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Abstract

One of the main challenges in conducting accurate and efficient targeted re-sequencing using next-gen methods is the target 
enrichment step. We recently established a PCR-based target-enrichment workflow using WaferGen’s high-density SmartChips 
on which one is able to enrich hundreds to thousands of target regions by amplifying each target in an individual PCR reaction 
thereby avoiding multiplexing interference. For the 376 amplicons that were targeted in 24 samples in the current study, an 
excellent sensitivity was reached (covering 96.7% and 97.3% of the targets more than 40X and 10X, respectively), while a very 
high level of uniform coverage was obtained (>93.4% of the targets fell within a 10 fold difference in coverage). Our approach 
could confirm all known mutations in the 16 cancer samples analyzed in this study.

Introduction

Next generation sequencing has revolutionized the field 
of genomics. The availability of desktop sized sequencers 
is currently opening up a whole new world of medium 
scale targeted resequencing studies. Although the cost of 
exome or genome scale sequencing continues to decline, 
such experiments pose complex challenges from a data 
management and analysis point of view. Efficient capture 
of the genomic region of interest remains the most reliable 
and cost-effective way of performing multi-gene disease 
diagnostic sequencing or pharmacogenomics. This can be 
done by applying enrichment or amplification approaches 
on the genomic regions of interest prior to sequencing. In 
this way researchers can focus their time, expenses and data 
storage only on those regions of the genome in which they 
are really interested, and get the required coverage with  
full confidence. 

Based on years of experience in the field of high-throughput 
real-time PCR, WaferGen Biosystems recently established 
an innovative high-density PCR-based target-enrichment 
workflow in collaboration with Ghent University. In this white 
paper we describe the characteristics and performance of 
this new application.

A new type of high-density SmartChip was developed, 
on which one is able to enrich hundreds to thousands of 
target regions for four to one sample(s), respectively in less 

than 3 hours. Amplification of each target region occurs 
in an individual PCR reaction, making it highly efficient 
and nonsusceptible to multiplexing interference. After 
amplification, PCR products are directly captured and pooled 
(per sample) in separated tubes by means of centrifugation, 
requiring only minimal user intervention.

The work presented here demonstrates that a high level 
of sensitivity can be reached (96.7% and 97.3% of the 
targeted regions had a coverage depth of more than 40X 
and 10X, respectively). Most importantly, a uniform coverage 
was obtained (93.4% of the targets falling within a 10-fold 
difference in coverage), which clearly shows that our target 
enrichment (TE) approach is able to generate and capture 
equimolar concentrations of PCR amplicons. We were able 
to detect all known SNVs and small indels in the targeted 
regions in all samples analyzed in this study. The TE approach 
presented here enables genetic screening of multiple 
samples in a fast and cost-efficient manner.

An additional built-in quality control step allows the 
monitoring of the amplification reactions for each target 
individually in real-time: one is able to identify irregularities 
during the target enrichment step before moving forward 
with the (more expensive and time-consuming) sample prep 
and sequencing step. This is a great advantage compared to 
competing one-tube enrichment or amplification approaches.



Amplicons
Amplicons were designed using the primerXL software 
pipeline from Ghent University (www.primerxl.org) against 
genomic regions of 17 known cancer genes (PHOX2B, 
VHL, CDKN2A, PTEN, FLCN, MSH6, NF2, MLH1, PALB2, 
MSH2, TGFBR2, TGFBR1, NOTCH1, BRCA1, BRAC2, APC, 
and ATM). A total of 376 unique amplicons were designed, 
synthesized (IDT), and spotted on the SmartChips. 

Target Enrichment
Six four-quadrant SmartChips, each one containing 841 
nanowells per quadrant (see Figure 2), were used to 
perform target enrichment of 24 DNA samples (4 samples 
per SmartChip – 1 sample analyzed per quadrant). The 
Multi-Sample NanoDispenser was used to dispense 50nl of 
primer mix (500nM each) and 50nl of sample mix (360pg 
DNA) in the nanowells (both mixes contained SsoAdvanced 
SYBR PCR mix from Bio-Rad at a 1x final concentration). 
The SmartChips containing the assay and samples were 
cycled in the SmartChip Cycler using the following thermal 
parameters: 3 minutes at 95°C, 40 2-step cycles composed 
of 30 seconds at 95°C and 60 seconds at 60°C. Immediately 
following amplification, melt curve analysis was performed by 
ramping the temperature from 60°C to 97°C (0.4°C / step). 
After cycling, 4 disposable extraction fixtures were attached 
to each SmartChip, one fixture per quadrant, and PCR 
products were collected in 0.2 ml PCR tubes by means of 
centrifugation (1 sample per tube, see Figure 3).

