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Abstract

:

This paper proposes the use of a chip-based microfluidic device to extract functional and chemical free mitochondria. A simple microfluidic device was designed and fabricated. An osteosarcoma cybrid cell line was employed to demonstrate the efficiency of the proposed microfluidic device. The membrane proteins (mitochondrial complex I-V and Tom20) and morphology of the extracted mitochondria were examined by Western blot and transmission electron microscopy (TEM), respectively. The purity and mitochondrial membrane potential of the extracted mitochondria were individually measured by 10-N-alkyl acridine orange and tetramethylrhodamine ethyl ester staining via flow cytometry. Experimental results revealed that expressed pattern of complex I–V in device-extracted mitochondria was close to that of mitochondria in total cell lysis and device extraction significantly prevented chemical modification of complex IV protein via a conventional kit, although device extract similar amounts of mitochondria to the conventional kit revealed by Tom20 expression. Furthermore, purity of device-extracted mitochondria was above 93.7% and mitochondria still retained normal activity after device extraction proven by expression of mitochondrial membrane potential as well as the entire mitochondrial morphology. These results confirmed that the proposed microfluidic device could obtain functional mitochondria without structural damage.






Keywords:


mitochondria extraction; chip-based microfluidic device; mitochondrial function












1. Introduction


The mitochondrion is a unique organelle found in most eukaryotic cells [1]. In addition to serving as cellular power plants by producing adenosine triphosphate (ATP) through respiration, mitochondria contribute to other physiological functions, including signaling, cellular differentiation, cell death [2], and regulation of cellular metabolism [3]. Reactive oxygen species, which can result from leakage of high-energy electrons during cellular respiration, can cause oxidative stress in the mitochondria and induce mutations of mitochondrial DNA (mtDNA) [4]. These mutations lead to diseases such as tumors, diabetes, cardiovascular disease, and age-related neuropathies [5]. Several mitochondrial treatment methods have been developed in response. For example, the mitochondria of neuropathy or diabetic patients can be provided with antioxidants to reduce oxidation damage. Mitochondria can be supplied with cytotoxic drugs to induce apoptosis for cancer treatment and mitochondrial permeability transition suppression drugs to inhibit tissue bleeding [6,7]. However, these treatments are irreversible because the damaged tissues are irreparable. Therefore, researchers have proposed using functional mitochondria extracted from human cells to treat diseases [8]. Elliott et al. recently transplanted normal mammalian mitochondria into MCF-7 human breast cancer cells and found that MCF-7 cells can be suppressed and show sensitivity to treatment with cancer drugs such as doxorubicin, Abraxane, and carboplatin [9]. In 2013, Masuzawa et al. conducted autologous mitochondrial transplantation to treat cardiac ischemia-reperfusion injury [10]. In vitro and in vivo experiments demonstrated that the transplanted mitochondria were inhaled by cardiomyocytes within 2–8 h. Oxygen consumption, synthesis of high-energy phosphate, and the cell survival pathway of the cardiomyocytes were enhanced [10]. To be effective, these mitochondria therapies are highly dependent on the supply of healthy mitochondria. Unhealthy mitochondria may further accelerate the diseases. Therefore, the efficacious extraction of healthy mitochondria from cells is highly desirable.



Soft lithography [11,12] has been a useful approach that offers powerful patterning capability and experimental simplicity for a wide range of microfluidic system fabrications. Several mechanisms are integrated into microfluidic devices for disrupting cells, including homogenization, electroporation, and electrochemistry [13,14,15]. Kido et al. assembled magnetic field-actuated microfluidics, centrifugal cells, and tissue homogenizer to fabricate a plastic circular disk, followed by a centrifugation system to prepare grids of Escherichia coli and Saccharomyces cerevisiae for DNA extraction [13]. They claimed that this system was suitable for a small volume of DNA extraction (maximum total volume of 70 μL), and it was good for grinding easy or difficult lysed cells. Jha et al. used a microfluidic device combined with electrochemistry for cell lysis. The low DC potential was inputted on the device for cell lysis and release of genomic DNA [15]. The extracted genomic DNA was not destructed by Joule heating and successfully used on PCR-grade DNA by amplification. The above-mentioned devices showed good working quality on extracting a small amount of DNA, but they were not as efficient for large-scale extraction.



