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Abstract
One of the essential issues in cell biology is to analyze intracellular proteins that play an important role in signal 

transduction and processes. Standard assays for intracellular proteins are based on ensemble measurements which 
rule out the differences of intracellular protein expression in individual cells. Especially in cancer biology, only a few 
tumour cells turn into circulating tumour cells causing metastasis. In such cases, understanding the heterogeneity 
in cellular physiology would be necessary. To screen for intracellular protein expression among individual cells 
effectively, a reliable method to lyse individual cells in a high throughput manner is essential. Here, we demonstrate 
an integrated microfluidic platform combining a cell focusing channel, reagent injection inlet and a droplet generator 
for high throughput single cell lysis. Individual cells are encapsulated into the droplets with chemical reagents 
which result in disrupting the cell membrane integrity, causing cell lysis. High throughput mammalian cell lysis was 
performed thus facilitating intracellular protein analysis on a micro device.

Introduction
Bulk responses from a group of cells can often be misleading due 

to averaging of the signal from the subpopulation while that from 
individual cells carry more value since they could portray multimodal 
distribution among them. Intracellular heterogeneity among cells can 
be studied by monitoring their responses by means of high-throughput 
techniques [1]. However, most of these methods are limited by the 
availability of biomarkers that detect these compounds without lysing 
the cells [2]. For example, flow cytometry was initially optimized to 
screen the surface biomarkers in individual cells, but to measure the 
intra-cellular signals from individual cells remains challenging [3] 
since permeabilization of cells prior to the flow analysis could cause 
loss of intracellular proteins by diffusing out into the bulk phase. 

Current methods of mammalian cell lysis include optical, 
mechanical, electric and chemical lysis techniques [4]. Optical lysis 
involves directing a 532 nm laser pulse at a designated cell [5]. The 
focused pulse creates a cavitation bubble on the cell which expands and 
disrupts the cells. The cells within the zone of injury are selectively lysed 
as a result of this method. Mechanical lysis makes use of sharp surfaces 
with nanoscale barbs termed ‘nanoknives’. Cells are driven through a 
grating composed of serrated features, usually 2-3 nm apart, created 
using multiple isotropic deep reactive ion etch stages. This method 
causes 99% cell lysis according to a trypan blue quenching assay [6]. 
The electrical lysis technique generates transmembrane potentials of 
the order of 0.2-1.5 V that cause rupture of the lipid bilayer forming 
pores and depends on membrane composition, cell size and shape [7]. 
Chemical cellular lysis is usually performed by using three different 
kinds of detergents. Ionic detergents such as sodium dodecyl sulphate 
(SDS) lyse cells in a matter of seconds and tend to denature proteins. 
Non-ionic detergents, like Triton X-100, lyse cells at a much slower 
rate and have a much lower tendency to denature proteins. Usage 
of zwitterionic detergents results in no net change in the charge of 
solubilized protein; however, they might have downstream effects 
in electrophoretic separation methodologies which can result in the 
reversal of electro-osmotic flow [4]. 

So far, a few microfluidic platforms have been developed for 
single cell lysis. However, a high throughput method of lysing 
single mammalian cells has not been reported elsewhere. Confining 
single cells into individual droplets would be an ideal method 

to compartmentalize the cell lysate for analysis of intracellular 
compounds. Droplet-based microfluidics is a promising platform 
for single cell encapsulations and analysis [8]. The field of droplet 
based microfluidics has honed important techniques such as single 
cell assays, drug screening assays [9] and polymerase chain reaction 
(PCR) [10,11] among others. Continuous lyses of bacterial cells and 
the fractionation/detection of intracellular proteins had earlier been 

mL) and Bacterial Protein Extraction Reagent (BPER) was pumped 
through a three-inlet, two-outlet microfluidic device. Following that, 
a fluorogenic enzyme assay was used to detect extracted intracellular 
components (β-galactosidase). Further advancements in this area were 
performed by Novak et al. [11] and Zeng et al. [13] where bacterial cells 
were encapsulated and lysed within droplets followed by PCR within 
droplets. Encapsulation of individual cells in the droplets relies on high 
flow rates for cell ordering in the micro channels. Due to the difficulties 
of high flow rate fluid controls and challenges faced due to cellular 
aggregations, lysis of single cells was less reported.

