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Cell disruption plays a vital role in detection of intracellular components which

contain information about genetic and disease characteristics. In this paper, we

demonstrate a novel microfluidic platform based on an on-chip micropump for

mechanical cell disruption and sample transport. A 50 ll cell sample can be effec-

tively lysed through on-chip multi-disruption in 36 s without introducing any chem-

ical agent and suffering from clogging by cellular debris. After 30 cycles of

circulating disruption, 80.6% and 90.5% cell disruption rates were achieved for the

HEK293 cell sample and human natural killer cell sample, respectively. Profiting

from the feature of pump-on-chip, the highly integrated platform enables more

convenient and cost-effective cell disruption for the analysis of intracellular

components. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4979100]

I. INTRODUCTION

Intracellular components containing information about genetic and disease characteristics

are pivotal substances to clinical diagnostics, and these desired components are isolated from

the surrounding medium by an impermeable cell membrane.1,2 Cell disruption plays a vital role

in obtaining intracellular components whose quality will directly influence the subsequent anal-

ysis. Cell disruption, also called cell lysis, is a process to break apart cell membranes to access

intracellular substances such as proteins, nucleic acids, and organelles for subsequent analy-

sis.3,4 A variety of cell disruption approaches have been developed, including chemical,5–7

mechanical,8–10 electrical,11–14 optical,15,16 acoustic,17,18 and thermal19,20 methods. The most

well-established lysis approach is chemical lysis, which is simple to implement and needs only

mixing for activation.21 However, the chemical reagent in lysis buffer may result in protein

denaturation,22 and in some cases, additional separation steps should be needed for removing

the reagent, which increases the complexity for system integration.23,24 Other approaches con-

ventionally require bulky or specialized instrumentation to stimulate and disrupt the cells, which

makes it hard to be integrated with subsequent analysis devices.25 Now, the development of

microfluidics has made it possible for a cell lysis device to be integrated in a chip, and a micro-

fluidic chip could also supply a relatively airtight environment, which prevents cells against

external pollution.26,27 The mechanical disruption method is relatively easy to be integrated in a

microfluidic chip because it is done by tearing or puncturing cell membranes using mechanical

forces, including friction forces, shear stress, and compressive stress, which can be induced by

structures within a microfluidic chip. The mechanical disruption method based on microfluidics

is more effective, facile, and simpler than the other methods, without the requirement for chem-

ical agents or bulky instrumentation, and causes no harm to intracellular components.

Di Carlo et al. presented a mechanical lysis device with ultra-sharp silicon nano-blade arrays

for HL-60 and whole blood cell disruption. When cells passed through the sharp blade arrays

within a microfluidic channel, friction forces and shearing stresses would easily penetrate the cell
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membrane.28 Based on the same principle, Yun et al. demonstrated a handheld microfluidic chip

with silicon nanobarbs to disrupt EL4 mouse T-lymphoma cells.29 Kim et al. presented a micro-

fluidic device with patterned nanowire-integrated micropost arrays for facile HaCaT and HeLa

cell disruption.30 When cells passed through the micropost arrays, they would be ruptured by a

strong physical interaction with the nanowire bundles.30 However, in these previous studies, they

are facing the problems of clogging by cellular debris and flow instability at the nanostructure

arrays,30,31 and the fabrication of nanostructures within microchannels required a strict process

control.28,29 Moreover, all the reported microfluidic disruption platforms required external fluid-

driving sources, which obstruct the entire system’s miniaturization.32,33

In this paper, we introduce a novel mechanical cell disruption microfluidic platform based on an

on-chip micropump, and the platform overcomes the problems of clogging and external fluid-driving

source requirement. The on-chip micropump serves not only as a fluid-driving source but also as dis-

ruption cells in a mechanical way. We have experimentally demonstrated that the microfluidic plat-

form could efficiently disrupt the HEK 293 cell (human embryonic kidney 293 cell) and white blood

cell sample. The cell disruption microfluidic chip consists of two poly(dimethylsiloxane) (PDMS)

layers and a polymethyl methacrylate (PMMA) substrate, which is easy for fabrication and widely

used in microfluidics, thus easily integrated with downstream modules for on-chip analysis.