Reliable microfluidic systems that reduce the consumption of samples and reagents, provide high-throughput screening, and enable online analysis have been widely applied to various biomedical applications, including single-cell analysis [16], drug screening, and blood fractionation [17,18]. However, it is still unknown for the application of mitochondrial extraction. In this study, we propose a simple and effective method for extracting functional mitochondria with a microfluidic device fabricated by soft lithography. The proposed microfluidic device has a microchannel system for effective cell breakage. We adopted photolithography to fabricate a replica mold of the photoresist. Using the mold, we cast a polydimethylsiloxane (PDMS) microfluidic device. Finally, the cast PDMS microfluidic device was bonded to glass to produce a microfluidic device for further mitochondria extraction. Then, a PDMS microfluidic device was used to extract functional mitochondria from human osteosarcoma cybrid cells with genetic targeting of green fluorescence protein (GFP) in mitochondria (C2-mitoGFP). The protein structures, purity, and membrane potential of the extracted mitochondria were examined to illustrate mitochondrial health.




2. Materials and Methods


2.1. Design of the Microfluidic Mitochondria Extraction Device


Figure 1 shows a schematic of the proposed microfluidic device for extracting functional mitochondria. We used commercially available SolidWorks software to design the microfluidic device. The device has three parts: an inlet area, working area, and outlet area. The inlet and outlet areas each contained a circular buffer with radius of 500 and 700 μm, respectively. The working area consisted of a microchannel structure to achieve effective cell lysis. We set the smallest channel width as 5 μm because a eukaryotic cell is larger than 10 μm.



The pressure drop in each channel of the device can be described by the following formula:


  Δ P =   8 × η × L   π ×  γ 4     Q n   



(1)




where η (Pa × s) is the coefficient of viscosity; L denotes the length of the microchannel structure; Q (m3/s) is the injected flow rate; n is the number of branches in each layer; and rh (m) is the hydraulic radius of the microchannel. Assuming m channels in a certain layer are clogged by the injected cells and Q is uniform in the other (n − m) channels, the pressure drop in each channel can be reformulated as shown in Equation (2). If ΔP’ is large enough to break the cell membrane, the clogged cells will be broken [19].


  Δ  p ′  =   8 × η × L   π ×  γ h 4     Q  ( n − m )    



(2)







The representative shear stress can be estimated using Equation (3).


  σ =   Δ p ×  γ h    2 L    



(3)








2.2. Fabrication of the Microfluidic Device


The schematic in Figure 2 illustrates the fabrication process of the microfluidic device. We used a 2 cm × 2 cm silicon wafer as substrate, which was washed three times sequentially with deionized water, ethanol, and acetone (Figure 2a). An 8 μm-thick SU8-5 negative photoresist (Microchem, Westborough, MA, USA) was then spin-coated onto the silicon substrate (500 rpm, 10 s; 1500 rpm, 20 s) (Figure 2b). To identify the microfluidic pattern, the substrate was then exposed using a double-sided mask aligner (OAI-500, Optical Associates, Inc., San Jose, CA, USA) (Figure 2c) and developed using an SU-8 developer (Figure 2d). After developing, the PDMS solution (10:1 (v/v) ratio) was cast onto the patterned silicon substrate and dried in an oven overnight at 100 °C (Figure 2e). The PDMS substrate was then separated from the silicon wafer and cleaned with compressed air to remove surface particles (Figure 2f). We then applied atmospheric pressure plasma treatment to the patterned PDMS surface to modify surface property. Finally, the PDMS substrate was bonded to a glass slide under 5-mtorr pressure for 15 min to obtain the microfluidic device (Figure 2g).




2.3. Cell Culture and Mitochondria Extraction


Human osteosarcoma cybrid cells, carried normal mitochondria derived from the fibroblasts of the healthy individuals, with genetic labeling of green fluorescence protein (GFP) in mitochondria (C2-mitoGFP) were used as a mitochondrial donor for mitochondria extraction. The cells were cultured in an incubator at 37 °C and 5% CO2 with high glucose Dulbecco’s Modified Eagle’s Medium (Gibco, Life technologies Inc., Carlsbad, CA, USA) containing 10% fetal bovine serum (Gibco, Life technologies Inc., USA) and 1% antibiotic-antimycotic buffer (Gibco, Life technologies Inc., USA). The medium was renewed every other day. When cell density reached 80%, cells were passaged by adding trypLE express enzyme (Gibco, Life technologies Inc., USA) for 10 min for further experiments. After centrifugation, the cells were suspended by adding hypo osmotic lysis buffer (RSB hypo buffer, pH 7.5) on ice for 15 min to swell cells.



