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ABSTRACT: We developed a microﬂuidic device to perform
multiplex single-cell whole-genome ampliﬁcation (WGA) using
multiple annealing and looping-based ampliﬁcation cycles
(MALBAC). This device, made of polydimethylsiloxane
(PDMS), allows us to monitor the whole process of cell loading
and single-cell WGA for sequencing. We show that the genome
coverage of MALBAC ampliﬁcations is reproducible between
chambers on a single chip and between diﬀerent chips, which
enables data normalization using standard samples to accurately
identify copy number variations (CNVs). This device provides an
easy-to-operate approach to perform single cell sequencing library
preparation with minimum hands-on time. It reduces the requirement of manual expertise as well as the risk of contamination,
which is essential in future applications especially the medical diagnosis.

H

One of the major obstacles in single cell genomic studies is
that the ampliﬁcation process is prone to contamination from
exogenous DNA fragments and pre-existed genetic materials.
Microﬂuidic devices that typically deal with nanoliter instead of
microliter reactions intrinsically reduce the likelihood of
contamination. Such a feature is previously demonstrated by
quantitative PCR,18,19 transcriptome sequencing,20 and MDA.21
Here, we present a novel microﬂuidic device to perform
multiplex single-cell WGA using MALBAC. Up to eight singlecell MALBAC reactions can be performed in parallel using a
single device. The whole WGA process, including cell lysis and
a two-step MALBAC process containing preampliﬁcation and
PCR ampliﬁcation, can be completed within 4 h with minimal
hands-on time. The results are reproducible between chambers
on a single chip and between diﬀerent chips. The samples share
a similar pattern on sequencing ampliﬁcation bias, which enable
us to perform a robust intersample normalization.
All devices were fabricated using multilayer soft lithography.22 Each microﬂuidic chip has eight ampliﬁcation units,
and each unit contains three cascading chambers (Figure 1a): a
cell lysis chamber (75 nL), a MALBAC preampliﬁcation
chamber (500 nL), and a MALBAC PCR chamber (500 nL).
The height of the chambers is 50 μm. The width of the
common channel is 250 μm, while the width of the channels
between the chambers is 420 μm. Additional channels (not
shown in the ﬁgure) are added around the control channels to
decrease sample evaporation during thermocycling. We chose

igh throughput sequencing is becoming one of the most
powerful tools to collect complex data for cutting-edge
biology and medical research. Single cell sequencing, by
investigating the genomic heterogeneity among cells, reveals
the hidden information that is often masked by bulk
measurement.1 Single cell genome sequencing enables more
delicate analysis on challenging topics including haplotype
analysis,2 cancer genomics,3 and genomic variability.4 Research
with limited numbers of cells as starting material, such as
embryo samples,5−7 circulating tumor cells,8,9 and primary
neurons,10 also requires single cell genome sequencing and
analysis. While the high-throughput sequencing is getting more
and more aﬀordable, the sample preparation, especially the
sequencing library construction from single cells, becomes a
challenge.
Whole genome ampliﬁcation (WGA) is required for single
cell genome sequencing because a single mammalian cell
contains only a few picograms of genomic DNA, which is far
from enough for preparing the sequencing library. Several
WGA methods have been developed to produce nano- to
microgram DNA fragments from a single cell. Among these
methods, polymerase chain reaction (PCR)-based WGA (for
example, DOP-PCR)11,12 and multiple displacement ampliﬁcation (MDA)13,14 have shown promising results in a variety of
applications. However, these methods suﬀer from signiﬁcant
ampliﬁcation bias and uneven coverage across the whole
genome.15,16 A recently developed method, multiple annealing
and looping-based ampliﬁcation cycles (MALBAC),17 has
shown improved ampliﬁcation uniformity across the whole
genome and also provides a higher sequencing coverage.
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Figure 1. An integrated microﬂuidic device designed for single-cell MALBAC reactions. (a) Schematics of the device showing the ﬂuidic channels
(purple) and the control channels (magenta). (b) The operation of MALBAC reactions on a chip. Cells are suspended in PBS, and single cells are
loaded manually by controlling the corresponding valves. Then, the cells are lysed and a two-step MALBAC reaction is performed. (c) Thermocycler
and imaging system for the MALBAC reaction device. The PDMS chip is bonded to a Si wafer and placed on a Peltier device, which is attached to a
water cooler. (d) Scattering of a single cell on-chip.

