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Abstract — Conventional analysis of enzymatic
activity, often carried out on pools of cells, is blind to
heterogeneity in the population. Here, we combine
microfluidics with a previously developed isothermal
rolling circle amplification-based assay to investigate
multiple enzymatic activities in down to single cells. This
microfluidics-meditated assay performs at very high
sensitivity in picoliter incubators with small quantities of
biological materials. Furthermore, we demonstrate the
assay’s capability of multiplexed detection of at least
three enzyme activities at the single molecule level.

I. INTRODUCTION

lassical methods for studying enzymatic activity in cells

rely on measuring the average effect in hundreds of

thousands or even millions of cells. However, even
genetically identical cells in an in vitro population are not
homogenous entities. Several studies have indicated that
enzyme activity, gene expression, or response to signaling
may vary considerably among cells [1]. Such cell-to-cell
heterogeneity is usually masked in ensemble average
measurements in conventional bulk studies. Therefore,
assays capable of detailed analysis of single or even batches
of a few cells would prove valuable for a number of
scientific and clinical purposes.

We recently developed a multiplexed, single molecule
level, Rolling circle Enhanced Enzyme Activity Detection
(REEAD) system for the scientifically and clinically
important endogenous human enzyme, topoisomerase I
(Topl) and the related enzymes, Flp and Cre recombinases
[2], [3]. Topl exerts important cellular functions by
introducing transient single-stranded DNA breaks in the
human genome allowing the relaxation of superhelical
tension arising as a consequence of DNA tracking processes
[4]. Clinically, the enzyme has attracted substantial interest,
being the sole cellular target for the anticancer
chemotherapeutic, camptothecin (CPT). The cytotoxic effect

Manuscript received April 15, 2011. Support by NSF CANPBD and the
Danish Cancer Society is acknowledged.

# First authors Sissel Juul and Yi-Ping Ho contributed equally to the
presented work.

Corresponding Author: brk@mb.au.dk

978-1-4244-4122-8/11/$26.00 ©2011 IEEE

of CPT has been demonstrated to correlate directly with the
intracellular Topl activity level [5]-[8]. However, because of
drug resistance, approximately half of the patients subjected
to CPT treatment do not respond. A few cells retaining low
Topl activity compared to the average activity of the cell
population may be the cause of CPT resistance. This
hypothesis has not yet been investigated, primarily because
of the lack of analytical methods sensitive enough to
measure the cellular Topl activity level in few cells.

Specific and multiplexed detection of Flp and Cre
activities together with Topl serve as a proof-of-principle for
the feasibility of REEAD for multiplexed enzyme detection
in crude biological samples, and is also likely to find
immediate practical use. Flp and Cre both use the basic Topl
cleavage-ligation mechanism [9], [10] to mediate highly
controllable and conservative recombination between two
specific sites (Flp Recombination Target, FRT sites for Flp
[11] and LoxP sites for Cre [12]). Depending on the
composition of the recombined DNA, Flp and Cre activity
may lead to deletions, insertions, or inversions. Since Flp
and Cre are not naturally expressed in mammalian cells,
these reaction schemes have been successfully utilized to
control gene expression in mammalian test systems by
inserting the relevant recombination sites and expressing the
partner recombinase in a controlled manner [13], [14].
Moreover, during recent years a massive effort has been put
into the development of Flp- or Cre-based gene integration
systems for therapeutic purposes [15]-[16].

