven at 80 °C for one minute before being placed 
on a thermocycler (GeneAmp PCR System 9700, Ap-
plied Biosystems, USA). PCR was conducted with 
the following temperature profile: 10 minutes hot start 
at 96 °C, followed by 40 cycles of 30 seconds denat-
uration at 95 °C, 30 seconds annealing at 50 ⁰C, and 
30 seconds extension at 70 °C. 

 
Data Analysis 

After thermocycling, devices were placed on a fluo-
rescent microscope (IX37, Olympus, Japan) and im-
ages were taken of each panel of the microwell array 
using a 4X lens (Uplan FLN, Olympus, Japan). For 
each panel, two images were taken, one with a green 
filter set for the green fluorescence of the EvaGreen 
intercalator, and a second with a red fluorescent filter 
for the ROX reference dye of the master mix. Image 
sets were then analyzed using a custom-written Py-
thon computer program (Supplemental Material S2) 
utilizing an image recognition technique35. In a first 
step, the program identified the microwell positions 
in the images of the ROX reference dye using a Hough 
Transform. Furthermore, the average intensity of all 
recognized wells was measured by the program in the 
reference dye images. Next, the green fluorescent im-
ages were analyzed; the previously found microwell 
positions form the ROX reference dye image were tra-
nsferred to the green fluorescent images and the Py-
thon program measured the fluorescence intensity. 
The measured green fluorescent intensities were nor-
malized using the red fluorescent intensity from the 
reference wells and normalized well intensities plot-
ted as a histogram. A threshold was defined by deter-
mining the maximum of the negative peak and add-
ing the full width half maximum of the negative peak. 
With this threshold wells were classified as positive 
(showing amplification) or negative (not showing am-
plification). Finally, cDNA concentrations were cal-
culated using Poisson statistics (Supplemental Mate-
rial S3). 

Results and Discussion 

The microwell array for dPCR consisted of a thin 
PDMS membrane, containing the microwells and a 
glass cover to prevent evaporation of sample (Figure 
1). Before conducting dPCR experiments, various 
designs for the PDMS microwell array were tested to 
optimize loading efficiency and minimize evaporation 
of sample. Three different well sizes (20, 40, and 80 
µm diameter) were tested (Supplemental Figure S1). 
It was found that while all well sizes showed a high 
filling efficiency, almost the entire sample evaporated 
in the larger wells during thermal cycling, visible as 
significant drops in fluorescence intensity after ther-
mal cycling (Supplemental Figure S2D). Most likely, 
the larger wells show a higher rate of evaporation, be-
cause there is less wall area sealing the PDMS to the 
bottom glass slide. It could be expected that wells 
close to the edge of the device would have a higher 
rate of evaporation, due to the shorter diffusion dis-
tance. In experiments however such a relation could 
not be observed, with all panels displaying a similar 
evaporation rate (Supplemental Figure S2C). Further 
experiments were conducted, testing the effect of re-
moving excess solution after filling of the microwells  
 

 
 

Figure 1. PDMS microwell array for dPCR. CAD drawing of 
the device consisting out of 16 panels, each containing 3030 
circular microwells with a diameter of 20µm (A). Photograph 
of the PDMS layer containing the microwells on the glass co-
verside (B). Bright-field microscope image of an individual 
panel of the microwell device (C). 
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by a paper towel. No difference in well filling could 
be observed when excess solution was removed, thus 
removal of this does not influence the dPCR results. 
For further experiments, microwells with a diameter 
of 20 µm and a pitch of 40 µm were chosen. These 
wells show a high filling efficiency of more than 99% 
and low rate of evaporation during thermal cycling 
(Supplemental Figure S2,3). The device design used 
for experiments consisted of 16 panels which are all 
loaded with the same sample at the same time, each 
containing a 3030 microwell array. The arrays were 
separated into panels to allow easier imaging by man-
ual microscopy. In total, the design features 14,400 mi-
crowells. Through soft lithography, the diameter of 
wells was known to be 20 µm with a height of 25 µm, 
giving a volume of 7.85 pL for each microwell and a 
total volume of 0.1 µL for all 14,400 microwells. Thr-
ough the image recognition algorithm utilizing the re-
ference dye for well identification wells with evapo-
rated content were not recognized by the algorithm 
and thus excluded from analysis. Lastly, it was tested 
if the wells are deformed during the bonding to the 
covering glass slide, leading to variations in well vol-
umes. If wells were deformed, they would diverge from 
the round shape analyzed by the image recognition 
algorithm, and thus not recognized any more. Com-
paring the number of identified wells for each panel, 
to the expected number of wells (Supplemental Figure 
S2C) it can be seen that all panels show well counts 
over 98% of the expected number. Thus, there is no 
significant deformation of the microwells during the 
binding step. The not recognized wells in most cases 
could be attributed due to defects, such as missing 
microwells, in the silicon master used for PDMS mi-
crodevice fabrication. 

