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High-throughput microfluidic
single-cell RT-gPCR

A. K. White et al., "High-throughput microfluidic single-cell RT-gPCR," PNAS, 2011 Aug
23; 108(34):13999-4004.




Microfluidic single-cell RT-qgPCR
T T__T/T Common feed channel

A | /Sample loading lane with 50 cell
-l = = processing units in each lane.
DI U -
E 300 parallel RT-gPCR assays and
= executes all steps of single-cell capture,
i = ' lysis, reverse transcription, and qPCR.
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Cell Processing Unit

ii

iil

iv

400Hm

Each unit consists of (i) a reagent injection line, (ii) a 0.6-nL cell capture
chamber with integrated cell traps, (i) a 10-nL reverse transcriptiop

(RT) chamber, and (iv) a 50-nL PCR chamber.




Three Layers of the Device

Flow Layer
14um
~, 13um
Control Layer Air 24um

Blank Layer




Device
Operation

‘ Cell loading and capture

* Cell wash
N

85 °C for 7 min

Cell isolation and heat lysis g

Empty B Cell Suspension =~ Wash Buffer M RT Mix [l PCR Mix M Closed Valve [ Open Valve

6



- 2 puL 10x Reverse Transcription Buffer, 4 pL 5x RTstem-
D eV I Ce loop MiRNA primer from ABI, 1 uL. 100mM dNTPs,
1.34 pL of 50 UL Multiscribe Reverse Transcriptase,
- 0.26 pL of 20 UL RNase Inhibitor, 2 pL 1% Tween 20,
O pe rat I O n 9.4 nL PCR grade water.
G

‘ Cell loading and capture RT loading and mixing

—

A pulsed temperature RT protocol was carried out by
placing the microfluidic device on a flatbed
thermocycler (2 min at 16 °C, followed by 60 cycles of
30sat20°C,30sat42°C,and 1sat50 °C). RT
enzyme was inactivated at 85 °C (5 min), and then the
device was cooled to 4 °C.

‘ Cell wash

Cell isolation and heat lysis :

Empty B Cell Suspension =~ Wash Buffer M RT Mix Il P( W . n Valve



Device Operation

The device was transferred to an enclosure The PCR reagent was prepared with 25 pL of

for real-time PCR (Prototype version of 2x TagMan Universal Master Mix (ABI), 2.5
Biomark™ Instrument, Fluidigm). The — pL 20x Real-Time miRNA assays (primers and
real-time PCR enclosure consists of a probe, ABI), 5 uL of 1% Tween 20, and 7.5 pL
custom flatbed thermocycler, a xenon arc of PCR grade water.

lamp and filter set, and a CCD imager with — — —

optics for fluorescent imaging of the entire H @

device periodically during PCR
thermocycling (see description of real-time
PCR instrumentation below). PCRs were :|

PCR reagent priming

thermocycled with the following
conditions: 10 min at 95 °C, followed by 50

cycles of 15sat 95 °C and 1 min at 60 °C. |
Images were acquired at 60 °C. /%

PCR loading and mixing

—>|

Empty B Cell Suspen R Mix M Closed Valve [ Open Valve
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DNA fragments and oligonucleotides
for Polymerase Chain Reaction (PCR),



Polyoma virus JC DNA detection by PCR

in CSF of HIV infected patients with suspected progressive multifocal leukoencephalopathy