In the present study we propose to detect DNA modifying
enzyme activities in cells encapsulated in picoliter droplets
[17], [18]. Combining microfluidics-generated picoliter
droplets with REEAD has several advantages: (1) high
sensitivity: cell lysate with density of 10,000 cells/mL is
required in a typical bulk assay. Given identical reaction
conditions (Rolling Circle Amplification, RCA), a few cells
would suffice in providing signals within a reduced volume
(~100 pL); (2) confined reaction: single cell lysate confined
in a picoliter droplet would result in less sample
consumption and faster reaction kinetics [19] and (3)
screening for enzymatic activity: scanning of a droplet array
allows rapid analysis of enzyme activity. Here, we
demonstrate simultaneous detection of multiple enzymatic
activities (Topl, Flp and Cre) from 1-5 human cells, enabled
by a unique combination of microfluidics and REEAD.
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II. MATERIAL AND METHODS

Cell Preparations and Expression Plasmids

Human embryonic kidney HEK293 cells were cultured in
GIBCO’s Minimal Essential Medium (MEM) supplemented
with 10% fetal bovine serum (FBS), 100 units/mL penicillin
and 100 mg/mL streptomycin and incubated in a humidified
incubator (5% CO,/95% air atmosphere at 37 °C).

Plasmids pCAGGA FLPe and pPGK Cre pA for
expression of Flpe and Cre in human cells were kindly
provided by Francis Stewart (Technische Universitaet
Dresden, Dresden, Germany) and Klaus Rajewsky (Division
of Pathology, Department of Medicine, Harvard Medical
School, Boston, Massachusetts, USA), respectively.
Transient transfection of plasmids into HEK293 cells was
performed using lipofectamine2000 (Invitrogen) and 8 ug
DNA and was carried out in GIBCO’s Reduced Serum
Medium (OPTI-MEM) according to the manufacturer’s
instructions. Transfection efficiencies as measured by the
expression of a green fluorescent protein (GFP) control
construct were 70%. Functional assays were conducted 24 h
after transfection, and cells were harvested with 0.25%
Trypsin-EDTA (GIBCO). The cells were resuspended in
Phosphate-buffered Saline (1xPBS, Cellgro), 1% Pluronic F-
68 (SIGMA), 0.1% BSA (Invitrogen) to a density of 1-5
million cells/mL by cell counting after harvest.

Synthetic DNA Substrates, Probes, and Primers
Oligonucleotides for construction of the S(Topl), S(Flp),
S(Cre) substrates, the RCA primer (p), and the identification
probes i(Topl), i(Flp), i(Cre) and were purchased from DNA
Technology A/S, Aarhus, Denmark and synthesized on a
model 394 DNA synthesizer from Applied Biosystems. The
sequences of the oligonucleotides are identical to [3].

Rolling Circle Amplification

The previously presented single molecule Topl, Flp and
Cre activity assay 1is based on enzyme-mediated
circularization of synthetic DNA substrates (Figure 1A-C),
followed by isothermal signal enhancement via Phi29 DNA
polymerase-driven RCA (Figure 1D) (MBI Fermentas) on a
solid support (CodeLink Activated Slides from SurModics).
The DNA substrates comprise a single oligonucleotide,
which is converted to a closed DNA circle by a single
enzyme cleavage-ligation event. For each circularized
substrate subsequent RCA results in the creation of one
rolling circle product (RCP) consisting of multiple (up to
103) tandem copies of the circularized substrate [3], [20],
[21]. Each RCP is optically detected at the single molecule
level by hybridization to fluorescently labeled probes
followed by microscopic analysis.