Materials and Methods

The following figure summarizes the different steps in our 
workflow for sequencing targeted regions in DNA samples 
using the WaferGen SmartChip TE procedure. Each of these 
steps is also described in more detail in this section.

Experiment Set-Up 
Target enrichment of 376 unique genomic regions was 
performed in 24 samples.

Samples
A selection of 16 cancer cell lines and 8 control samples was 
included in this study (Table 1). The technical control samples 
were included to test reproducibility and consisted of normal 
genomic DNA from healthy controls (Roche and Promega) 
and DNA derived from another cancer cell line (MCF7). A 
total of 360pg DNA was used as input for each of the 376 
unique amplicons on the SmartChip.

Target-enrichment for Next-Generation Sequencing studies using the WaferGen SmartChip (Real-Time) PCR System
White Paper

Table 1. Sample information. Six 4-quadrant SmartChips were used  

(4 samples per SmartChip, one sample per quadrant). Singlet PCR 

reactions for all amplicons were done for 8 samples, duplicated PCR 

reaction were done for 16 samples.

Sample 
ID

Chip # Sample Name
# Replicated 

PCR Reactions
Type Tissue

1 1 MCF7 A 2 Cancer cell line Breast

2 1 Roche A 2 Healthy controls n/a

3 1 MCF7 B 2 Cancer cell line Breast

4 1 Roche B 2 Healthy controls n/a

5 2 786-O 2 Cancer cell line Kidney

6 2 HCT-15 2 Cancer cell line Colon

7 2 MDA-MB-231 2 Cancer cell line Breast

8 2 OVCAR-5 2 Cancer cell line Ovarian

9 3 MOLT-4 2 Cancer cell line Leukemia

10 3 DU-145 2 Cancer cell line Prostrate

11 3 SN12C 2 Cancer cell line Kidney

12 3 BT-549 2 Cancer cell line Breast

13 4 IGROV-1 2 Cancer cell line Ovarian

14 4 CCRF-CEM 2 Cancer cell line Leukemia

15 4 PC3 2 Cancer cell line Prostrate

16 4 HCT116 2 Cancer cell line Colon

17 5 Roche A 1 Healthy controls n/a

18 5 ACHN 1 Cancer cell line Kidney

19 5 HT-29 1 Cancer cell line Colon

20 5 MCF7 1 Cancer cell line Breast

21 6 Roche B 1 Healthy controls n/a

22 6 Promega A 1 Healthy controls n/a

23 6 Promega B 1 Healthy controls n/a

24 6 RPMI-8226 1 Cancer cell line Leukemia

EXPERIMENT DESIGN
• 24 samples (16 cancer cell lines and 8 control samples)
• 17 cancer genes (271 exons)

PRIMER DESIGN
• 376 unique PCR assays
• primerXL assays (Ghent University)

AMPLICON GENERATION
• Six 4-quadrant SmartChips, each containing a total of 3364 100 nl nanowells
• Assays and samples dispensed using WaferGen’s Multi-Sample Nanodispenser
• SmartChips cycled in SmartChip Cycler

PCR PRODUCT EXTRACTION
• Disposable extraction fixtures (one per sample)
• PCR product directly collected in 200µl tubes using centrifugation

SAMPLE PREPARATION
• QC
• Nextera XT (Illumina)
• 1ng sample pool 

AUTOMATED SEQUENCING
• MiSeq (Illumina)
• 1 run (2* 150bp, 1.5Gbp output)

DATA-ANALYSIS
• Coverage
• Mutation Analysis

Figure 1. Workflow. 



Sequencing
Sequencing pool was diluted to 10nM, and finally 95% 
Sequencing pool (6pM) and 5% Phix control (8pM) were 
mixed and loaded into the flowcell of an Illumina MiSeq  
(2* 150 bp; 1.5Gbp output) for automated sequencing.

Results

Coverage
An overview of the coverage of all 376 amplicons sequenced 
within this study is shown in Figure 4. Each bar represents 
a box plot of the normalized coverage of a given amplicon 
across all 24 samples. Outliers are marked with a dot. 
Normalization is performed by dividing the observed 
coverage with the total number of reads per sample, in 
order to remove library preparation and sequencing induced 
variation. Figure 4 shows that 96.7% and 97.3% of the 
amplicons show a coverage that is greater than 40x and 10x, 
respectively. 93.4% of the sequenced targeted regions lie 
within a 10-fold coverage range (150x-1500x), 90.4% within 
5-fold coverage range (250x-1250x) and 76.7% within a 3-fold 
coverage range (366x-1100x). Figure 5 shows a distribution 
plot of the normalized coverage per targeted region. This 
demonstrates that our approach is well suited for generating 
pools of amplicons at equimolar quantities, which decreases 
costs and increases confidence of calling all variants.