For image analysis, we used an algorithm that ide-
ntifies well positions using the passive ROX reference 
dye, measures the green fluorescence of the EvaGreen 
intercalator for each well, and normalizes the fluore-
scence value with the reference dye intensity of the 
according well (Figure 2). The algorithm consisted of 
four steps for the measurement of fluorescence inten-
sity. First, the Python code opened the images taken 
with optical filters for the ROX reference dye, and ide-
ntified well positions in the images using a Hough 
Transform (Figure 3A-B). Through the use of the Hou-
gh transform irregular shaped or microwells obscured 
by particles could be excluded from analysis. The ef-
ficiency and accuracy of the recognition was determ-
ined by the two parameters used for the Hough tran-
sform, the threshold for the Canny edge detector, and 
the threshold for detecting the centers of the wells. Fu-
rther, parameters defining the minimum/ maximum  

 
Figure 2. Diagram of the algorithm for the well recognition, 
fluorescence intensity measurement, and calculation of DNA 
copy numbers. Steps carried out using the images with an op-
tical filter set for the ROX reference dye are indicated red, and 
steps carried out using the images with optical filter sets for 
EvaGreen are indicated in green. 

 

 
Figure 3. Illustration of the algorithm of the Python program. 
Fluorescence image taken of one panel using optical filters for 
the ROX reference dye (A), microwells recognized in the 
ROX image using a Hough transform image recognition 
method (B). Fluorescence image taken of the same panel using 
optical filters for the EvaGreen intercalating dye (C), and mi-
crowells identified from the ROX image as transferred to 
EvaGreen image (D). 

 
radius of found wells, and the minimum distance be-
tween the found wells were used to improve the accu-
racy. This step required a trade-off between a high  
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Figure 4. Two examples of Histograms of normalized, aver-
age fluorescence intensity for an experiment with a cDNA 
concentration of 100,000 copies/µL (A), and a second experi-
ment with a cDNA concentration of 10,000 copies/µL (B). 
 

recognition rate of wells, which also lead to a high 
number of false well recognitions, and a low recogni-
tion rate of wells with a low number of false well 
recognitions. In the next step, the algorithm accessed 
the images taken with the optical filter set for the 
green fluorescing EvaGreen intercalator. The average 
fluorescence intensity was measured in the wells pre-
viously identified from the ROX reference dye imag-
es (Figure 3C-D). Before plotting the average well 
fluorescence intensity as a histogram, well intensities 
were normalized with the average intensity of the ROX 
dye of the corresponding wells (Figure 4). Through the 
normalization, we compensate for two different ef-
fects. On the one side, this removes artefacts origi-
nating from different illumination intensities, which 
can originate through the light source or through ar-
tefacts form the spin-coating process. On the other side, 
this removes effects of uneven well filling from the 
histogram. It was found that the simple normalization 
of fluorescence intensity increased the signal to noise 
ratio, visible in the bimodal distribution in the histo-
grams becoming more identifiable (Supplemental Fi-
gure S4). 

The threshold for separating positive from negative 
wells was defined by adding the full width half maxi-
mum to the average fluorescence intensity of the peak 
with the negative wells. Assuming that the peaks are 
following normal a distribution, this would correspond 
to about 2.5 standard deviations. This method created 
a population of positive and a population of negative 
wells with no rain in the middle. For our method two 
assumptions have to be made: (1) the peak with the 
lower concentration corresponds to negative wells, and 
(2) the peak for the negative wells is symmetric. The  

 
Figure 5. Graph of cDNA concentration as measured by a 
commercial dPCR device against the concentrations measured 
by microwell array and algorithm. A linear curve was fitted to 
the data (red), the upper confidence level (UCL) and lower 
confidence level (LCL) are denoted in green. The slope of the 
fitted linear function is 0.95±0.02.  

 
symmetry of the negative peak was confirmed by a 
control experiment with no DNA template (Supplem-
ental Figure S5C). When a sample with a very high 
DNA concentration is tested it could be the case that 
there is only a positive peak present, which would lead 
to a false result with our method. However, in this case 
it can be easily seen by eye from the fluorescent mic-
roscope images that all wells are positive (Suppleme-
ntal Figure S5B/E). In this case, the experiment should 
be repeated with a diluted sample. 