ran 10 cycles of MALBAC preampliﬁcation (for each cycle: 30 s
at 20 °C, 30 s at 30 °C, 30 s at 40 °C, 30 s at 50 °C, 30 s at 60
°C, 180 s at 70 °C, 20 s at 95 °C, and 10 s at 58 °C). The chip
was held at 4 °C when the cycles were done, and the common
channel was cleaned by water and air. Finally, the MALBAC
PCR buﬀer was loaded into the chambers. The reagents were
ﬂushed into the chamber and mixed with the preampliﬁcation
product through diﬀusion. We ﬁrst held the chip at 95 °C for 3
min and then run 16 cycles of MALBAC PCR ampliﬁcation
(for each cycle: 20 s at 95 °C, 10 s at 58 °C, and 180 s at 70
°C). We collected the ampliﬁcation product using pipet tips
from outlets of the chambers.
We built a customized thermocycler coupled with an imaging
system for the microﬂuidics WGA devices (Figure 1c). We put
two Peltier devices between a water-cooled heat sink and an
aluminum block. We bonded the polydimethylsiloxane
(PDMS) chip with a silicon wafer that has intrinsically good
heat conductance. A telecentric lens (2.0× Silver Series,
Edmund Optics, NJ, USA) with an illuminator was set above
the chip. We monitored the loading, lysis, and ampliﬁcation
steps of every single cell in the experiments using a monocolor
CMOS camera (EO-5012M, 5 mega pixels, 1/2 in. size,
Edmund Optics, NJ, USA). The cell could be clearly observed
through light scattering without speciﬁc labeling (Figure 1d).
Each single-cell WGA reaction yielded a total amount of
DNA around 50 ng, which reﬂects ca. 8000-fold ampliﬁcation
from the genomic DNA in one single cell. The ampliﬁcation
was reproducible and validated by quantitative PCR (qPCR,
Table S1 and Figure S1, Supporting Information). We
randomly picked six single-cell ampliﬁcation products to
construct libraries for next-generation sequencing using the
Illumina HiSeq platform. In addition, two single mESCs were
selected to perform the MALBAC reactions in tube for

mouse embryonic stem cells (mESCs) as our model system
through the experiments.
The chip and tubes were exposed under UV for 30 min
before the experiment to further eliminate the possible
contaminations. For each single cell, the operation procedure
on-chip is shown in Figure 1b. We washed mESCs with
phosphate-buﬀered saline (PBS) and suspended the cells to a
concentration of about 104−105 cells/mL and then used
compress air to drive the cell suspension into the common
channel of a microﬂuidic device. After the common channel is
ﬁlled, we tuned the inlet pressure to a low level. We
continuously monitored the cell loading procedure under the
microscope to ensure that each reaction chamber has only one
cell inside. When a single cell ﬂew into an ampliﬁcation unit, we
manually actuated the corresponding valves to trap the cell and
isolate it from others. We repeated this procedure for loading
other single cells. Usually, it took less than 5 min to load 6
single cells and 2 negative controls into the chambers for a
single chip. We rinsed the common channel with PBS to
remove untrapped cells or debris, ﬂushed the channel with
compressed air, then rinsed it with water, and ﬁnally ﬂushed it
with air.
The WGA process starts with cell lysis. We opened the
trapping valves and transferred single cells to lysis chambers
using lysis buﬀer (30 mM Tris-HCl, 10 mM KCl, 5 mM EDTA,
0.5% Triton-X100, with 2 mg/mL Protease (Qiagen, CA,
USA)) that freshly ﬁlled in the common channel. The lysis step
took 90 min at 50 °C. Then, the protease in the lysate was
inactivated at 75 °C for 20 min. The common channel was then
thoroughly rinsed with water and ﬂushed with air at 4 °C. We
then injected the MALBAC preampliﬁcation buﬀer into the
reaction and ﬁlled the ﬁrst two sections in each reaction
pipeline. The mixing was completed by passive diﬀusion, and
we then raised the temperature to 95 °C for 3 min, and then
9387
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Figure 2. Sequencing coverage ratios of single mouse ES cells. Sequencing coverage depth (a) and GC content (b) across the whole genome of two
single cells from two separate chips. (c) GC content normalization of samples #3 and #6, which exhibit eﬀective reduction of the ampliﬁcation bias.
(d) Intersample normalized sequencing coverage ratios of samples #3 and #6. The binning window is 3 Mb. The red line indicates a ratio of 2. (e)
The CV of coverage ﬂuctuation of the four normal cells before and after the correction, with both GC content or cross-sample normalization
approaches, in diﬀerent binning window sizes.