The aim of this study is to develop an integrated droplet based 
microfluidic platform for single mammalian cell encapsulation and 
lysis in picolitre droplets. The cells encapsulated in the droplets are 
lysed using a low concentration of Triton X-100. Individual cell lysis 
inside the droplets was enhanced by incorporating winding/serpentine 
channels which contribute to unequal re-circulating flows resulting in 
asymmetrical fluid vortices inside the droplets [14]. Permeabilization 
of the eukaryotic cell membrane leading to loss of eukaryotic cell 
membrane integrity or lysis was validated by using fluorescent staining 

studied by Schilling et al. [12]. A suspension of E. coli cells (108 cells/
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method. This novel platform would allow us to compartmentalize single 
cells and further analyze intracellular proteins in a high throughput 
manner.

Materials and Methods
The microfluidic device was fabricated with polydimethylsiloxane 

(PDMS, Sylgard 184, Dow Corning, USA). A silicon master mold 
containing the microfluidic channels (junction width 30 µm and height 
50 µm) was fabricated by photolithography process. Briefly, SU8-2050 
photo resist (Micro Chem Co, USA) was coated onto a silicon wafer at 
500 rpm for 20 seconds and then at 3500 rpm for 30 seconds. The resist 
was then soft baked at 65°C for 3 minutes and then at 95°C for 9 minutes 
on a hot plate. Next, the wafer was placed together with the photo mask 
on the mask aligner and exposed under ultraviolet light for 30 seconds. 
After exposure, the wafer was baked on a hot plate at 65°C for 2 minutes 
and then at 95°C for 7 minutes. This wafer was then developed using 
SU-8 developer (Micro Chem Co, USA) for 15 minutes while being 
shaken gently. Lastly, the wafer was removed from the SU8 Developer 
and washed with isopropyl alcohol (IPA) before being blown dry with 
nitrogen. The master mold was then silanized inside a desiccator for 15 
minutes with Trichloro(1H,1H,2H,2H-perfluorooctyl) silane (Sigma, 
Singapore). Upon coating with silane, PDMS mixture was poured and 
cured on the master mold to replicate the microfluidic channels. The 
PDMS containing the microchannels was then cut and peeled off from 
the master. Inlet and outlet ports were made by using a 1 mm and 1.5 
mm Harris Uni-Core TM puncher (Ted Pella Inc, USA), respectively. 
The PDMS master replica was then bonded to a PDMS coated glass 
slide, using oxygen plasma cleaner (March Instrument Inc., USA). In 
order to further strengthen the bonding, the PDMS layer was baked 
overnight in the oven at 70°C.

 A431 cell line obtained from American Type Culture Collection 
(Manassas, USA) was cultured in a T-75 flask with Dulbecco's Modified 
Eagle Medium DMEM (HyClone, Thermo Scientific, USA) as growth 
media. The media was supplemented with 4.5 g/L glucose, 4 mM 
L-glutamine, phenol red (Hyclone, USA), 1 mM Sodium Pyruvate, 10% 
FBS (Hyclone, USA), 50000 IU/L penicillin and 50 mg/L streptomycin. 
Cells were grown at 37°C in a humidified incubator maintained at 5% 
CO2. Once the cells were confluent, they were harvested by a 10 minutes 
treatment with 2X 0.5% Trypsin-EDTA (Caisson Labs, USA) and 
finally re-suspended in 2 ml of DMEM medium. This suspension was 
passed through a cell strainer with 40 µm pore size (BD Biosciences, 
Singapore) to filter out cell clusters/aggregates. The filtered cells were 
centrifuged followed by the removal of DMEM media and were washed 
twice and re-suspended uniformly in 1X pH 7.2 phosphate buffered 
saline solution (Sigma, Singapore). The cells were counted using a 
standard hemocytometer and a cell density containing 7×106 cells/mL 
was used for the experiments.

