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Abstract

:

Chemical cell lysis is an interesting topic in the research to Lab-on-a-Disc (LOD) platforms on account of its perfect compatibility with the centrifugal spin column format. However, standard procedures followed in chemical cell lysis require sophisticated non-contact temperature control as well as the use of pressure resistant valves. These requirements pose a significant challenge thereby making the automation of chemical cell lysis on an LOD extremely difficult to achieve. In this study, an LOD capable of performing fully automated chemical cell lysis is proposed, where a combination of chemical and thermal methods has been used. It comprises a sample inlet, phase change material sheet (PCMS)-based temperature sensor, heating chamber, and pressure resistant valves. The PCMS melts and solidifies at a certain temperature and thus is capable of indicating whether the heating chamber has reached a specific temperature. Compared to conventional cell lysis systems, the proposed system offers advantages of reduced manual labor and a compact structure that can be readily integrated onto an LOD. Experiments using Salmonella typhimurium strains were conducted to confirm the performance of the proposed cell lysis system. The experimental results demonstrate that the proposed system has great potential in realizing chemical cell lysis on an LOD whilst achieving higher throughput in terms of purity and yield of DNA thereby providing a good alternative to conventional cell lysis systems.
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1. Introduction


Over the last decade, development of integrated and inexpensive point-of-care (POC) devices for rapid diagnostics has been on the rise owing to miniaturization and automation of analytical protocols based on microfluidics. The obvious advantages of the use of microfluidic devices include reduced sample consumption, enhanced efficiency, and fast reaction times [1,2]. The success of microfluidics in POC applications largely depends upon integration of the principal operation onto a monolithic device. However, the transition from simple independent microfluidic devices to a complete microfluidic POC system capable of performing the fundamental processes of bio-assay protocol is challenging.



Specific to POC applications, improvements to present systems are required to ensure proper integration of microfluidic functions and reduction of fabrication costs; this is in addition to the necessary adaptation of bio-assays to a microfluidic format. In bio-assays, finding and analyzing information regarding genetic and/or disease characteristics is essential [3,4]. Cell lysis, also called cell disruption, is a process that breaks cell membranes open thereby facilitating access to intracellular substances, such as DNA, proteins, and other components for further analysis [5,6]. As the first procedure of cell pretreatment, cell lysis plays a crucial role in obtaining intracellular components, the quality of which directly influences subsequent DNA extraction and amplification [3,7].



Recently, a variety of microfluidic devices have been proposed and demonstrated to perform cell lysis. Cell lysis techniques, based on mechanical, biological, and chemical methods, applied to microfluidic devices have been widely investigated [8,9,10,11,12]. Mechanical methods of cell lysing, such as sonication or freeze-thaw cycles, are the most common ways to lyse cells based on their nature, but these methods are most likely to break DNA [13]. Biological methods often employ lysozymes or bacteriophages. Depending upon the microorganism used, biological methods are labor intensive and may cause damage to nucleic acids and proteins [14]. Chemical methods make use of buffers containing detergents to increase the solubility of lipids and proteins thereby creating pores within the membrane [3]. Commonly used lysis buffers include proteinase K, sodium dodecyl sulfate (SDS), and Triton X-100. Although the chemical method is a relatively slow technique, it is very simple and economical, only marginally damaging to DNA, and highly suited for use in proof-of-concept studies [10].



Amongst numerous microfluidic technologies available, this study proposes the design of a centrifugal microfluidic chip, also known as Lab-on-a-Disc (LOD), which is regarded as one of the most outstanding platforms in microfluidics [15,16,17,18,19]. Typical centrifugal micro-devices perform a set of microfluidic operations, such as liquid transport, metering, aliquoting, mixing, and valving through rotational-speed control [20,21,22,23,24]. Accordingly, such devices have the advantage of being able to control the fluid through use of a single motor to generate the force required for fluid propulsion thereby eliminating the need for an external pump and multiple laboratory instruments. Since fluid control is exclusively regulated by the centrifugal force, the overall process becomes simpler and faster. Implementation of the analytical protocol is based on the use of both capillary and vinyl valves [25,26,27]. Through use of the proposed design, the authors expect to prevent leakage and exercise control over liquid flow with regard to centrifugal microfluidics.



Although many integrated LOD platforms have already been demonstrated for use in biochemistry and whole-blood immunoassay processing [28,29,30,31,32], their heating portion of the assembly has failed to achieve any automation owing to leakage issues. Particularly, in the heating portion of the assembly, previously reported systems have failed to achieve any automation owing to leakage issues. In the proposed system, all microfluidic functions required for execution of the complete assay protocol have been integrated in a simple and quick-to-fabricate polymer-based LOD device manufactured by a carving machine. Additionally, a valve made of black ethylene vinyl acetate (EVA) was used in order to facilitate stable heating.



Through complete integration of a molecular assay for Salmonella species Identification, the objective of this study is to demonstrate the implementation of robust microfluidic functions. Accordingly, the materials, fabrication means, and assembly strategies have been selected to meet requirements for further realistic applications of the device. Phase change material sheet (PCMS) and an illuminance sensor have been used in the proposed system, performing fully automated cell lysis with a combination of chemical and thermal methods. Use these materials enable ease of fabrication, automation of the heating process, and accurate sensing of temperature changes. This proposed platform is expected to be equally applicable to other LOD automation platforms that require wireless heating parts to be fully integrated.