CSF was obtained from lumbar puncture and stored at —70 °C until further analysis.
CSF samples (500 pL) were thawed and centrifuged at 17,000 x g for 1 hrat 4 °C. The
pellet and 180 pL of supernatant were mixed and digested with Proteinase K for 1 hr
at 56 °C. DNA was extracted using a standard protocol that included phenol-
choloform extraction and ethanol precipitation. The final pellet was resuspended in 50
uL of nuclease-free water. Ten microliters of each DNA extract was used in the PCR
reaction using the forward primer AJ-1.5>-AAATGTTCCTCCAGTTCT-
3’ and the reverse primer AJ-2:5-ATTCACAATGCTTTTCCCA-3".
These primers amplify a fragment of 193 base pairs of the VP1 gene of J C V. The
cycling program consisted of 35 rounds of amplification. Each amplification cycle
consisted of denaturation for 30 sec at 94 °C, annealing for 30 sec at 55 °C, and
elongation for 30 sec at 72 °C. A final step of 72 °C was added. The PCR products
were concentrated by ethanol precipitation, coated onto microplate wells, and
detected by hybridization with biotinylated probe AJ-3 (5’ biotin-CTT G AT G
AATTTGGTGTTGGGC-3"). Absorbance was recorded in a microplate
reader following an enzyme-mediated colorimetric reaction . 10

AMERICAN CLINICAL LABORATORY, November 2001



Plasmid

Vctor
Q Claavaga site

Foralgn DNA
(a) Cleavage by Ecort  LLLLLEERERU LN T BRI EF PRI
endonuclease ' ] i
v Cleavage sites 1 2 3
Cleavage by EcoRl

| | andonuclaasa

(b}

Plasmid chimeara

Restriction
Nucleases

Bacteria

—> different enzymes
- 4 to 8 nucleotides
= to kill virus

- methylation at an A
or a C residue to
protect itself.

Hundreds available,



Target sequence

Enzyme | Organism from which derived (cut at *)
5'-->3
Ava | Anabaena variabilis C*CITCGAIGG
Bam HI | Bacillus amyloliquefaciens G*GATCC
Bgl 1l Bacillus globigii A*GATCT
Eco RI Escherichia coli RY 13 G*AATTC
Eco RII Escherichia coli R245 *CCAITGG
Hha | Haemophilus haemolyticus GCG*C
Hpa | Haemophilus parainflenzae GTT*AAC
Mbo | Moraxella bovis *GATC
Pst | Providencia stuartii CTGCA*G
Sma l Serratia marcescens CCC*GGG
Sstl Streptomyces stanford GAGCT*C
Sal | Streptomyces albus G G*TCGAC

e http://www.firstmarket.com/cutter/cut2.html
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incoming
deoxyribonucleoside
triphosphate

“thumb”™

template
strand

gap in
helix

“fingers” primer
strand
(B) “palm”

Figure 5-4 DNA Polymerase
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== AL 7 HYBRIDIZATION +dATP SYNTHESIS
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DNA fragments and oligonucleotides
for Polymerase Chain Reaction (PCR).



(B) separate DNA
strands and anneal DNA

separate DNA DNA primer ByIENaglEs /
strands and add Snih e _‘*H
primer Y / N
| — B S——
1 b |
/ \ — - L= d
| ] —= ]
i
ime—meeemmy  DNA oligonucleotide
D primers
f [ Y 1 — K 1 |/
region o - ]
double-stranded / ™~
chromosomal h
DNA to be
amplified \“_-H d
\
. FIRST CYCLE SECOND CYCLE
(producing two double-stranded (producing four double-stranded
DNA molecules) DNA molecules)

Polymerase Chain Reaction (PCR}



3" end of strand

5" end of strand template
('3 ’( >| strand
_O—I::'=O CH2
6 el |
HoC O 0= P i
primer
strand O k )
[0-P-Of mum &
@ O
HyC O O=P-O~
O
OH K >‘
dCTP “end O a2
fstrand O
O=P-O-
-0 P 0 P O- P O-HyC O O
O~ O WEs
' CHz
pvrophosphate | A | ©
O= E’ @7

incoming deoxvribonucleoside
triphosphate

Q
CH
O ¢

O=P-O~

O
5" end
of strand

Figure 5-3. Molecular Biology of the Cell, 4th Edition.