II. THE CELL DISRUPTION CHIP

A. Design

Fig. 1 shows a schematic of the pump-on-chip cell disruption platform, and it consists of a

cell disruption microfluidic chip and a driving setup. The chip is composed of an on-chip

micropump for cell disruption and sample transport, three valves, channels, an inlet, and an out-

let (Fig. 1(a)). The driving setup includes a rotary motor for driving the on-chip micropump,

three electromagnets for valve control, and a home-made control system (Fig. 1(c)). On the

motor head are evenly mounted three steel balls, which are set in contact with the PDMS

membrane-covered annular channel to disrupt cells and pump fluid. The driving device of the

on-chip micropump consists of a lower structure, steel ball, spacer, spring, nut, and upper struc-

ture. To control the valves, three electromagnets are set above the PDMS membrane at desig-

nated points. Working as a mechanical contact switch, the electromagnet deforms the PDMS

membrane to close the valve when power is on. A portable control system based on STM32

controls the motor and electromagnets to accomplish the disruption procedure, and the rotary

motor rotation speed is accurately controlled using pulse width modulation (PWM). All the cell

FIG. 1. The pump-on-chip cell disruption microfluidic chip. (a) Schematic of the chip, (b) photograph of the fabricated cell

disruption microfluidic chip, and (c) schematic of the platform including the on-chip micropump, electromagnets, and

microfluidic chip. This platform performs effective mechanical cell disruption with several reasons: (d) cells in the sample

leaking through the gap between the channel corners and the PDMS membrane will be pulverized by the steel balls, (e) the

compressive stress makes cells deform and bulges form on the cell membrane followed by cell bursting, and (f) some cells

will be crushed down by the steel balls dropping down from the step.
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disruption processes, including sample loading, cell disruption, and cell lysate collection, are

automatically controlled by the portable control system. The chip consists of three structured

layers, starting from the bottom, including a bottom PMMA substrate layer, a PDMS channel

layer, and a top PDMS membrane layer. Fig. 1(b) shows a photograph of a fabricated cell dis-

ruption microfluidic chip.

As the most essential component which contributes to cell disruption, the on-chip micro-

pump is composed of an annular channel covered by a 120 lm thick PDMS membrane which

is pressed by three steel balls driven by a direct-current motor. The width, depth, and outer

diameter of the annular channel were 2 mm, 200 lm, and 18 mm, respectively. The flexible

PDMS membrane peristaltically deforms by the circular movement of the three balls with diam-

eters as large as 6 mm, and the peristaltic deformation of the membrane disrupts cells and

drives the fluid flow in the channel.34,35 The flow rate of the on-chip micropump can be

adjusted by the rotation speed of the motor. This platform performs effective mechanical cell

disruption with several reasons. First, when the peristaltic deformation of the PDMS membrane

drives the liquid sample flow, a certain amount of sample will leak through the gap between

the channel corners and the PDMS membrane. The cells in the sample leaking through the gap

will be pulverized by the steel balls. Second, a compressive stress is directly applied to cells

through the flexible PDMS membrane which deforms by the circular movement of the three

balls, and this makes cells deform and bulges form on the cell membrane followed by cell

bursting.9 Last, the on-chip micropump channel is not fully annular; therefore, the steel balls

will drop down from the step, which will crush down some cells. This on-chip pump-based

platform enables more convenient and cost-effective cell disruption for the analysis of intracel-

lular components, making it suitable as a sample pretreatment module for point-of-care testing,

and this microfluidic module can be integrated with other modules, realizing multiple function-

alities on a single chip to form a total analysis system.

Cell disruption starts from sample loading, in which a specific volume of sample is suc-

tioned from the inlet with the circulation control valve closed. During sample loading, the sam-

ple is transported to the micropump region, where the cells will be disrupted by the compres-

sive stress and pulverized by the three steel balls. After sample loading, the chip works

repeatedly in the multi-disruption step to achieve more disruptions and enhance the cell disrup-

tion rate until the disruption performance is satisfactory. During this step, both the inlet and

outlet valves are closed, and the circulation control valve is opened. After cell disruption, the

cell lysate is extracted via the outlet for subsequent analysis, by introducing the sample with

the circulation control valve closed.