Microfluidics Device Fabrication and Operation
The microfluidic setup consists of two devices: a flow-
focusing droplet generator (Figure 2A) and a droptrap
(Figure 2B). Both devices were fabricated by conventional
soft lithography techniques [7], casting and curing the
PDMS prepolymer on a SU-8 3025 (MicroChem) master of
a channel height at around 25 wm. PDMS prepolymer
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Figure 1: Schematic representation of REEAD. (A) S(Topl) folds into a
dumbbell-shaped structure, with one loop containing an identifier
element (marked i), the other containing the primer hybridization
sequence (marked p), and the double-stranded stem region having a
preferred Topl recognition sequence (Topl cleavage site marked with
an arrow). Following Topl-mediated cleavage and ligation the
dumbbell-shaped substrate is converted to a closed circle. (B) S(Flp)
folds into a single-stranded loop structure containing an identifier
element (i), a primer hybridization sequence (p), and a stem forming a
half Flp Recombination Target (FRT) site, a minimal cleavage site for
Flp. Flp cleavage and ligation converts this substrate to a closed DNA
circle. (C) S(Cre) resembles S(Flp) except that the stem part of the
substrate contains the sequence of half a LoxP site, which is the
minimal cleavage substrate for Cre. The reaction of Cre is reminiscent
of the Flp reaction and leads to a circular product. To minimize false
positives, the RCA primers are designed to have the polymerase
encounter the strand interruption before the identifier element. (D)
RCA for visualization of generated circular DNA products. The p
region of each of S(Topl), S(Flp), or S(Cre) is hybridized to a 5’-amine
linked primer attached to a glass surface, which allows polymerase-
assisted RCA of the circularized substrates (for unreacted open
substrates the reaction terminates at the strand interruption).
Visualization is performed by hybridization of fluorescently labeled
probes to the RCP region corresponding to the i element of the
dumbbell-substrate. Gray ellipses marked Topl, Flp, Cre, and Pol
represents Topl, Flp, Cre, and Phi29 polymerase, respectively. The
asterisks represent the fluorophores.

(Sylgard 184) was prepared in a 10 : 1 (base : curing agent)
ratio and cured at 65°C for lhr. Prior to the experiment, the
channel was wet with oil/surfactant for at least 15 min. Two
syringe pumps (Harvard Apparatus) were used to control the
flow rates of oil/surfactant and reagents independently,
forming monodisperse water-in-oil droplets at a frequency of
0.8-1.5 kHz. The droplet volume and generation frequency
was controlled by the flow rate ratio, determined by the
competition between continuous phase (carrier fluid: the
oil/surfactant, flow rate 22.5 uL/min) and disperse phase
(aqueous reagents: cells, lysis buffer and substrates, flow
rate 2.5 uL/min). Carrier fluid (FC-40 fluorocarbon oil, 3M)
was selected for its higher density than aqueous solutions,
easing the collection of final products. Cells (see cell
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preparation), lysis buffer (10 mM Tris-HCI1 pH 7.5, 0.5 mM
EDTA, 1 mM DTT, 1 mM PMSF, 0.2% Tween 20), and
substrates were prepared as stated above. The generated
droplets were harvested by pipetting and placed on a primer
printed glass slide. The PDMS droptrap was gently placed
on top. The geometry of the droptrap was designed
according to the size of generated droplets (Figure 2C). The
droplets were left to dry for 12 hours. Wash, RCA, and
hybridization of probes were performed similarly as bulk
experiments described in [3].
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Figure 2: Unique combination of microfluidics and REEAD assay. (A)
Cells-to-be-analyzed, DNA substrate and lysis buffer are confined in
picoliter droplets in which the reaction took place. (B) After closed
circular products are formed, the droplets are captured in a droptrap
on a primer activated glass slide. Following drop exsiccation, enzymatic
products are amplified by RCA, hybridized to fluorescently labeled
probes and detected by microscopy. (C) Example of a section of the
droptrap with confined droplets.

Microscopy
Epifluorescent and bright field images were captured with
an inverted fluorescence microscope (Axio Observer, Zeiss).
Monocolor emission from each fluorophore was collected
and filtered through appropriate filters and dichroics. Image
processing and analysis was performed with MetaMorph
(v.7.6.5).

III. RESULTS AND DISCUSSION

High Sensitivity Enabled By Confining the Signal

We used human embryonic kidney cells (HEK293 cells)
transfected with plasmids allowing the expression of a
recombinant thermally stabile mutant of Flp (Flpe) and Cre.
Cells were harvested and resuspended to a density of 1-5
million cells/mL before they were introduced into the
microfluidic channel. Estimated from the Poisson
distribution, around 9-30% of droplets contained one cell in
a 100 pL droplet [27]. The two other channels were fed with
a divalent cation-free lysis buffer and substrates,
respectively. Subsequent to generation of droplets, a design
of serpentine channel was included to ensure complete
mixing among cells, lysis buffer, and DNA substrates. After
lysis of the cells, the enzymes were released and able to
interact with the substrates, thus creating closed DNA circles
(Figure 1A). The droplets were subsequently captured in the
droptrap, exsiccated, and the closed DNA circles hybridized
to the printed primer, before subjection to RCA. The