The lysis buffer was carried out on a 96 well plate (Black well 
transparent bottom, Greiner) with an A431 cell density of ≈30,000 
cells/well. Upon seeding the cells inside the well plate, they were 
incubated overnight at 37°C in order for them to adhere to the bottom 
surface. Following this, the cell media was removed and the cells were 
washed twice with 1X PBS (Sigma, Singapore). The lytic reagent, either 
Triton X-100 (Sigma, Singapore) or Cell Lytic M (Sigma, Singapore) of 
100 µL volume, was added into each well along with a 4 µM ethidium 
homodimer-1. The rate at which the cells were lysed was determined by 
measuring the fluorescence readout at Ex-495 nm, Em-635 nm using 
Fluo Star Optima (BMG Labtech, Singapore). 

The cells were mixed with 4 µM ethidium homodimer-1, EthD-

1 and 2 µM Calcein-AM (Life Technologies, Singapore). The cell 
mixture was collected on a 1 mL plastic syringe (BDTM, Singapore). 
Fluocarbon oil HFE 7500 (3M NovecTM, Singapore) with 2% krytox 
(modified) surfactant was used to generate droplets. Reagents for cell 
lysis such as Cell Lytic M and Triton X-100 (Sigma, Singapore) were 
used accordingly. All the syringes were connected to their respective 
cell, oil and reagent inlet ports on the microfluidic device with 1 mm 
(OD) tubing and were operated using NE-1000 syringe pumps (New 
Era Pump Systems Inc., USA). The flow rate of the continuous (oil) 
phase was 10 µL/min while that for reagent and cell mixture were 2 
µL/min and 5 µL/min respectively. The cell encapsulated droplets were 
collected in a syringe initially and were later injected into an observation 
chamber (width-2 mm, height-80 µm). Droplet generation and cell 
encapsulation was imaged using Photron SA-3 high speed camera at 
frame rates of 6000-10000 frames/sec. The droplets were placed on a 
Nikon TE-2000U fluorescent microscope and were imaged using a 
colored CCD camera with blue and green filter cubes for the live or 
dead staining respectively. The fluorescent and bright field images were 
post-processed using Image J software.

Results and Discussion
Droplet generation for cell encapsulation was carried out in a 

PDMS microfluidic device with a rectangular cross section (Figure 
1A). Cells flowing through the inlet were allowed to pass through a 
pinching channel with a 30 µm and 60 µm contraction and expansion 
width, respectively. This region helped to focus the cells into a single 
stream further helping to break any cell aggregates. The cell stream 
together with a parallel reagent stream containing cell lysis buffer 
entered the droplet forming junction where the cell solution and the 
lysis buffer were encapsulated into the droplet. The cell encapsulated 
droplet consisted of the live or dead stain with cell permeable calcein 
AM and cell impermeable ethidium homodimer-1 (EthD-1). In order 
to enhance mixing inside the droplets they were passed through 
serpentine mixers followed by an incubation chamber (double spiral) 
and finally were collected into a syringe at the channel outlet. Figure 1B 
shows the schematic representation of the entire process, i.e., from cell 
encapsulation to intracellular signal analysis. 

A deterministic encapsulation of cells inside the droplets was 
observed in our experiments with ≈52% of the droplets encapsulating 
single cells (Figure 2A). Single cell encapsulation efficiency was mainly 
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Figure 1: (A) Schematic representation of the microfluidic chip used for 
single cell lysis; (B) Representation of the individual process i.e., from single 
cell encapsulation to intracellular signal analysis from the lysed cells. 
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dependent on the cell density and flow velocity of the oil and aqueous 
phase. A vertical setup of the syringe pump containing the cells was 
used in order to overcome cell settling issues and to lower down 
the non-uniform distribution of the cells at the channel inlet. The 
encapsulation efficiency can further be improved by using a syringe 
stirrer to produce a completely homogenous cell distribution arriving 
at the inlet. This would help in sorting single cells into individual 
droplet compartments and further help in analyzing their intracellular 
enzyme activity (Figures 2B-2D). Such single cell expression studies 
would help us understand cellular heterogeneity. 

