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Abstract

In the present study we demonstrate highly sensitive detection of rare, aberrant cells in a
population of wild-type human cells by combining a rolling circle-enhanced enzyme activity
single molecule detection assay with a custom designed microfluidic device. Besides reliable
detection of low concentrations of aberrant cells, the integrated system allowed multiplexed
detection of individual enzymatic events at the single cell level. The single cell sensitivity of the
presented setup relies on the combination of single-molecule rolling circle-enhanced enzyme
activity detection with the fast reaction kinetics provided by a picoliter droplet reaction volume
and subsequent concentration of signals in a customized drop-trap device. This setup allows the
fast reliable analyses of enzyme activities in vast number of single cells thereby offering a
valuable tool for basic research as well as theranostics.
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Reliable identification of rare cells in a cell population as well as quantitative enzyme
detection at the single cell level poses great potential for basic research, diagnostic or
therapeutic purposes. We recently reported a highly sensitive Rolling circle-Enhanced
Enzyme Activity Detection (REEAD) assay for the specific detection of enzymatic DNA
cleavage-ligation events at the single molecule level.! This assay relies on the conversion of
linear DNA sensors to circular products. Such products act as templates for isothermal
Rolling Circle Amplification (RCA) resulting in ~103 tandem repeat products (RCPs),
which are visualized at the single molecule level by hybridization of fluorescent probes. As
opposed to thermal cycling enhancement procedures such as PCR?, isothermal RCA follows
linear reaction Kkinetics and, hence, REEAD enables direct quantification of single enzymatic
events simply by counting the number of RCP signals, which each represents a single DNA
cleavage-ligation event (Figure 1a).1 Compared to other RCA-based detection systems
specific towards nucleotide-3 4, protein-> 6 or small-molecule targets’- & (reviewed in), the
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REEAD system possesses the unique capability of detecting the activity rather than merely
the presence of a biomarker. Indeed, biomolecule activity, which ultimately defines the cell
phenotype and may be the target of drug action?, is a more important determinant of cell
characteristics/fate than biomolecule abundance. Moreover, by detecting enzyme activity
rather than abundance, REEAD achieves high sensitivity owing to the numerous circular
DNA products generated from each target molecule.

The first generation REEAD assays®' 11 are specific for the cancer relevant DNA-cleaving
enzyme human topoisomerase | (hTopl) or the related Flp- and Cre recombinases, of which
the DNA cleavage-ligation reaction (specifically measured by REEAD) is the direct target
of anti-cancer chemotherapeutics!?, or important in site-directed recombination
technologies!? 13, respectively. These assays have proven extremely robust, fast, specific
and capable of multiplexed single molecule detection of the target enzyme activities even in
crude cell extracts.11 Moreover, as opposed to other published single molecule analysis
techniques for members of the topoisomerase-family enzyme group relying on magnetic
tweezers, optical trapping, or other specialized setups4-16 the REEAD assay is
characterized by a high degree of simplicity, with low requirements to assay conditions and/
or equipment.

In principle, the single-catalytic-event detection limit of REEAD should allow single cell
analysis although the original setup of analyzing the samples in a ~9 mm? area suffers from
loss of sensitivity due to spreading of signals.! The simplicity of RCA-based detection,
however, makes REEAD integratable into customized devices for minimizing reaction
volumes and concentrating signals. Consequently, Konry et al. recently demonstrated
detection of the EpCAM cancer marker at the surface of single cells by combining RCA
enhancement with microfluidics.® Here, we present the integration of REEAD with a
customized microfluidic setupl’ for detection of the enzymatic content of one or few cells.
This is achieved by enzyme reaction with DNA sensors in picoliter-sized droplets followed
by concentration of signals in small cavities of a drop-trap device. Using this setup we
demonstrate concentration independent detection of rare Flp recombinase expressing human
cells on a background of wild-type cells and multiplexed detection of Flp recombinase and
hTopl activities in single cells. This is, to our knowledge, the first example of multiplexed
detection of individual enzymatic events in single cells. The presented technology, which
outcompetes other known enzyme-activity detection assays with respect to sensitivity and
ease by which it can be performed, may pave the road for analyses of cell-to-cell variations
of putative importance for biological systems, including tumor growth and development of
drug-resistance.18 19 Note, that one of the detected enzymes, hTopl, is the sole cellular
target of chemotherapeutics from the camptothecin family, which are routinely used in the
treatment of colon-, ovarian- and small-cell lung cancers and a suggested important cancer-
prognostic marker.20