B. Fabrication

We fabricated the pump-on-chip cell disruption microfluidic chip as shown in Fig. 2. A

polymethyl methacrylate (PMMA) mold and a square PMMA substrate are fabricated by using

a computer numerically controlled (CNC) machine. The PDMS precursor (Sylgard 184

FIG. 2. Schematic of the procedure for fabricating a pump-on-chip cell disruption microfluidic chip.
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elastomer, Dow Corning) is mixed with its curing agent at a ratio of 10:1 by weight (Fig. 2(a)).

After stirring and degassing under 10 Pa vacuum for 10 min, the PDMS mixture is poured into

the mold to form the channel layer (Fig. 2(b)). Then, the PDMS channel layer is baked at

80 �C for 3 h, peeled off from the mold (Fig. 2(c)), and assembled onto the square PMMA sub-

strate (Fig. 2(d)). A 120 lm PDMS membrane is prepared by using a spin-coating PDMS mix-

ture on a polyimide film (Fig. 2(e)) and then baking 2 h at 80 �C (Fig. 2(f)). The PDMS mem-

brane is bonded to the assembled PMMA layer after oxygen plasma activation (50 Pa, 100 W)

for 40 s (Fig. 2(g)). Access holes were punched through the top PDMS membrane at positions

corresponding to the inlet and outlet. Finally, the channels were sterilized with 70% ethanol

and rinsed thoroughly with phosphate-buffered saline buffer.

III. MATERIALS AND METHODS

A. Materials and measurements

Two cell types were used in this study. Both the cell lines, human embryonic kidney 293

(HEK293) cells and human natural killer (NK) cells, were cultured at 37 �C in a 5% (v/v) CO2

incubator and were maintained in Dulbecco’s modified Eagle’s medium (DMEM). All cells

were cultured for 5 days prior to the experiment, and the cell concentration in the sample is

about 3� 105 cells/ll. All experiments were performed in compliance with all relevant laws

and institutional guidelines and were approved by Tsinghua University.

The on-chip micropump is characterized by a home-made setup as shown in Fig. 3(a).

Essentially, the flow meniscus in a horizontal or a vertical scaled tube connected to the outlet

tube of the chip is measured by using a CCD camera, and then the flow rate or the back pres-

sure of the micropump is calculated, respectively.

The total protein concentration in the sample supematant before and after disruption is

determined by using a spectrophotometer (NanoPhotometer
VR

P330, Implen GmbH, Germany),

FIG. 3. Characteristics of the on-chip micropump. (a) Schematic of the setup for flow rate testing, (b) the relationship

between the flow rate and rotation speed at zero back pressure, (c) the relationship between back pressure and rotation

speed, and (d) the relationship between the leakage ratio and rotation speed at zero back pressure. Error bars in (b), (c), and

(d) represent the standard deviations of 5 separate trials.
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which is used to evaluate the disruption performance. The optical absorbance of intracellular

proteins in 10 ll sample solutions is measured at a wavelength of k¼ 280 nm to identify amino

acids such as tryptophan, tyrosine, and cysteine. The absorbance of proteins may differ accord-

ing to the relative concentrations of these three amino acids, and the absorbance values are

automatically processed to obtain the total protein concentration in the sample.30 A Zeiss LSM

780 confocal laser scanning microscope with 10�, 20�, and 40� multi-immersion objective

lens is used for sample observation and image recording.

B. Performance metrics

Cell disruption is the breaking apart of cell membranes to affect the release of the intracel-

lular product, thus allowing subsequent analysis. There are direct and indirect methods to mea-

sure the cell disruption performance. Direct measures may be determined by observational

methods such as counting using a microscope, while indirect methods involve monitoring the

release of the specific product from cells, which locates intracellularly before disruption. In this

study, we use the total protein concentration in the sample supematant to quantitatively analyze

the cell disruption performance and use a confocal microscope for qualitative analysis. To eval-

uate the cell disruption performance and efficacy, the cell disruption rate is defined by3,36,37

Cell disruption rate ¼ Proteinsample � Proteincontrolð Þ= Proteintotal � Proteincontrolð Þ � 100%; (1)

where Protein sample is the protein concentration in the sample, Protein control is the protein con-

centration in the initial cell sample, and Protein total is the maximum possible protein concentra-

tion in the sample when all of the cells are disrupted. Herein, we measure the Protein total by

completely disrupting the cells using an Avestin Emulsiflex C3 Homogenizer at 1600 psi.