32 Q Q5
\ 'H \ 'H
C CH C E
| | thymine [ | cytosine
Or;fC\N/C%Q QJ'C\N’/C\N—H
| = = = |
: : - 8
= | E\
I\I N
H\“c"’N & v W cflc .
hydrogen
rLI (|: :U (|: bond
i
\C/ N e
| [
NH-__({/ adenine NH-__([/ guanine
/ \H / \H
Q q &

™~
sugar-phosphate backbone

Figure 4-4. Molecular Biology of the Cell, 4th Edition.

dNTP: dATP, dCTP,
dGTP and dTTP
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PCR Chip

Input

17
Li and Chen, IMECE 2002



MicroRNA: mIRNA

Halrpin pri-microRNA
(primarny micro RMA)

Exportin-5
1 A protein called exportin-5 transports . i
a hag?in primary microRNA (pri-miRNA) 22 Meanwhile, one of the strands joins a
out of the nucleus. grpupof pr'otan_s;fonmng an
microRNA-protein complex. The other
Protein strand, known as a passenger strand
e is usually discarded.

2 An enzyme called dicer (not shown) trims the

Howthis all happens is still not
very well understood,

ri-microRMA and removes the hairpin loop,

molecule.

microRMA-protein mmEx

3In plant cells, the microRNA is
usually perfectly complementary
to its target mRNA molecule.
The microRNA will bond with it,
and cause the mRNA to

break down

ngadoublestranded microRNA duplex 4 1u TITTTI T ' T,r“ " Argonaute proteins

L 41n aniwyacll;ells_ the rnit:r'cl?]lli.hl!'uhE nu%ﬁides
' 14 'E . typica n't pairup withthe m
L Base mismatch "’ . nuclectides as well. Their base pairing often
microRNA duplex » followws a pattern though.
Passenger strand microRNA
microRh

A .
[abbreviated rraRMA) Nudeotice 1
about 22 nuclectides long

Has an A across from it

Deadenylation

o P . +
Endonudealytic i )

Seed Region (Nudleotides 2-8)
Blocked ribosame

Perfect base pairing
deavage a \
/':/ Nucleotide 9 5 The microRNA-protein complex's pr'esence
5 Has an Aor U across fromit blocks translation as well as speedmgr
TrRRA) Nudleotides 13-16 deadenylation (breakdown of the Poly-A tail),
Good base pairing

which causes the mRNA to be degraded sooner
and translated less.

(approximately 22 nucleotides):s



————————
— AAA RNA

I Reverse
Reverse i _
Transcription transcri ptl on
Y
— ) polymerase
"““l complementary DNA — Chaln reaction
(RT-PCR)
% Amplified
I — DNA

gPCR is referred to as

Ampliﬁcatiun>\ quantitative PCR,
quantitative real-time

e e PCR, and real-time

Eemmmemeees e quantitative PCR. 4o



Device Operation

G

‘ Cell loading and capture RT loading and mixing

—

‘ Cell wash

PCR reagent priming

Cell isolation and heat lysis PCR loading and mixing

—>|

Empty B Cell Suspension =~ Wash Buffer M RT Mix [l PCR Mix M Closed Valve [ Open Valve

20



green fluorescent

protein
blue ll QFEEH
light light
emission

Intercalating Dyes

protein Y




Fluorophores are between base pairs
or bind to the end of the fragment

fluorophores

A

single fluorophore —\

(b)

22



Filter Excitation light

Alternating layers
of titanium oxide and
silicon oxide

\ | |

Photodetector
(~ 6 um from sample)

Green Fluorescent

Protein (GFP)

green fluorescent

protein
blue green
light light
emission

excitatio

protein Y

1. Excitation using blue light emtting diode, < 500 nm

2. Fluorescent light at 515 nm

23



Image taken after 40 cycles of PCR

from dilution series of purified total

RNA (GAPDH housekeeping gene
expression; no cells)

o
\]
oo

Total RNA from K562 cells

6 lanes (left to right): 40 pg/chamber,
5 pg/chamber, 625 fg/chamber,

78 fg'chamber, 10 fg'chamber, and
no-template control (NTC)