To obtain the optimal working concentration, the cells were diluted into units of 10, 20, 30, 40, 50, and 100 × 104 cells/mL for mitochondria extraction. The cell solution was then injected into the microfluidic device with a flow rate of 5 mL/h to break cell membranes and the output solution, a mixture of cell homogenate contains organelles, was kept on ice to reserve of mitochondrial activity. Subsequently, a hypertonic solution homogenization buffer (2.5 × MS Homogenization Buffer) was immediately added to reconstruct mitochondria for balance of osmotic pressure. The mitochondria were centrifuged at 13,000× g for 5 min to remove nuclei, unbroken cells, and large membrane fragments. The supernatant was transferred to a clean centrifuge tube and centrifuged at 17,000× g for 15 min to obtain the mitochondrial pellet. Finally, the mitochondria were resuspended with preserved buffer for future experiments.



To compare the activity of mitochondria extracted with the proposed microfluidic system with those extracted by the conventional approach, the cells were treated with either a mitochondria isolation kit (Thermo Fisher Scientific, Waltham, MA, USA) or a freezing and thawing process as the control.




2.4. Protein Assay


A Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) was used to examine the extracted protein. After cell lysis, the solution collected from the microfluidic device was sequentially centrifuged at 3000× g to remove cell debris and then at 10,000× g to discard the cytosol and obtain the mitochondria. We then added a mixing solution of 10 μL of mitochondria solution and 10 μL of standard solution into an enzyme-linked immunosorbent assay (ELISA) plate, followed by 200 μL of BCA working reagent into each well. This mixture was incubated at 37 °C for 30 min, and its absorbance was measured at 550 nm using an ELISA reader. The standard solution was prepared by diluting BSA solution into units of 2000, 1500, 1000, 750, 500, 250, 125, 25, and 0 μg/mL.




2.5. SDS-PAGE and Western Blot


The mitochondrial protein structure was analyzed by using SDS-PAGE and Western blot. A 12% running gel and a 6% sticking gel were prepared separately. We added 12 μg of total protein solution from each sample into SDS-PAGE and then applied 80 V of potential for 135 min to separate the protein. We transferred the protein to a nitrocellulose membrane by applying a current of 200 mA for 60 min. After buffer blocking with 0.1% BSA for 60 min, the primary antibodies (the mouse anti-Tom20 antibody (Santa Cruz Biotechnology, USA) and the rabbit anti-complex I–V antibody (Abcam, Cambridge, MA, USA) were respectively diluted with PBS with 0.1% Tween 20 (PBST) buffer at a 1:1000 (v/v) ratio) were added and incubated overnight at 4 °C. After washing, we incubated the secondary antibodies conjugated with infrared dyes (IRDyes; goat anti-mouse IgG antibody IRDye 800 and goat anti-rabbit IgG antibody IRDye 800 diluted with PBST buffer in 1:10,000 (v/v) ratio, respectively) at room temperature for 90 min in a dark environment. After each step, the membrane was washed with PBST buffer. After rinsing, we measured the membrane with an ODYSSEY infrared imaging system (LI-COR, Lincoln, NE, USA). Image J software was used to quantify the mitochondrial protein.




2.6. Flow Cytometry


To verify the purity and membrane potential of the extracted mitochondria, 10-N-alkyl acridine orange (NAO) and tetramethylrhodamine ethyl ester (TMRE) were used for staining the extracted mitochondria. After staining for 20 min in the dark, a flow cytometer (Cytomics FC 500, Beckman Coulter Inc., Brea, CA, USA) using 530 ± 15 nm band pass filter was employed.




2.7. Examination of Mitochondrial Morphology


To ensure the completeness of the outer membrane of the extracted mitochondria, the morphologies of ultrathin sections were examined by transmission electron microscopy (TEM). Extracted mitochondria after centrifuge at 12,000× g and then pellets were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 4 h at room temperature as around 20 to 25 °C. After three rinses in 0.1 M phosphate buffer for 15 min each, samples were dehydrated through a graded ethanol series for 20 min each. Samples were infiltrated with LR white resin in a gelatin capsule and stored at 4 °C for 48 h. Capsules were polymerized before cutting 70 nm ultrathin sections (Leica EM UC7, Wetzlar, Germany). Sections were viewed using a TEM (Hitachi H-7000, Yokohama, Japan).