with a binning window size of 3 Mb. We compared the GC
content pattern with the sequencing coverage depth across the
whole genome and observed a strong positive correlation
between them at 3 Mb resolution (Figure 2a,b). We then tested
if the ampliﬁcation bias can be simply corrected by just taking
GC content into account. For each bin, the factor for CG
content correction was calculated as below:

comparison. We sequenced about 0.7 G bases for each library
with 100bp paired-end reads.
We ﬁrst estimated the contamination level of all the samples
by analyzing the species origin of the sequencing data. The
sequencing data was uploaded to Metagenomics-RAST23 and
processed using a standard routine. We obtained a group of
sequences featuring a hit to the metagenome database and
sorted them in taxonomic hit distributions. We removed the
sequence annotated to Rodentia. We also removed the
unassigned or unclassiﬁed sequences. In each library, the
contamination level was presented by dividing the number of
non-Rodentia-originated sequences by the total number of
sequences that passed the quality control. The WGA on the
microﬂuidic device showed a signiﬁcant drop in contamination
level (Figures S2 and S3, Supporting Information). For the
libraries prepared through conventional MALBAC reaction intube, the average contamination level was about 4.8%, while
those prepared through the microﬂuidic approach had a
contamination level reduced by half. The average contamination ratios of libraries produced from microﬂuidic chip 1 (3
samples) and microﬂuidic chip 2 (3 samples) were 2.2% and
2.6%, respectively.
Figure 2a shows the distributions of sequencing coverage
ratio across the whole genome for 2 of the 6 single mESCs
from 2 chips (also see Table S2, Supporting Information). For
each plot, the coverage ratio has been rescaled by the mean
read-count of each sample. The plots clearly show the similar
sequencing coverage patterns between diﬀerent individual cells,
indicating that MALBAC has intrinsic sequence-dependent
ampliﬁcation bias. Uneven ampliﬁcation across the whole
genome will introduce diﬃculties to identify the copy number
variations (CNVs), which are the most important signatures for
cancers and other diseases.24−26 However, the sequencedependent ampliﬁcation bias provides a unique opportunity
to perform the normalization of the sequencing coverage.
We ﬁrst investigated the relationship between the ampliﬁcation bias and the local GC content at the diﬀerent genome sites.
We calculated GC content across the whole mouse genome

F = (C − 0.35)2
where F was the correction factor and C was the GC content in
the selected bin. The sequencing coverage ratio in the selected
bin was divided by the correction factor and ﬁnally normalized
by the average of the corrected ratios across the whole genome.
The normalization exhibited eﬀective reduction of the
ampliﬁcation bias (Figure 2c). However, notable ﬂuctuations
of coverage could still be found in some regions, especially in
those with low GC content.
We then tested if the rectiﬁcation procedure could be further
improved by normalizing the sequencing coverage through the
intersample correction, using the coverage curve of one
representative cell as the standard. We ﬁrst performed the
cross-normalization between any of the two cells from the six
sequenced samples using large binning windows (10 and 50
Mb) and calculated the coeﬃcient of variation (CV) of each
correction result (Tables S3 and S4, Supporting Information).
We found that, as expected, not every single cell was identical
and the cross-sample normalization unveiled the noticeable
diﬀerence between samples. We thus chose the average
coverage curve of three samples with lower average CV values
(samples 2, 5, 6 for sample 3, and samples 2, 3, 5 for sample 6)
as the “standard” curve to perform the normalization for all
samples (Figure 2d). Samples 2, 3, 5, and 6 showed normal
copy numbers, two for all the autosomes, along the whole
genome.
We compared the CV of the coverage ﬂuctuation of the four
normal cells before normalization with that after two
normalization methods, GC content correction and cross9388
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Figure 3. (a) The correlation between GC content and sequencing coverage depth across the chromosome 1. Binning window size is 100 kb. (b)
Correlation between GC content and sequencing coverage depth of six single-cell samples. Binning window size is 1 Mb.