Sample Preparation
PCR pools were purified using AMPure beads XT. The 
concentration of each pool was measured using Qubit, 
and fragment analysis occurred on a Bio-Analyzer HS chip. 
Nextera XT (Illumina) library preparation on all 24 PCR pools 
occurred following the manufacturers recommendation using 
1ng of each sample pool as input: in short, a dual barcoding 
occurred during amplification which was then followed by 
purification on AMPure beads. The molarity of each library 
was determined using the concentration (measured by Qubit) 
and fragment length (BioAnalyzer, Agilent). Libraries were 
diluted to equal molarity and finally pooled by using equal 
volumes of each library.
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Figure 3. Extraction device for PCR products. Four-quadrant chip to 

which 4 disposable extraction fixtures + 200µl tubes are attached in which 

PCR product is collected (left picture). Centrifuge fixture shown on right.

Figure 2. Four-quadrant chip. Each quadrant contains 841 nanowells. One 

chip can process 1, 2 or 4 samples for a maximum number of 3364, 1682, 

and 841 amplicons, respectively. 

Figure 4. Distribution of coverage across all targeted regions and 

samples. Normalized coverage for each targeted region in all 24 samples, 

ranked from low to high coverage. Each bar represents a box plot of 

the normalized coverage of a given amplicon across all 24 samples. The 

bottom and top of each box represents the 25th and 75th percentile in the 

data. The band near the middle represents the median value. The ends of 

the whiskers represent the minimum and maximum values, and outliers -if 

any- are shown by open circles.
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An alternative way to demonstrate the good coverage 
uniformity is by comparing the coverage results between 
all 24 samples (Figure 6) or by plotting the cumulative 
distribution of the normalized coverage for each sample over 
all amplicons (Figure 7).

Reproducibility

Control samples were used in this study to check the 
performance of our target enrichment approach. As can be 
observed in Figure 8, a high normalized coverage correlation 
of 0.91 was obtained between two identical samples that 
were independently processed on two different SmartChips. 
Singleton PCR reactions were run for both samples. Similar 
plots were generated for all other control samples run in 
either singleton or duplicated format (see Table 1) and 
correlation coefficient ranged from 0.92 to 0.95 (data  
not shown).

.4

0 500 1000 1500 2000 2500

.2

0

.6

.8

1.0

C
um

ul
at

iv
e 

D
is

tr
ib

ut
io

n 
(%

 o
f 

A
m

p
lic

o
ns

)

Sample Comparison

Normalized Coverage

Target-enrichment for Next-Generation Sequencing studies using the WaferGen SmartChip (Real-Time) PCR System
White Paper

Figure 6. Distribution of normalized coverage across all targeted 

regions for each sample. Each bar represents a box plot of the 

normalized coverage of a given sample across all targets. The bottom 

and top of each box represents the 25th and 75th percentile in the data. 

The band near the middle represents the median value. The ends of the 

whiskers represent the minimum and maximum values, and outliers -if any- 

are shown by open circles.
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Figure 5. Distribution plot of normalized coverage per targeted region
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Figure 7. Comparison of coverage for all 24 samples. Cumulative 

distribution plot (in % of amplicons) of the normalized coverage on a per 

sample basis (one color per sample).

Figure 8. Reproducibility of the target enrichment approach. 

Correlation plot of the normalized coverage for two identical samples 

processed on different SmartChips in singlet PCR reactions for  

each amplicon.



A high normalized-coverage correlation of more than 
0.91 was obtained for two identical samples that were 
independently processed, showing that the amplification and 
extraction process is very reproducible.

All known variants/mutations that are present in the cancer 
cell lines analyzed in this study were detected using 
WaferGen’s TE approach.

By running individual PCR reactions per amplicon there is  
no risk of interference that is often involved in multiplex  
PCR, where primers, probes, targets or amplicons can interact 
with each other resulting in the formation of primer-dimers 
and non-specific products. In addition thereto, all assays in 
a single-tube multiplexed format will compete for the same 
reagents, which has an impact on the performance of the 
assays and in the end also on the equimolarity across  
all amplicons.