IV. EXPERIMENTAL RESULTS

A. Characteristics of the on-chip micropump

Figure 3 shows the measurement results of the on-chip micropump characteristics with a steel

ball pressing depth of 250 lm. The flow rate increases from �49 ll/min to �808 ll/min following

the rising of the motor rotation speed from 10 r/min to 112 r/min at a linear relationship (Fig.

3(b)). As expected, the back pressure also followed an approximate linear relationship with the

rotation speed, and a back pressure up to 1550 Pa is achieved at 112 r/min (Fig. 3(c)). The leakage

ratio is approximately constant when the motor rotation speed is higher than 20 r/min (Fig. 3(d)),

which is based on the micropump volume capacity, motor rotation speed, and flow rate.

B. Optimization of rotation speed and pressing depth

First, the influence of the pressing depth of the steel balls on the chip on cell disruption

performance is evaluated by pumping the 50 ll sample with 4 different pressing depths from

150 lm to 300 lm with a motor rotation speed of 112 r/min. Fig. 4(a) shows the cell disruption

rate with different pressing depths. The cell disruption rate first increases with the pressing

depth, achieves the maximum 56.5% at 250 lm, and then turns to decrease. The channel state

in the micropump area when pressed by steel balls with different pressing depths is simulated

using the finite element analysis method based on the 2D contact model established with

COMSOL. The simulation results with pressing depths of 150 lm, 200 lm, 250 lm, and 300 lm

are shown in Figs. 5(a)–5(d), and the areas of the gap between the channel corners and the

PDMS membrane are 53.27%, 29.36%, 17.37%, and 4.26% of the initial area, respectively,

illustrating that the gap area decreases with the increase in the pressing depth. With a smaller

gap between the bottom PDMS channel layer and the top PDMS membrane, a higher compres-

sive stress is achieved, and cells leaking through the gap will be pulverized by the steel balls

more thoroughly; however, if the gap is too small or even if there is no gap, there will be only

few cells be disrupted. We further evaluate the effect of the motor rotation speed on cell disrup-

tion performance by pumping the 50 ll sample with 9 different rotation speeds from 34 r/min to
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112 r/min and a pressing depth of 250 lm, and Fig. 4(b) shows the cell disruption rate with dif-

ferent rotation speeds. The cell disruption rate increases slowly with rotation speed and

achieves 56.2% at 112 r/min since the compressive stress and friction forces will increase with

rotation speed. In order to maximize the cell disruption rate, a pressing depth of 250 lm and a

motor rotation speed of 112 r/min (flow rate corresponding to 808 ll/min) are selected in the

subsequent experiments.

In order to estimate the contribution of flow speed on cell disruption, we tested the effect

of cell disruption using a syringe pump to introduce the HEK293 cell sample into the micro-

fluidic chip, comparing with the on-chip micropump, with a same flow rate of 808 ll/min.

Fig. 6(a) shows a microscopic image of the initial HEK293 cell sample, and Figs. 6(b)

and 6(c) show the microscopic images of collected samples after loading the sample through

the microfluidic chip using a syringe pump (LongerPump
VR

LSP02-1B, China) and the on-chip

FIG. 4. Cell disruption rates with different rotation speeds and pressing depths of the external motor. (a) Results for cell

disruption with different pressing depths of the steel balls and (b) results for cell disruption with different motor rotation

speeds. Error bars in (a) and (b) represent the standard deviations of 5 separate trials.

FIG. 5. Simulation results of the channel state in the micropump area when pressed by steel balls with different pressing

depths. (a)–(d) Simulation results with pressing depths of 150 lm, 200 lm, 250 lm, and 300 lm, respectively.
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micropump, respectively. The cell disruption rate is 56.9% using the on-chip micropump, sig-

nificantly higher than 4.7% using the syringe pump (Fig. 6(d)). This confirms that the cells

are effectually disrupted under compression by the on-chip micropump in a mechanical way.