3. Results


3.1. Device Structure Selection


In this study, we designed seven types of microfluidic devices as shown in Figure S1. The fabricated silicon base replica molds of the designed microchannel devices with photoresist as the structure are shown in Figure S2. The optical microscopy images of the PDMS based microchannel structures obtained by casting PDMS solutions on the silicon base replica molds are depicted in Figure S3. The optical microscopy images of the cell lysis process using chip-based microfluidic devices are shown in Figure S4. The effectively usable time analysis is presented in Table S1. Based on cell lysis capability, fluidity of the suspension at working area, and effectively usable time, the type 7 device was selected for further mitochondria extraction.




3.2. Chip-Based Microfluidic Device


Figure 3 shows the fabrication result of the type 7 chip-based microfluidic device. The bioMEMS process, including the fabrication of a silicon-based replica mold, PDMS casting and demolding, and packing, was employed to fabricate the microfluidic device. The results indicated that the width of each channel was similar to our designed device. The damage or clogs in the device that resulted from fabrication were not observed. The chip-based microfluidic devices were used for future mitochondria extraction.




3.3. Pressure Drop and Shear Stress


The medium used for cell concentration dilution was PBS. The depth and width of each microchannel are 8 and 5 μm, respectively. The parameters for calculations of pressure drops and shear stresses are listed below.



η = 0.904 mPa-s = 0.922 × 10−8 kg-s/cm2, L = 60 μm, rh = 4 × 5 × 8/4(5 + 8) μm = 3.077 μm, Q = 5 μL/h = 5 μm3/3600 s = 1.39 × 10−3 μm3/s.



The calculated pressure drops (Equation (2)) and shear stresses (Equation (3)) for different m are tableted in Table 1.




3.4. Working Concentration of the Cell Suspension


The purpose of optimizing the working concentration was to determine an optimal concentration of injected cells that could most efficiently break the cell membrane. In this study, we used a flow rate of 1 mL/min for cell injection. Assuming the injected solution was an incompressible and steady flow in microchannels, the fluid area in microchannels was drastically reduced and led to a remarkable increase in fluid pressure, according to Bernoulli’s principle and the conservation of energy. Therefore, high flow rates of cell injection were used to increase the extraction speed, but high speeds could increase the risk of device damage because of high fluid pressure generated in microchannels.



Figure 4 shows the cell lysis results using the type 7 microfluidic device. The cell lysis results from other devices are not shown (Figure S4). Cells were broken as they passed through the 5 μm microchannels; the cytoplasm, nucleus, and membrane fragments were then released. Based on the high-magnification image in Figure 4a, the released substances (cytoplasm, nucleus, and membrane fragments) easily adhered to the outlet area of the device; this area contained abundant proteins, nucleic acid, and dissolved macromolecules. To prolong the lifetime and increase the extraction efficacy of the device, the optimal concentration of injected cells of the chip-based microfluidic device was measured. Figure 4b shows the efficacy of broken cells using the chip-based microfluidic device under various cell concentrations. The total protein concentration by lysis buffer extraction was 2181.87 μg/mL in a cell suspension solution of 30 × 104 cells/mL. By estimating the ratio of total protein of extracted cells, 50% of injected cells were broken by the microfluidic device at a working concentration of 10 × 104–30 × 104 cells/mL. Moreover, only 3–20% of injected cells were broken at 40 × 104–100 × 104 cells/mL. This finding was attributed to cell aggregate at the high concentration during extracted process to lead to lower crushing efficiency, because the undispersed cells could not pass orderly through microchannels. To effectively obtain complete mitochondria by using the microfluidic device, 30 × 104 cells/mL of cell suspension was selected as the optimal working concentration.




3.5. Function of Device-Extracted Mitochondria


The main purpose of this study was the extraction of functional mitochondria. To measure the activity of the extracted mitochondria, we employed protein electrophoresis for analyzing complex I-V and Tom20 of the extracted mitochondria. Complex I-V consisted of five types of transmembrane proteins on a mitochondrial membrane. These proteins are associated with ATP synthesis in mitochondria and can be used as an index of mitochondrial activity. Tom20, one of the markers of mitochondria, can be used to represent the amount of extracted mitochondria [20,21]. Lysis of whole cell with intact mitochondria inside (L) was used to be a quality control for mitochondrial extraction via proposed devise (D) and conventional kit (K).



Cell protein lysis buffer is normally used for protein extraction so that it presents the performance of intact mitochondrial complexes inside cells.