RESULTS AND DISCUSSION

The DNA sensors S(Topl) or S(FIp) for hTopl or FIp recombinase REEAD were, as
previously described!!, each comprised of one oligonucleotide that was converted to a
closed circle by a single hTopl or Flp recombinase cleavage-ligation event. As a positive
control of RCA we used a pre-formed DNA circle (S(control)) (Figure 1a). To investigate
whether REEAD could be integrated with the microfluidic setup (Figure 1b) HEK293 cells,
to be analyzed for endogenous hTopl activity, were loaded into one channel, S(Topl) and
S(control) into a second, and lysis buffer into a third channel of the microfluidic device. The
merged aqueous streams were broken up by an oil stream to form a stable water-in-oil
emulsion. The four components confined in the aqueous picoliter droplets flowed through a
serpentine channel to ensure adequate mixing of the reagents (Figure 1b).21 Cell lysis
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released hTopl into the solution and allowed it to interact with and circularize S(Topl). After
exit from the channel, the aqueous droplets were individually captured in cavities of a drop-
trap (Figure 1c and Supporting Figure 1) and exsiccated on a DNA primer-coated glass
slide. This allowed RCA of S(control) and circularized S(Topl). RCA of unreacted S(Topl)
was prevented as previously described.! The resulting RCPs were visualized at the single
molecule level by microscopy upon annealing of fluorescent probes. As shown in Figure 1d,
the combination of REEAD and microfluidics enabled multiplexed detection of S(control)
(blue) and hTopl reacted S(Topl) (green) in a pattern matching the drop-trap cavities. In the
presented experiment the microfluidic system was loaded with five million cells/mL. As
estimated from the Poisson distribution (Supporting Figure 2) and confirmed experimentally
(Supporting Figure 3) this cell density resulted in ~60% of droplets without cells and ~40%
with one or more cells.22 Consistently, all drop-trap cavities contained equally distributed
S(control) originating blue signals, while only a part of them contained green signals arising
from circularized S(Topl).

To investigate the feasibility of using the combined REEAD-microfluidic setup to detect
rare cells in a cell population, we used HEK?293 cells containing different proportions of Flp
recombinase expressing cells as a model (Supporting Figure 4). Five million cells/mL
containing 2.5%, 0.25% or 0.025% Flp recombinase expressing cells were loaded into the
microfluidic device together with S(Topl), S(FIp) and lysis buffer as described above. After
entrapment of droplets and RCA, circularized S(Topl) was visualized by green and
circularized S(Flp) by red fluorescence, respectively. As evident from Figure 2a, red Flp
recombinase specific signals could be detected on the background of green signals
originating from endogenous hTopl activity present in all the cells. Moreover, although the
number of drop-trap cavities containing red signals decreased with decreasing density of Flp
recombinase expressing cells (the percentage of cavities containing red and green signals
relative to cavities containing only green signals approximating the percentage of Flp
recombinase expressing cells loaded to the system, data not shown) the average percentage
of Flp recombinase specific red signals in the drop-trap cavities that did contain red signals
was similar regardless the dilution of FIp recombinase expressing cells within the tested
concentration range (Figure 2b). In contrast, the previously described “large-volume” bulk
experimental setup? 11 could not detect any Flp recombinase specific signals beyond the
2.5% dilution of Flp recombinase expressing cells (Figure 2c). Note, that as discussed
below, the relatively large deviation of red signals present in individual drop-trap cavities
(Figure 2b, rows 1-3) most probably is a consequence of non-uniform encapsulation of
different mixtures of two or more (wild-type or Flp recombinase expressing) cells when high
cell density was used (Supporting Figure 2 and 3).

To address the potential of the REEAD-microfluidic setup for single cell analysis, 0.5
million cells/mL containing 2.5% Flp recombinase-expressing cells were loaded into the
system and the activity of Flp recombinase or hTopl detected. At this cell density no more
than one cell was encapsulated in each droplet (Supporting Figure 2 and 3). Hence, the
signals in each drop-trap cavity (Supporting Figure 1 and Figure 2d) represented the enzyme
activities of a single cell. Figure 2d shows the result of encapsulating Flp recombinase
expressing cells, where red signals correspond to circularized S(FIp) and green signals to
circularized S(Topl) (originating from endogenous hTopl activity). However, cavities with
green signals only, representing a cell without Flp recombinase expression were also
observed (data not shown). The percentage of Flp recombinase originating signals (red)
relative to all signals in single cells averaged 23 +/-2% (Figure 2b, row 4). As estimated
from standard Western blotting analyses of nuclear extracts the expression levels of Flp
recombinase and hTopl was comparable in the FIp recombinase expressing cells (data not
shown). Hence, the relative low percentage of red signals in these cells most probably
reflects a lower specific activity of FIp recombinase relative to hTopl at the utilized assay
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conditions. This is consistent with the fact that it takes two Flp recombinase monomers to
form one cleavage competent active site (whereas one hTopl monomer suffices for
cleavage) and a more processive reaction mode of Flp recombinase relative to hTopl.23 The
low standard deviation of results shown in Figure 2d compared to Figure 2a highlights the
high precision achievable with single cell encapsulation when using low cell density input
compared to results obtained when five million cells/mL was used. Indeed, the lower
average Flp recombinase activity measured in individual drop-trap cavities when using 5
million cells/mL (Figure 2b, rows 1-3) suggests encapsulation of more than one cell
(including various mixtures of wild-type and Flp recombinase expressing cells) in most
droplets analyzed. This contradicts the theoretical estimation of cells per droplet according
to the Poisson distribution (Supporting Figure 2), which predict ~61% droplets without cells,
~30% droplets with one cell, and ~8% with two cells and may be the result of slight
aggregation of cells at these high cell densities combined with a visual bias towards
selecting the drop-trap cavities containing most signals for analysis.