This novel mechanical cell disruption platform allows rapid extraction of intracellular con-

tents without introducing chemical agents or applying bulky instrumentation. In addition, this

mechanical method causes no harm to intracellular contents and will not influence the subse-

quent extraction and analysis.

C. Multi-disruption

A pre-disruption is carried out by introducing the 50 ll cell sample, and then the circulating

disruption step is repeated multiple times to implement on-chip multi-disruption for a better dis-

ruption effect. Herein, experiments with different numbers of repeating cycles of the circulating

disruption step are conducted. Fig. 7 shows the HEK293 cells’ cell disruption results with dif-

ferent numbers of repeating cycles of the circulating disruption step. The cells in the initial

sample are intact (Fig. 7(a)). More disruption cycles cause breakdown of an increasing number

of cells and the release of more intracellular components and increase the amount of cell debris

from cracked and split cells in the sample solution (Figs. 7(b)–7(f)), thus resulting in a higher

protein concentration. The cell disruption rate increases significantly with the repeating cycles

of the circulating disruption step (Fig. 7(g)), indicating that this step is highly effective to

improve the cell disruption performance. After 30 cycles of the circulating disruption step, the

80.6% cell disruption rate is achieved, and the cell disruption rate could be further enhanced by

increasing the repeating cycles.

FIG. 6. The effects of cell disruption using two different kinds of pumps. (a) Microscopic image of the initial HEK293 cell

sample. (b) and (c) Microscopic images of collected samples after loading the sample through the microfluidic chip using a

syringe pump and the on-chip micropump, respectively. (d) Cell disruption rate using the syringe pump and on-chip micro-

pump. Scale bars in (a)–(c) represent 10 lm, and the error bar in (d) represents the standard deviations of 5 different trials.

FIG. 7. HEK293 cells’ cell disruption results with different repeating cycles of the circulating disruption step. (a)

Microscopic image of the initial HEK293 cell sample. (b)–(f) Microscopic images of collected samples with 1, 5, 10, 20,

and 30 repeating cycles of the circulating disruption step. (g) Cell disruption rate versus repeating cycles. Scale bars in

(a)–(f) represent 30 lm, and the error bar in (g) represents the standard deviations of 5 different trials.
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Following the same procedure as HEK293 cell disruption, the 50 ll human natural killer

(NK) cell sample is disrupted using this pump-on-chip cell disruption platform, with the circu-

lating disruption step being repeated 1–30 times. Figs. 8(a) and 8(b) show the microscopic

images of the initial NK cell sample and collected sample with 30 repeating cycles of the circu-

lating disruption step, respectively. Fig. 8(c) shows the cell disruption rate of NK cells versus

repeating cycles, and a cell disruption rate of over 90.5% is achieved after 30 cycles of circu-

lating disruption. Herein, the disruption process with 30 repeating cycles of the circulating

disruption step only takes 36 s to disrupt the 50 ll cell sample, equivalent to a throughput of

83.3 ll/min.

V. CONCLUSIONS

In this paper, a novel pump-on-chip cell disruption microfluidic platform was demonstrated

for mechanical cell disruption. The platform features with an on-chip micropump for mechani-

cal cell disruption and sample transport. Utilizing this platform, we enabled efficient extraction

of intracellular components without the need for introducing chemical agents or applying bulky

instrumentation, and the 50 ll cell sample could be effectively lysed by on-chip multi-disruption

in 36 s. After 30 cycles of the circulating disruption step, 80.6% and 90.5% cell disruption rates

were achieved for the HEK293 cell sample and human NK cell sample, respectively. We

believe that this cell disruption method can be further enhanced for a multitude of cells, and

the cell disruption rate could be further improved by increasing the repeating cycles of circulat-

ing disruption. Profiting from the feature of pump-on-chip, this highly integrated platform ena-

bles more convenient and cost-effective cell disruption for analysis of intracellular components,

making it suitable as a sample pretreatment module for point-of-care testing.
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