resulting RCPs were visualized by hybridization to the
appropriate fluorescent probes followed by microscopic
analyses. Shown in Figure 3, the REEAD and microfluidics-
mediated approach enabled higher detection sensitivity as
compared to conventional bulk assay when using the same
amount of cells. Based on the microscopic analysis, few
cells would be sufficient in providing detectable signal
within a 100 pL.

Bulk Microfluidic droptrap

50.um

Figure 3. Comparison between bulk and microfluidics-mediated assay:
A mixture of DNA substrates (300 nM of S(TopI) and S(Flp), and 100
nM pre-ligated control circles) was fed into one channel of the
microfluidic chip, while 5 million cellsymL HEK293 cells (transfected
with the Flpe expression vector) and lysis buffer were introduced into
the other two channels. The generated droplets were captured in the
droptrap and exsiccated. The ligated substrates then hybridized to the
pre-printed primers, followed by RCA. Enzymatic activities were
captured by fluorescently labeled probes: FAM-labeled i(Flp),
TAMRA-labeled i(Topl), and Cy5-labeled i(control), respectively. Cell
lysate from around 1600 cells were analyzed. The microfluidics assay
showed significantly higher detectable responses when compared to its
bulk counterpart. Note that the droptrap has 3200 cavities for trapping
drops, of which 50% contain a cell based on the Poisson distribution
when using the abovementioned cell density.

Multiplexed Detection of Enzyme Activities on Droptrap

As demonstrated in Figure 4, cells expressing Topl and
recombinant Flpe and Cre gave rise to blue, green, and red
fluorescent spots, respectively. This result demonstrates the
suitability of the presented microfluidic REEAD assay for
multiplexed detection in few, if not, single cells. The
specific detection of Topl activity in one or few human cells
may be of substantial cancer prognostic value, as Topl is the
sole target for several anticancer therapeutics. The single
molecule detection of RCPs, allowing the visualization of
multiple, such as Flp, Cre, or Topl cleavage-ligation events,
opens up the possibility of very sensitive measurement down
to the single cell or, in principle, even the single enzyme
level. A similar sensitivity may be obtained using a PCR-
based readout format. However, the thermal cycling
principle of PCR would compromise detection of individual
cleavage-ligation events and likely the accuracy of the assay,
owing to the exponential accumulation of inaccuracies
inherent to PCR. We believe that the presented single
molecule microfluidic REEAD assay presents unique
advantages for both basic and applied science allowing
subtle variations between individual cells in a large
population to be recognized. The successful multiplexed
enzyme detection presented here, holds promise for the
possibilities of developing even more extended setups
allowing the simultaneous detection of enzyme collections
relevant for different industrial or clinical applications.
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Figure 4: Multiplexed detection of Topl, Flp, and Cre. A mixture of 300
nM of each of S(Topl), S(Flp),and S(Cre) was fed in one channel of the
microfluidic chip with 5 million cells/mL HEK293 cells transfected with
both the Flpe and the Cre expression vectors and lysis buffer,
respectively, in the other two channels. The generated droplets were
captured in the droptrap, exsiccated, and the ligated substrates
hybridized to the primers prior to RCA and hybridization to FAM-
labeled i(Flp), TAMRA-labeled i(Cre), and Cy5-labeled i(TopI).

IV. CONCLUSION

The proposed microfluidics-mediated REEAD assay
represents a unique approach to study enzymatic activities
possibly down to the single cell level. Confining the
reactions in picoliter droplets greatly enhances the detection
sensitivity, compared to conventional bulk assay. Results
described herein also show the capability of multiplexed
enzyme activity detection. We expect this assay to be useful
both practically for clinical diagnostics and fundamentally
for deciphering biological heterogeneity.
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