Because WaferGen’s target enrichment method amplifies 
each target in an individual PCR reaction, one is able to 
inspect the success of the amplification reaction for each 
amplicon and to identify eventual irregularities during the 
target enrichment step, before moving forward with the 
(more expensive and time-consuming) sample preparation 
and sequencing step. This can be done either by monitoring 
of the amplification reactions for each target individually in 
real-time, or by performing end-point measurements of each 

Mutation Analysis
An overview of all mutations/variants known in the cancer cell 
line samples that were analyzed in this study can be found on 
the following website:

http://www.sanger.ac.uk/perl/genetics/CGP/core_line_
viewer?action=nci60_list.

Our approach could confirm all known mutations in the 16 
cancer samples analyzed in this study (Table 2).

Discussion

One of the main challenges in conducting accurate and 
efficient targeted re-sequencing using next-gen methods 
is the target enrichment step. With WaferGen’s PCR-based 
target-enrichment method, one is able to enrich hundreds 
to thousands of target regions by amplifying each target in 
an individual PCR reaction thereby avoiding multiplexing 
interference. In a typical run, excellent sensitivity was reached 
(covering 96.7% and 97.3% of the targets more than 40X and 
10X, respectively), while a very high level of uniform coverage 
was obtained (>93.4% of the targets fell within a 10 fold 
difference in coverage).
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Table 2. Overview of all mutations/variants that are known to be present in the genes that were analyzed in the cancer cell line samples in this study. 

Sample ID Name # repl Gene Position (prot) Position (cdna) Position (genome)

5 786-O 2 repl PTEN p.Q149* c.445C>T 10:89692961

VHL p.G104fs*55 c.311delG 3:10183842

6 HCT-15 2 repl APC p.I1417fs*2 c.4248delC 5:112175539

APC p.R2166* c.6496C>T  5:112177787

BRCA2 p.N1784fs*7 c.5351delA 13:32913837

BRCA2 p.C1200fs*1 c.3599_3600delGT 13:32913837

MSH6 p.L290fs*1 c.868delC 2:48025990

MSH6 p.D1171fs*4 c.3511_3516>T  2:48032121

7 MDA-MB-231 2 repl NF2 p.E231* c.691G>T  22:30057209

8 OVCAR-5 2 repl - N/A N/A N/A

9 MOLT-4 2 repl NOTCH1 p.P2515fs*4 c.7544_7545delCT  9:139390649

PTEN p.K267fs*9 c.800delA 10:89717775.

10 DU-145 2 repl MLH1 p.? c.117-2A>T 3:37038108

11  SN12C 2 repl NF2 p.? c.115-1G>C  22:30032739

12  BT-549 2 repl PTEN p.V275fs*1 c.823delG 10:89720672

13  IGROV-1 2 repl MLH1 p.S505fs*3 c.1513delA  3:37070378

MSH6 p.F1088fs*2 c.3261delC 2:48030647

14  CCRF-CEM 2 repl MLH1 p.R100* c.298C>T 3:37042536

MLH1 p.? c.790+1G>A 3:37056036

NOTCH1 p.R1595>PRLPHNSSFHFLR c.4783_4784ins36 9:139399362

15  PC3 2 repl - n/a n/a n/a

16  HCT116 2 repl MLH1 p.S252* c.755C>A 3:37056000

18 ACHN 1 repl NF2 p.R57* c.169C>T 22:30032794

19 HT-29 1 repl APC p.E853* c.2557G>T 5:112173848

APC p.T1556fs*3 c.4666_4667insA 5:112175957

20 MCF7 1 repl - n/a n/a n/a

24 RPMI-8226 1 repl - n/a n/a n/a
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individual reaction. This is a great advantage compared to 
competing one-tube enrichment or amplification approaches 
where one has no visibility on the success of the target 
enrichment or amplification step. 

During panel development the addition or removal of assays 
can be easily done when making use of WaferGen’s target 
enrichment approach. It has no impact on the (existing) 
assays that are targeting the other regions of interest 
because reactions are run in individual mode. This in contrary 
to other target enrichment technologies that use single tube 
multiplexed approaches where one needs to re-optimize 
all other assays upon a change in the target region, which 
is an expensive and time-consuming endeavor (costs/time 
increase with the number of targets).

A detailed report of the study described in this white paper 
will be a subject of a soon to be published paper. Additional 
much broader TE studies are underway in conjunction with 
Ghent University and other collaborating institutions.

Conclusions

One of the main challenges for targeted next-generation 
sequencing methods is the target enrichment step for which 
the key goal is an optimal and uniform coverage of all target 
regions. In the present study, an excellent sensitivity was 
reached (covering 96.7% and 97.3% of the targets more than 
40X and 10X, respectively), while a very high level of uniform 
coverage was obtained (>93.4% of the targets fell within a  
10 fold difference in coverage). Our approach could confirm 
all known mutations in the 16 cancer samples analyzed in  
this study.