Figure 5 illustrated the comprehensive measurements of mitochondrial function. Results of Western blot analysis of mitochondrial complex I-V activity in samples derived from different extraction methods are shown in Figure 5a. The similar pattern of mitochondrial complex I-V proteins was found in the groups of device-extraction (D) and cell lysate (L). In contrast, protein of mitochondrial complex IV (CIV) was modified in group of conventional kit because the presence of a band shift was dramatically found bellow the molecular weight of CIV (40 KDa) as a star indicated in Figure 5a. To compare with the other groups, it revealed that chemical reagents of conventional kit possibly change the CIV protein structure. It also meant the activity of kit-extracted mitochondria could be affected by the change of the supercomplex composition of the CIV protein [22]. Thus, the higher preservation of the entire CIV protein was found in a group of device extractions relative to the kit extraction (Figure 5b).



To further verify the purity of the extracted mitochondria, we used NAO dye for specific labeling of the mitochondrial inner membrane. A histogram from flow cytometry analysis illustrated the difference in the non-labeled (red) and NAO-labeled mitochondria (blue; Figure 5c, left panel), which revealed 93.7% of mitochondrial purity in device-extracted substrates. It was similar with conventional kit extraction (97.4% showed in our previous finding [23]). The NAO-positive dot plots indeed confirmed the greater size (indicated by forward scatter signal, FSC) and granularity (indicated by side scatter signal, SSC in extracted mitochondrial population (254, 123) to compare the non-mitochondrial population (249, 105) (Figure 5c), as our previous findings [23].



The mitochondrial membrane potential of extracted mitochondria was examined by TMRE staining (Figure 5d). Mitochondrial complex I inhibitor rotenone (Rot) with valid dose (1 μM) was used to identify the mitochondrial depolarization. The result showed that 83 ± 1.1% of device-extracted mitochondria expressed strong TMRE fluorescence and the population crashed down to 10 ± 3.2% after rotenone treatment, which is similar to the autofluorescence of the blank group (8 ± 0.7%) (Figure 5d, right panel).




3.6. Mitochondrial Ultrastructure of Device-Extracted Mitochondria


TEM images showed the mitochondrial structure of device-extracted mitochondria without density gradient centrifugation. The complete outer membrane and cristae (arrow indicated) were observed at the extracted mitochondria, although some condensed mitochondria indicated as star points were found at same magnifications (Figure 6). The range of mitochondrial size was approximately estimated from 0.5 μm to 1.5 μm. The morphology examination results indicated that our device could break the cell membrane to extract entire mitochondria without mitochondrial membrane disruption.





4. Discussion


Mitochondria are extracted by first damaging the cell membrane to obtain organelles containing cytoplasm and then purified by centrifugation at different speeds. Cell lysis methods can be categorized into solution-based and physical approaches. Solution-based cell lysis involves osmotic shock, freezing and thawing, enzyme lysis, chemical treatment, and detergents [24]. Of these approaches, osmotic shock and freezing, and thawing are most commonly used. In osmotic shock, cells are placed in a solution of high osmolarity, such as glycerine and sucrose, to shrink the cell membrane via the discharge of intracellular water. By diluting the solution, extracellular water quickly flows into the shrunken cells and cells rupture from the rapid expansion of the membranes. In the freezing and thawing approach, cells are first placed in a cryogenic environment and then the frozen cells are dissolved at room temperature. When these steps are performed repeatedly, the cell membranes are broken down. The freezing process also forces intracellular water to form ice grains, which induce cell swelling and rupture. The major weak point of solution-based lysis is that the activity of the extracted mitochondria can be easily damaged because of repeated swelling and/or addition of chemical substances. In addition, this approach is relatively difficult to perform in large quantities. Physical cell lysis approaches include homogenization, shaking beads, fine grinding, and ultrasonication. Of these techniques, homogenization can efficiently obtain large amounts of mitochondria and is the most commonly used. Three types of homogenizers have been developed: the Dounce homogenizer, Potter–Elvehjem homogenizer, and French press [25,26]. High pressure is required to either directly or indirectly destroy cell membranes to acquire mitochondria. However, the applied high pressure is likely to damage mitochondrial activity so that we did not additionally pressurize cells to pass the microchannel for rise the efficiency of cell disruption in the proposed device. In contrast, the designed device in our study provided size-controlled microchannels to gently destroy the suspended cells and obtain functional mitochondria in a continuous fluid at the optimal working concentration of cell suspension. Although the device extracted amount is equal to that extracted by a conventional kit, the quality of device-extracted mitochondria is better than the kit-extracted, which no abnormal assembly of mitochondrial complex proteins.