In dPCR experiments with cDNA concentrations 
spanning three orders of magnitude (103-105 copies/ 
µL in the dPCR mix), it was found that the microarray 
presented here gave an accurate measurement of the 
concentrations (Figure 5). All measurements were re-
peated in three independent experiments, with only 
small variations between the measurements (Supple-
mental Figure S6). From these measurements and the 
comparison to the commercial device, a precision of 
7.5% was determined for the PDMS microwell array 
combined with the analysis algorithm. The DNA con-
centrations measured by the PDMS microwell array 
were identical to measurements of the same sample 
with a commercial dPCR device. For the measureme-
nts of the commercial device the included software 
was used for results analysis including automated set-
ting of thresholds. As the measurements by our PDMS 
microwell array are identical to the ones of the com-
mercial device, this indicates the suitability of our me-
thod of setting the threshold. This further indicates 
that the wells are tightly sealed and there is no cross-
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talk between wells, as crosstalk would lead to an over-
estimation of the DNA concentration by generating 
false positives. In theory, the upper limit of detection 
of our device is about 6105 copies/µL in the dPCR 
mix, assuming 99% of all wells to be positive, with 
all wells being filled and no experimental noise (Sup-
plemental Material S4). However, considering exper-
imental factors and imperfect well filling a more rea-
listic upper limit of detection can be considered at 
3105 copies/µL in the dPCR mix (Supplemental Fi-
gure S5). This limit could be increased by decreasing 
the well size. For example, if the volume of the mic-
rowells is reduced by a factor of 2, this would lead to 
an increase in the upper detection limit by a factor of 
2. For the lower limit of detection, one would expect 
to be able to detect a single copy of DNA in the ent-
ire microwell array. Considering the stochasticity of 
DNA distribution in the wells, this would require a 
theoretical concentration of more than 10 copies/μL, 
so that one device has a 95% chance of containing at 
least one copy of DNA. In practice, however, a num-
ber of noise sources, such as dark fluorescence from 
the intercalating dye, dust particles in the PDMS, or 
other fluorescent materials, lead to false signals. Thus, 
as looking at the dark count from a negative control, 
the lower limit of detection of our system is 700 cop-
ies/ µL (Supplemental Figure S5A-C). For comparison, 
the detection range of the commercial device, as rec-
ommended by the manufacturer, is from 860 to 2,300 
copies/μL. The limit of quantification, which we de-
fine as the baseline signal plus 5 standard deviations 
would thus be 1000 copies/µL (Supplemental Figure 
S5A-C). The lower limit of detection could be imp-
roved by using a different reporter, such as TaqMan 
probes, eliminating some of the noise coming from 
the reporter dye. As PDMS is a commonly used ma-
terial for PCR the reagents and dye could be excha-
nged easily21,28-30. Further exchanging the PDMS ag-
ainst another material, less prone to collecting dust 
and other contaminations, could lead to further imp-
rovement. Overall, the detection range and limits of 
detection are comparable to other recently presented 
devices30, while our device is simpler to fabricate and 
operate by untrained users. 

 

Conclusions 

Here, we developed a microwell array-based dPCR 
for detection of influenza virus. The device can be 
fabricated using conventional soft lithography techni-

ques and conventional thermocyclers can be used for 
the PCR. Analysis of amplification results and quan-
tification of target DNA was performed using fluo-
rescent microscopy and a custom-written image ana-
lysis program. If a TaqMan dye would be used, the 
limit of detection could be reduced. Furthermore, the 
combination of a TaqMan probe and intercalating dye 
would allow for the detection of multiple amplicons 
at the same time in a near future. Further the fluores-
cent microscope used for detection could be replaced 
by a smartphone camera modified with correspond-
ing optical filters. This would make this device a via-
ble approach for dPCR in portable or cost sensitive 
applications. 
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