CONCLUSION

In conclusion, the current study illustrates the highly sensitive detection of rare Flp
recombinase expressing cells on a background of wild-type cells in a cell density-
independent manner as well as the comprehensive detection of signals from hTopl or Fip
recombinase activities in single cells. The single cell analyses capability of the integrated
REEAD-microfluidic setup without doubt relies on the inherent single molecule detection
capacity of REEAD combined with the fast kinetics of reactions confined in picoliter
droplets and the concentration of signals provided by the customized drop-trap device.

The obtained results strongly suggest the feasibility of using the REEAD-microfluidic setup
to detect diminutive numbers of aberrant cells in a population. This indeed may hold great
promise for future diagnostic purposes when combined with REEAD sensors specific for
relevant disease targets, e.g. DNA cleaving-ligation enzymes from various pathogens or
abnormal human cells. To this end, sensors specific for pathogen topoisomerases are already
under development. For more immediate use the integrated REEAD-microfluidics may
prove a valuable high-throughput system for investigating variations between individual
cells within populations, including their response to external factors such as radiation or
drugs in e.g. high-throughput drug screenings setups. For such purposes the small volume
requirements of the setup may be of advantage.

Single cell measurements of hTopl activity, which is the cellular target of several anti-
cancer drugs and a suggested prognostic marker for cancer2?, may provide important new
information regarding tumor development. Indeed current knowledge suggests rare cancer
stem cells, rather than the bulk cells of a given cancer to be the main determinant of drug
response and development of resistance.18: 19

MATERIALS AND METHODS

Cell culture and transfections

Human embryonic kidney HEK?293 cells were cultured in GIBCO’s Minimal Essential
Medium (MEM) supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals),
100 units/mL penicillin and 100 mg/mL streptomycin (Invitrogen) in a humidified incubator
(5% CO2/95% air atmosphere at 37°C). Cells were harvested with 0.25% Trypsin-EDTA
(GIBCO) and resuspended in Phosphate-buffered Saline (1xPBS, Cellgro), 1% Pluronic
F-68 (Sigma-Aldrich), 0.1% BSA (Invitrogen). The cell densities were adjusted to 0.5-5
million cells/mL and used for enzyme activity detection in the microfluidic system.
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Plasmid pCAG-Flpe:GFP for expression of Flpe C-terminally tagged with green fluorescent
protein (GFP) in human cells was from Addgene. Transient transfection of pCAG-Flpe:GFP
into HEK293 cells was performed using Lipofectamine2000 (Invitrogen) and 8 pg plasmid
DNA and was carried out in GIBCO’s Reduced Serum Medium (OPTI-MEM) according to
the manufacturer’s instructions. 24 h after transfection, cells were harvested with 0.25%
Trypsin-EDTA and resuspended in Phosphate-buffered Saline, 1% Pluronic F-68, 0.1%
BSA. Transfected cells were mixed with non-transfected cells at the ratios stated in the text
and the cell densities adjusted to five million cells/mL (for detection of rare cells) or 0.5
million cells/mL (for addressing the detection limit of the REEAD-microfluidic setup) and
used for enzyme activity detection in the microfluidic system or in the “large-volume” bulk
experimental setup.