0.010°NTC

Digital pattern = single molecule
detection = average copy number of
GAPDH to be 979 +/- 240 transcript
copies per single-cell equivalent (20 pg)
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| =——NTC

1§} =0.0781 pg
==={.0098 pg

20

y =-1.35x +
o R =1.00

y =-0.9878x
[ R =0.9997

"[20 uL tbe
* Microfluidic R

* Single Cells

* Supernatant |

38.23

+24.46

B —

>0 2 4 6 8
loe (RNA) [pel

Real-time
amplification
curves

Efficiency of Amplification:
uniform amplification across the
array and technical error

of less than 10% in absolute
concentration, near the limit of
qPCR precision.

C.: Cycle Threshold

25



Real-time amplification curves of
GAPDH In K562 cell lysate dilutions

Iwre, VL%l Ya 1)’ LIJ&J

=2
40 cells 1 E -
e | () cells 22
) 5 cells
— ().625 cells 7
= ().1563 cells 7 20
— NTC . ~ 1
i I®
18
y = —0.8962x + 20.24
1 R=0.9983
16
010 20 30 20 50 > -1 0 1 2 3 4 5
Cycle log,(Cell Equivalent Lysate)

Inhibition of RT-PCR occurs at cell lysate concentrations beyond

10 beyond 10 cell equivalents per 50 nL reaction. 26
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Percent of Population

I{)glE]Cupy Number

MIRNA expression in K562 cells and hESCs

50 gy —

i A .C,}tt.(,;hlp K562 | oo} B W K562 I 1z | C
a0k B K562 1z 1 mhesc L LE 4
i —hESC 122 E
30F miR-16 1% : = 2f
| 1z MIR-223 § |5 |
b o
20k 4 0 ] L
z10f 2 Y
[ 15 = _/
10} 15 o2
- 1~ - r=0.9932
0 » » » ]
20 24 28 32 20 24 28 ND 2 0 2 4 6
Ci Low concentration Ct IongigimI PCR Copy Number
4 D 1,9561 single- cell measurements of the expression + -
.L of 9 miRNA in K562 cells + ,‘, i
' | .
SN IR
lF | ! | . -
of i ! | -
NDF- ] -— 1 -
N= 164 110 230 228 202 74 04 235 224
o= 0._19 D._SS 0._23 O.Ell O.;J‘El 0.:1?' D._13 D._l? O._20 28

miRNA: 200a 181a 196a 27a 145 223 16 17-5p 92



An Integrated Nanoliter DNA Analysis Device
(Mark Burns et al., Science, 1998)

Intercalatng dye

47/mm X 5mm X 1mm Electronic
Reagent solution o~ cmecmones SIQNAIS
Bso B1 restriction enzymes i 3 . / 2 a o
Bst DNA polymerase enzymes WO SE h S PG BOARD

¢ Wi N Sy X ~" “——GEL CHANNELS

o > ' L ,' PHOTODETECTORS
< = ‘ ° WIRE BONDS
' sy
DETECTORS

' FLUIDIC CHANNELS

AIR VENTS

Outside sources:

- Pressure
DNA solution Eloctron o)
DNA fragments ectronic contro

amplification site-specific oligonucleotides Optical excitation soufée




Three Layers of the Device

Flow Layer

14um

Control Layer Air

_13um

24um

Blank Layer

30



Fabrication Process for a Microfluidic Device

Photolithography:

Photo resist: Microchem SU-8 3050
Thickness: 50 um, at 3000rpm 45 seconds

Fabrication processes of Photolithography

One side polished
Silicon wafer

1

e Silicon wafer

2] [Foet |
D 50 um SU-8 —

= Chrome mask

RN

o .o water

l I I I I I I I I «— 5l-& channel structure
L=

—— Silicon wafer

SU-8 3050

Silicon wafer

UV - Light

3. UV Exposure

4 Development

o—o{o 2

o—o—{o <0

o @ /.o
e

Masks

SU-8 structure 31




Soft lithography :
Polydimethylsiloxane (PDMS)
DOW CORNING -- SYLGARD 184

Fabrication processes of Softlithography

SU-8 channel
structure on
Silicon wafer

«—— SU-& channel structure

bl bl silicon water

« PDMS
2. . Pouring PDMS . Silicon wafer

) Bonding with
4 PDMS and
Glass slide by

oxygen plasma

‘ FDMS
—
% S ainss
«——Glass slide

a. Oxygen plasma treatment on Glass slide

H A A
s o o
E éi..‘ w?ﬂ %

i .