with other functions such as cell staining, sorting,28−30 and
enrichment31 at the front end, as well as the potential to extend
the throughput by simply adding more reaction pipelines on
one single chip.
The sequence-dependent ampliﬁcation eﬃciency enables the
intersample correction of sequencing coverage bias, leading to a
more accurate identiﬁcation of copy number in a higher
resolution. A previous study using a single E. coli cell shows that
MALBAC has inherent bias in ampliﬁcation which is not
strongly aﬀected by gain.27 Our result on mammalian cells
suggests that the intrinsic ampliﬁcation bias probably comes
from GC content of diﬀerent sequence regions, which further
aﬀect the annealing and extending eﬃciency during the
multiple preampliﬁcation cycles. By a simple correction factor
calculated from GC content, the sequencing coverage ratio can
be corrected without a standard sample. Although the result of
this method shows higher noise and CV, this approach provides
an ab initio method to improve the accuracy of CNV
determination for those applications in which no “standard”
cells exist due to the intrinsic heterogeneity between cells, for
example, the single cells isolated from cancer tissues. We also
envision that by better ﬁtting the sequencing coverage ratio−
GC content curve, a more detailed procedure may be further
optimized to improve the correction.
In summary, we present a novel microﬂuidic device to
perform the high-throughput single-cell MALBAC wholegenome ampliﬁcation reactions. This device greatly reduces
the cost of reaction for each sample and eliminates the
exogenous contamination during WGA. The whole-genome
ampliﬁcation reactions are reproducible, enabling the robust
sequencing coverage correction between the samples to achieve
accurate identiﬁcation of copy number variations across the
whole genome at a ﬁne scale. We also discover the relationship
between GC content of genome region and the ampliﬁcation
bias with our methods. The ab initio correction through GC
content can noticeably improve the ampliﬁcation evenness of
MALBAC without using any “standard” cell as a reference. Our
microﬂuidic method is suitable for whole-genome ampliﬁcation
of multiple single cell samples with a minimum requirement of

sample correction, using diﬀerent sizes of binning windows
(Figure 2e). Both the GC content correction and intersample
normalization process could signiﬁcantly improve the accuracy
and resolution of copy number identiﬁcation. Among these two
correction approaches, the intersample normalization exhibited
lower noise and CV, while a pure GC content correction
demonstrated the great potential to identify the CNVs without
“standard sample”.
Each MALBAC primer contains eight random nucleotides, in
which part the GC ratio is measured to be 78%. We found that,
in our microﬂuidic MALBAC experiments, the ampliﬁcation
product exhibited a GC ratio of 50% (Table S5, Supporting
Information), which was substantially higher than that of 40%
for the entire mouse genome. This observation implies that
MALBAC ampliﬁcation favors GC rich regions during the
reaction,17 probably due to the GC dominant random section
of the primers. Furthermore, this correlation can still be
observed when the binning window is reduced to 100kb
(Figure 3a); higher GC content greatly facilitated the
ampliﬁcation and consequently elevated the coverage (Figure
3b), causing the ampliﬁcation bias across the whole genome.
The MALBAC reaction on the microﬂuidic platform has
several advantages over the conventional operations performed
in micro PCR-tubes. First, the small reaction volume (total 1.1
μL per reaction) signiﬁcantly reduces the cost per sample to 1/
30 of the tube-based MALBAC reactions, making the potential
large-scale single-cell sequencing survey of the complex system
more aﬀordable. Furthermore, the reduction of cell lysis volume
and reaction volume also signiﬁcantly eliminates the exogenous
contamination that is inevitably embedded in the reagents.
Small and enclosed microﬂuidic environments also make the
reactions more robust against contamination.27 Third, the cell
selection and conﬁrmation can be continuously monitored
under a microscope, ensuring that only single cells are isolated
into the reaction chambers and the cells are completely lysed.
Fourth, with lithographically deﬁned reaction chambers, the
multistep ampliﬁcation reactions will be more reproducible
than conventional tube-based operations.20 Last but not least,
the microﬂuidic platform enables great ﬂexibility of integration
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single-cell handling skills. In the further development, the
device can be extended to a higher throughput and the
technique may be integrated with other microﬂuidic cell
analysis technologies.
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1. Experimental
1.1 Mold fabrication
The silicon molds were fabricated by photolithography. We designed photomasks with CAD software
(AutoCAD, Autodesk Inc., CA, USA). We used SU-8 2025 photoresist (MicroChem, MA, USA) to fabricate
the mold of the control layer, with thickness of 40 µm by spinning the wafer at 2000 rpm for 60 s. The wafer
was prebaked at 65 °C for 5 min and 95 °C for 10 min. The exposure took 10 s, then the wafer was
postbaked at 65 °C for 5 min and 95 °C for 10 min. After development, the wafer was hard-baked at 150 °C
for 2 h. We used AZ50XT photoresist (AZ Electronic Materials, NJ, USA) to fabricate the mold of the flow
layer, with thickness of 50 µm by spinning the wafer at 1000 rpm for 60 s. The wafer was also prebaked at
65 °C for 5 min and 95 °C for 10 min. The exposure took 20 s and the mold was developed. The channels
were rounded by thermal reflow.
1.2 PDMS chip fabrication
All devices were fabricated using multilayer soft lithography. The molds were first treated with trimethyl
chlorosilane vapor for 5 min to prevent PDMS from bonding to the patterned photoresist. The flow layer
was made from a mixture of PDMS (RTV615, A : B = 5:1, General Electric). 30 g mixture was poured on
the mold, degased and baked for 18 min at 80 °C. The control layer was made from another mixture of
PDMS (RTV615, A : B = 20:1). The mixture of PDMS was coated on the control mold by spinning the mold
at 1700 rpm for 1 min. Then the control layer was baked for 25 min at 80 °C. The two layers were manually
aligned and boned together by baking at 80 °C for 40 min. A mixture of PDMS (RTV615, A : B = 10:1) was
poured on a clean silicon wafer. The wafer was spinning at 900 rpm for 1 min and then baked at 80 °C for
7min. The chip was bonded to this substrate by baking at 80 °C over night. The chips were stored in clean
room before use.