Synthetic DNA Substrates, Probes, and Primers

Oligonucleotides for construction of the S(Topl), S(Flp), S(Control) substrates, the RCA-
primer, and the fluorescently labeled identification probes for the three substrates were
purchased from DNA Technology A/S. The sequences of all used the oligonucleotides have
been published previously.11

Rolling circle Enhanced Enzyme Activity Detection (REEAD) in bulk setup

The single-molecule Topl and Flp activity assays were performed essentially as previously
described!?, except for the preparation of the cell extracts. In brief, mixtures of transfected
and non-transfected HEK293 cells (described above) were incubated for 5 min in lysis
buffer (20 mM Tris-HCL pH 7.5, 0.5 mM EDTA, 1 mM DTT, 1 mM PMSF, 0.2% Tween
20). Subsequently, S(Topl) and S(FIp) were added to the extract at a final concentration of
100 nM and incubation continued for 30 min at 37°C. RCA-based detection of circularized
S(Topl) and S(Flp) in the samples was performed as previously published.

Rolling circle Enhanced Enzyme Activity Detection (REEAD) in microfluidic system

The microfluidic setup consists of two devices: a flow-focusing droplet generator and a
drop-trap. Both devices were fabricated by conventional soft lithography techniques24,
casting and curing the PDMS prepolymer on a SU-8 3025 (MicroChem) master of a channel
height at around 25 pm. PDMS prepolymer (Sylgard 184) was prepared ina 10 : 1 (base :
curing agent) ratio and cured at 65°C for 1hr. Prior to the experiments, the channel was
wetted with oil/surfactant (EA Surfactant, RainDance) 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 (FC-40 fluorocarbon
oil (3M): the oil/surfactant, flow rate 22.5 pL/min) and disperse phase (aqueous reagents:
cells, lysis buffer and substrates, flow rate 2.5 yL/min).

Cells, prepared as stated above, lysis buffer (20 mM Tris-HCL pH 7.5, 0.5 mM EDTA, 1
mM DTT, 1 mM PMSF, 0.2% Tween 20), and substrates (final concentration of 100 nM in
the droplets) were loaded in each their channel in the microfluidic device and droplet
generation initiated. The low salt lysis buffer was the most efficient in breaking cells open in
the microfluidic setup and although a large part of hTopl and Flp recombinase may remain
bound at the genomic DNA at low salt conditions the low salt lysis buffer increased
efficiency of the assay compared to high salt buffers such as PBS. The generated droplets
were harvested in eppendorf tubes and placed on a primer-printed glass slide (CodeLink
Activated Slides from SurModics) prepared as previously described.1! The PDMS drop-trap
was gently placed on top of the glass slide. The geometry of the drop-trap was designed
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according to the size of generated droplets. The droplets were left to exsiccate for 16 hours.
Wash, RCA, and hybridization of probes were performed as previously described.11

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).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The combined REEAD-microfluidic experimental setup

(@) S(Topl) and S(Flp) are each composed of an oligonucleotide that folds onto itself to
allow cleavage-ligation by hTopl and Flp, respectively. These reactions circularize the
substrates. S(Topl), S(FIp), and S(control) all contain a specific primer annealing p-element
and a probe annealing i-element. The circles allow solid-support RCA generating ~103
tandem repeat RCPs that are visualized in a microscope at the single-molecule level by
hybridization of fluorescent probes. (b) The microfluidic setup. Cells-to-be-analyzed, DNA
substrate(s) and lysis buffer are, by competitions with oil, confined in picoliter droplets in
which DNA circularization takes place. (c) The droplets are confined in a drop-trap on a
primer-coated glass slide on which RCA takes place. (d) The result of measuring hTopl
activity using five million cells/mL in the combined REEAD-microfluidic setup. As a
positive control S(control) was applied together with S(Topl). hTopl and S(control) specific
signals were visualized by FAM- (green) and Cy5- (blue) labeled probes, respectively.
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Figure 2. Detection of enzyme activitiesin rare- or singlecells
(a) Five million cells/mL of HEK293 cells containing 2.5%, 0.25% or 0.25% Flp
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recombinase expressing cells were analyzed for Flp recombinase and hTopl activity using
the REEAD-microfluidic setup. Drop-trap cavities containing red signals corresponding to

Flp recombinase activity were selected. (b) Shows the percentage of red signals in five

cavities of the drop-trap when five million cells/mL containing 2.5%, 0.25% or 0.25% Flp
recombinase expressing cells were analyzed for Flp recombinase and hTopl activity (row
1-3) or when 0.5 million cells/mL containing 2.5% GFP-recombinase expressing cells were

analyzed (row 4). (c) The result of analyzing the cell populations used in (a) for Flp

recombinase and hTopl activity in the “large-volume” bulk assay setup. (d) Same as (a)

except that 0.5 million cells/mL containing 2.5% Flp recombinase expressing cells was

analyzed. hTopl and Flp recombinase specific signals were visualized by FAM- (green) and

TAMRA- (red) labeled probes, respectively.
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