b. Oxygen plasma treatment on PDMS

s

g _gH

Oxidation

CH, OH COOH

Oxygen plasma surface treatment

30 seconds in Oxygen Plasma chamber:
PDMS surface property converts from
hydrophobic to hydrophilic

Electrical
discharge

OH CH CH

PDMS

Surface oxidation is believed to expose silanol groups (OH) at the
surface of the PDMS layers that when brought together form covalent

siloxane bonds (Si-0).

) "‘O—?i-o—‘Si-O—?i—O-




«—— SU-8 starter layer (1. Level)
Si-Wafer

|

« Mask O (pos-marker)
SU-8 (2. Level)

1
1
y

|

Multilayer

Mask | (Ist fluidic layer)

SU-8 (3. Level) SOft
«—— Mask 2 (2nd fluidic layer) I |th Og rap hy

«— SU-8 (4. Level)

1
x

I

Mask 3 (3th fluidic layer)
SU-8 (5. Level)

|
|

I

Master

|

glass slide (PYREX)
PDMS

T

PDMS mould 33
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Device Operation

G

‘ Cell loading and capture RT loading and mixing

—

‘ Cell wash

PCR reagent priming

Cell isolation and heat lysis PCR loading and mixing

—>|

Empty B Cell Suspension =~ Wash Buffer M RT Mix [l PCR Mix M Closed Valve [ Open Valve
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Cell trapping: no significant bias In
selecting cells of different sizes

g

20

10|

th
|

Percent of Population

1]

10 15 20 25 30 35
Diameter [pm]

0

0 T T T T

20 -

Percent of Population

0

10 15 20 25 30 35
Diameter [pm]

Fig. S1. Histograms showing the size distribution of cells in original sample as measured by Cedex (A) are consistent with the size
distribution of cells isolated by microfluidic traps (B). Under the assumption of spherical cell shape the distribution of diameters of 35
trapped cells corresponds to a mean volume of 4.2 pL with a standard deviation of 2.0 pL



Free RNA, cellular debris,

and untrapped cells washed away

—— No Wash

0 3 10

15

20 25 30 35 40 45 50

A 26 T T T
40 100
25F
30 26} ' : i
2} I o 26 E
- g 20 g 50
N = 2} = -
. 10 .
; . 0 s—
© 2 Tl 234567589 2} . 01 2 3 45 .
0 Number of Cells : . Number of Cells
2 : R
19 i | : 20} : 1
15} : H i . :
: ! P 18f -
17 . 4 i ' *
16 . . . . . . . . .
- = - 16 1 1 1 1 1 1
Sup. 1 2 3 4 5 6 ] g 9 0 1 2 3 4 5
C Number of Cells Number of Cells
1.2

Fig. S2. On-chip cell washing. (A) Measurements of GAPDH in cells
washed in PBS off-chip prior to injection into microfluidic device, without
an on-chip wash contain background signal from template in supernatant.
Without on-chip washing, untrapped cells remain in the capture
chambers, resulting in fewer single cell measurements (histogram
inlayed). Detection of residual RNA after washing is dramatically reduced
by comparison to off-chip results (Fig. S4) due to small volume
processing. (B) On-chip washing was found to reduce the background
signal from free RNA in the supernatant and dramatically increased the
number of single cells analyzed. (C) Comparison of GAPDH
measurements from loading purified RNA and washing, or not washing,
the cell-capture chambers.
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