1

1.3 Reagents
MALBAC reaction reagents were purchased from Yikon Genomics (Taizhou, China). Reactions are
supplemented with additional deoxy-ribonucleotide triphosphates (0.3 mM) and primer (0.5 M). PCR
grade water was purchased from Ambion (Life Technologies, NY, USA).
1.4 Primer sequences
The MALBAC primers and quantitative PCR primers were purchased from Invitrogen (China). The
MALBAC pre-amplification primers have a common 27-nucleotide sequence and 8 variable nucleotides
while the MALBAC PCR amplification primer only has the common sequence. The common 27-nucleotide
sequence is GTG AGT GAT GGT TGA GGT AGT GTG GAG. Primer sequences for quantitative PCR to
test the amplification results of single-cell whole genome amplification are listed in Supplementary Table
S1.
1.5 Cell loading procedure
mESCs was washed and suspended to phosphate-buffered saline (PBS) for loading. The whole procedure
was monitored under the home-built imaging system. Before the operation, all the valves were closed. The
cell suspension was first loaded into a piece of silicone micro-tubing. Then the control valve of the common
channel inlet was opened. The cell suspension was driven into the common channel using compress air
(~15 psi). After the common channel is filled, we tuned the inlet pressure to a low level (~1 psi). By quickly
opening and closing the valve of the common channel outlet, a target cell in the common channel can be
moved to the inlet of a target chamber. The inlet valve of the target chamber was opened and the cell was
flushed into the selected amplification unit. After the cell was loaded into the chamber, the inlet valve of the
selected chamber was closed again. We repeated this procedure for loading other single cells into other
chambers. Finally the common channel was rinsed with PBS to remove untrapped cells or debris, and
flushed with compressed air, and then rinsed with water, and finally flushed with air again. For a single chip
with six single cells and two negative controls, it usually takes less than 5 min to complete the cell loading
procedure.
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2. Supplementary Tables
Supplementary Table S1: Primers for quantitative PCR to test the amplification results of single cell
whole genome amplification.
Primer
Chr1