The cell solution at the inlet was premixed with the live/dead stain 
i.e., calcein-AM and ethidium homodimer-1 fluorescent dye. Calcein-
AM is a substrate that is freely transported through the intact cell 
membrane of live cells. The intracellular esterases present within the 
cell catalyze the removal of the acetomethoxy group thus allowing the 
polyanionic calcein dye to be retained within the cell resulting in an 
intense fluorescence (Figures 3A and 3B) from the calcein dye present 
within the cell (Ex-495 nm, Em-515 nm). Cell lysis buffer containing 

1% Triton X-100 (v/v) in 1X Phosphate buffered saline (PBS) was 
used to lyse the cells. Figures 3C and 3D represent an image taken in 
the observation chamber for calcein AM and ethidium homodimer-1 
dyes. Live cells that were just lysed inside the droplets indicated loss of 
membrane integrity by allowing EthD-1 to bind to the nucleic acids 
present inside the nucleus. 

It was worth to note that the cell lysis reagents used were optimized 
to lyse individual cells within droplets. Ethidium homodimer-1, 
which was usually used to report loss of cell membrane integrity, 
has been applied to validate cell lysis. Upon cell lysis, this membrane 
impermeable dye freely diffuses into the cytoplasm and binds to the 
DNA exhibiting a 40 fold enhancement of fluorescence signal (Ex-495 
nm, Em-635 nm). The lysis buffer used to permeabilize the membrane 
of A431 cells inside the droplets was initially optimized on cells cultured 
on a well plate. A commonly used non-denaturing cell lysis reagent i.e., 
Triton X-100 was compared with that of a commercially available cell 
lytic-M solution. Intensity plots as seen in figures 4A and 4B represent 
the time taken for the cells to die i.e., for the EthD-1 dye to penetrate 
into the cells and produce fluorescence. Saturation of the curve as 
represented by the blue arrow marks relate to death of all the cells in the 
well as a result of which EthD-1 would have bound (saturated) to the 
all the DNA present in the cells with no more increase in the emitted 
fluorescence. A concentration of 1% Triton X-100 was found to lyse the 
cells faster when compared to the other reagents. Hence, an optimal 
concentration of 1% Triton X-100 was used for on chip lysis of cells 
inside the droplets. Different cell lines, such as the PC9 cells (a lung 
cancer cell line) were also conducted to the on-chip lysis experiments 
to confirm the flexibility and reliability of single cell lysis within the 
droplets. 

Conclusions
An on-chip single cell lysis method has been described in this study. 

The cells were lysed using Triton X-100, a non-denaturing surfactant. 
Two important observations validated the lysis of single cells inside 
the encapsulated droplets. Firstly, the polyanionic calcein dye leaked 
out of the cell causing an increase in the background fluorescence 
of the droplet. This would happen only when the cell membrane is 
permeabilized. Secondly, almost >98% of the cell encapsulated droplets 
exhibited the EthD-1 fluorescence thus reconfirming the lysis of cells 
allowing the dye to penetrate into the cell and bind to the nucleic acids. 
This method would facilitate intracellular enzymatic or protein analysis 
at the single cell level by confining and analyzing single cell lysate 
within individual compartments. Furthermore, this method would 
serve as a stepping stone to allow ligand/drug binding studies targeted 
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Figure 2: (A) Representation of deterministic encapsulation of single cells 
into pico-droplets; (B) Plot representing the distribution of intracellular 
esterase activity seen in cells; the scale bar refers to 50 µm; (C,D) Images 
of the droplet forming region and the channel outlet showing single cells 
encapsulated into individual droplets.
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Figure 3: (A) Live cells entering the microchannel stained with calcein-
AM dye; (B) Cells focused to the centre of the microchannel due to the 
inertial effects. Droplets collected in the observation chamber viewed with 
representative (C) green and (D) red emission filter cubes to show live cells 
whose membrane was just lysed thus allowing EthD-1 to enter inside them.
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at intracellular compounds and aid in the development of biomarkers 
for disease diagnosis.
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