Considering a rapid and efficient method for extracting intact mitochondria is highly desirable for mitochondria therapy applications, our experimental results also confirmed the feasibility of the proposed microfluidic device for practical applications and the less effect of protein integrity during the process of extraction. Furthermore, in this study, the size of the applied cell was approximately 10–15 μm and it could be progressively broken via the proposed microfluidic device with a microchannel width of 5 μm. Therefore, we proposed that the microfluidic device could be available for other kinds of cells, such as stem cells, within an appropriate cell size of 6–15 μm. Otherwise, different cells may be used simply by adjusting the channel width for desirable application. In addition, a meticulous mask and precise exposure device are also required.




5. Conclusions


In this study, we propose a nontoxic and useful method for mitochondria extraction using a chemical-free microfluidic device. The cast PDMS microfluidic device not only extracted an equal amount of mitochondria to a conventional kit but also preserved mitochondrial function from damage in the extraction process. It is a critical issue for mitochondrial transplantation for therapeutic use in recent years because the efficacy of the mitochondrial treatment is dependent on graft mitochondrial function. The advantage of the proposed device is its ability to maintain isolated mitochondrial quality, including a reduced complexity of operating procedure, the elimination of human error, and the avoidance of chemical contamination in the process of mitochondrial preparation. This pilot study will contribute to developing a technique of massive extraction of cell-based mitochondria by integrating a fluid pressure system in our ongoing approach and facilitate clinical practice in the future.
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Figure 1. Schematic of the proposed microfluidic device for extracting mitochondria. 
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Figure 2. Schematic of the fabrication process of the microfluidic device: (a) wafer cleaning, (b) photoresist coating, (c) exposure, (d) development, (e) casting, (f) demolding, and (g) packaging. 
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Figure 3. Chip-based microfluidic device. 
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Figure 4. (a) Cell lysis by the chip-based microfluidic device; (b) cell lysis percentage by using the chip-based microfluidic device under different cell concentrations (n = 3). 
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Figure 5. Comprehensive measurement of isolated mitochondrial function via different extracted methods. (a) The performance of mitochondrial complex I-V proteins (CI-CV) was analyzed and (b) quantified by normalizing the mitochondrial amount presented by the mitochondrial marker protein of Tom20. * p < 0.05, significant difference to compare with L group. + p < 0.05, significant difference to compare with K group.(c) Purity of device-extracted mitochondria was analyzed by flow cytometry using 10-N-nonyl acridine orange (NAO) dye for specifically label mitochondria in the inner membrane. Population NAO-positive signals (bluish histogram) was gating by adjusting the autofluorescence of mitochondria without staining (blank group, reddish histogram, left panel). (c) The dot plot of the forward scatter/side scatter (FSC/SSC) showed the difference in particle size and granularity between mitochondrial (bluish dot plot) and non-mitochondrial populations (red dot plot) (right panel). (d) Tetramethylrhodamine ethyl ester (TMRE), mitochondrial membrane-dependent dye, was conducted to measure activity of device-extracted mitochondria with mitochondrial inhibitor rotenone (Rot) (Mito+Rot group, blue dot plot and histogram) treatment for 30 min by flow cytometry or not (Mito group, red dot plot and histogram) (left panel). The population of active mitochondria in each group was quantified by gating autofluorescence of mitochondria without staining (blank group, dark dot plot and histogram) (right panel). L: total cell lysis, D: microfluidic device, K: commercially available mitochondria isolation kit. 
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Figure 6. Ultrastructure of device-extracted mitochondria was detected by transmission electron microscopy (TEM). Scale bar is 0.5 μm in each image. The arrow and star indicate the mitochondrial cristae and condensed ultrastructural transformation, respectively. 
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Table 1. Calculated pressure drops (ΔP) and shear stresses (σ) for different m.
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	n
	m
	ΔP (mPa)
	σ (mPa)





	30
	0
	6.73 × 10−5
	1.722 × 10−6



	30
	5
	8.40 × 10−5
	2.15 × 10−6



	30
	10
	10.49 × 10−5
	2.69 × 10−6



	30
	15
	13.99 × 10−5
	3.58 × 10−6
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