Chr2

Chr3

Chr4

Chr5

Sequence
CAGCCAGGTGAAGACTTTCTTTGTA
GAGAGCTATTTTTGCAGTTCCATCA
CATGACCTGTACACCACTTCATCAG
ATCTGCCTATTTGCTTAGGATGGAG
GAAGCGAATCACAGTAGAGAACAGC
CCCTTACAGGCTGAGTTCTTCAAAT
GATTCCTCAGTTATGTTGGCAGAGA
GAACAAGCAAGCTTTGAGAGTTGAC
GTTCTGTGTGTGTGAAATCAGGATG
CAATATGCATCTTATCTGGGCTGAC
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Supplementary Table S2: Quantitative PCR results of 12 single cell samples and 4 negative controls
(NC). Ct (threshold cycle) values of different primers are shown.
Chip

Sample

Chr1 Ct

Chr2 Ct

Chr3 Ct

Chr4 Ct

Chr5 Ct

Amplified

Selected as

1

1

21.5

24.4

N/A

21.9

28.5

Yes

1

2

30.1

22.7

25.2

26.8

22.1

Yes

1

3

22.0

25.8

26.9

23.2

22.4

Yes

1

4

24.2

24.6

22.0

21.7

27.0

Yes

1

5

24.4

22.9

22.3

20.5

27.7

Yes

1

6

19.0

24.6

31.0

21.7

29.4

Yes

1

NC1

N/A

27.2

N/A

N/A

N/A

No

1

NC2

34.0

33.5

33.5

N/A

N/A

No

2

1

23.7

31.3

33.6

N/A

29.7

No

2

2

21.9

35.7

22.1

29.5

31.2

Yes

Sample 4

2

3

25.5

21.1

26.6

20.8

25.3

Yes

Sample 5

2

4

25.1

24.2

20.6

22.8

24.7

Yes

2

5

22.8

26.6

22.4

N/A

26.0

Yes

2

6

23.6

25.8

23.0

21.7

26.8

Yes

2

NC1

33.5

33.7

18.1

N/A

N/A

No

2

NC2

36.6

33.3

N/A

N/A

37.3

No

Sample 1

Sample 2

Sample 3

Sample 6

!
!
!
!
!
!
!
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Supplementary Table S3: Average CV of cross-normalization between any of two cells from the six
sequenced samples. Binning windows size is 10 Mb
Standard

Sample 1

Sample 2

Sample 3

Sample 4

Sample 5

Sample 6

Sample 1

-

0.319

0.265

0.441

0.233

0.268

Sample 2

0.381

-

0.223

0.364

0.260

0.208

Sample 3

0.288

0.240

-

0.389

0.241

0.171

Sample 4

0.526

0.382

0.459

-

0.337

0.355

Sample 5

0.261

0.258

0.287

0.312

-

0.213

Sample 6

0.290

0.237

0.182

0.347

0.207

-

Average

0.349

0.287

0.283

0.371

0.256

0.243

Sample

Supplementary Table S4: Average CV of cross-normalization between any of two cells from the six
sequenced samples. Binning windows size is 50 Mb
Standard

Sample 1

Sample 2

Sample 3

Sample 4

Sample 5

Sample 6

Sample 1

-

0.287

0.234

0.443

0.223

0.261

Sample 2

0.344

-

0.168

0.319

0.184

0.169

Sample 3

0.245

0.173

-

0.352

0.173

0.130

Sample 4

0.536

0.371

0.439

-

0.331

0.354

Sample 5

0.242

0.168

0.188

0.302

-

0.176

Sample 6

0.274

0.173

0.130

0.321

0.158

-

Average

0.328

0.234

0.232

0.348

0.214

0.218

Sample
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Supplementary Table S5: GC content in the random region of MALBAC primer and GC content in total
reads from sequencing data.
Sample

GC content in random region of primer

GC content in total reads

Sample 1

78.5%

50.1%

Sample 2

77.5%

50.3%

Sample 3

78.9%

50.9%

Sample 4

77.8%

49.4%

Sample 5

77.8%

49.2%

Sample 6

78.8%

50.6%
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3. Supplementary Figures

Figure S1. Quantitative PCR results of Chip 1 (A) and Chip 2 (B), including 12 single cell samples and 4
negative controls (NC).
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Figure S2. Comparison of contamination level of single cell MALBAC reactions between conventional
tube method and microfluidic method.

Figure S3. Top 4 contamination sources in tube samples and chip samples organized in order.
Compared to tube samples, contamination from Haemosporida is significantly reduced in chip samples.
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