2. Materials and Methods


2.1. Processing System


The proposed design of the LOD system is depicted in Figure 1. The design is essentially based on the concept of a CD-ROM used in a computer. The system is equipped with two laser modules. One is for valve control and the other is for conducting cell lysis. The former module serves to block the inlet and vent channels of lysis chamber by two lasers (QL80T4HD-Y, QSI, Cheonan, Korea). Meanwhile, the latter module, made of three lasers positioned to fit the chamber size, serves as a heating source for cell lysis. In order to automate this heating process during cell lysis, a laser controller for heating and maintaining temperature is placed in the lower part of the system. An illuminance sensor (TEMT6000, Vishay, Selb, Germany) is located directly above the laser module (Figure 1). All valves are also operated by laser control. The system laser modules for valve operation and the lysis heating process and the illuminance sensor are centered on the disc. An LED is attached to the side of the illuminance sensor to illuminate the upper PCM layer of the disc. The PC-based laser pulse width modulation (PWM) control is achieved by detecting the varying intensity of the heating process.




2.2. Disc Fabrication


The thermally controlled disc platform, capable of performing three parallel sample processes, was fabricated by laminating together five layers comprising two double-sided adhesive films (Tesa 4928, Tesa, Norderstedt, Germany; thickness: 0.125 mm) and three polycarbonate layers. The top and bottom polycarbonate layers were each 1.2-mm thick, and the middle polycarbonate layer measured 4 mm in thickness. The CAD model of the disc was designed using ProEngineer software. Layers of polycarbonate were carved using a computer numeric control (CNC) machine. The top layer combines the PCM structure with the black EVA valve and consists of vent holes for the lysate chamber. The lysis and lysate chambers are located in the middle layer. The lysis chamber (volume = 840 µL) was sufficiently large to handle typical sample solution volumes of 470 µL. The lysate chamber (volume = 750 µL) was positioned away from the center of the disc on account of the sequential progression of the liquid under the action of the centrifugal force.




2.3. Preparation of Bacterial Strain and Reagents


Salmonella typhimurium (Tanzania, original ID 73-37671, IB 5379) was used as the target strain to demonstrate the cell lysis operation and liquid control performance of the proposed system. The salmonella sample was inoculated in 25-mL tryptic soy broth and incubated overnight. Subsequently, the sample was subcultured once with the same medium grown to an OD600 value of 1.0, and made aliquoted into cultured salmonella samples measuring 1 mL each in volume. Simultaneously, PBS was washed twice with harvesting and reducing supernatants of the aliquots. To obtain the lysis sample, the amount of supernatant used in the third harvesting was reduced to 250 µL. 200 µL of binding buffer and 20 µL of proteinase K were then added to comprise a total sample volume of 470 µL. Here, the enzyme proteinase K, which is usually activated at 60 °C, will free the DNA from its histones around which DNA is tightly wrapped during the cell lysis. The lysis operation performed on the disc at 60 °C lasted for 10 min, and the lysate was delivered to the lysate chamber. 400 µL of the lysate was pipetted out and passed into a spin column tube that is used to purify DNA from cell debris and chaotropic agents present in the lysis reagent. The purifying procedure was performed following the manual enclosed in the kit (Accuprep® Genomic DNA extraction kit, K-3032, Bioneer, Korea). The solution in the column tube was first washed at 13,000 rpm for 1 min. The column tube was then changed, 500 μL of washing buffer 1 was added, and the solution was centrifuged the same way as in the earlier step. The above step was then repeated using washing buffer 2, and the solution was centrifuged once more to reduce any reagents on the wet membrane. 200 μL of the elution buffer was subsequently added to the solution in the column tube, which was then incubated for 5 min at room temperature. Finally, the column tube was changed, and the solution was centrifuged for 1 min at 13,000 rpm to complete the purification stage. The purified solution was then analyzed by checking the ratio of optical density at DNA and protein absorbance wavelengths of 260 and 280 nm, respectively.




2.4. Experimental Procedure of the Disc for DNA Lysis


Table 1 presents the step-by-step sequence of DNA lysis performed using the proposed LOD system. The mechanical system was comprised of a motor (QSI, Cheonan, Korea) to generate a required rpm and, thus, the centrifugal force. To avoid liquid leakage of even the smallest amount, the LOD was made to stably rotate for 30 s, as specified in step 2 in the table. This is done to move all remaining DNA in the channel to the lysis chamber, a major part of which is accomplished in step 1. Laser modules for EVA valve and cell lysis were in operation for each of these processes. In particular, the former was also used in the step 6, which comprises opening of the vinyl valve. The lysate liquid was transferred to the lysate chamber in all amounts owing to the high rpm (5000 rpm) of the system. The entire sequence of processes is completed in about 14 min, including 10 min of the main lysis process.




2.5. Ethylene Vinyl Acetate Used as a Valve


This section describes the operation of the DNA lysis heating process and design of the component where the process is accomplished. The chamber, where the sample liquid enters and is heated, vent channel, and inlet channel were fabricated to facilitate completion of the DNA lysis heating process on the LOD device itself. For liquids, the kinetic energy of the particles forming the liquid is increased by the heat being added, and the particle motion becomes active, which causes the liquid volume to increase. The volume change of liquid increases the pressure in the chamber, which implies that the liquid in the chamber now has enough force to flow out of the heating chamber. This explains the tendency of the sample liquid to flow out of the disc when heated. Leakage of even the smallest amount of liquid should be avoided because it may contain certain amount of DNA, which, in turn, may lead to degradation of the DNA yield during extraction and amplification. To address these problems arising due to sample leakage, black hot-melted adhesives based on EVA are used to design the valves.



Two EVA valves are designed to be incorporated into top layer with a thickness of 1.2 mm, each located in the inlet and vent channel, as seen in Figure 2 and Figure 3a. The release sheet is first placed on the heating plate followed by placement of the layer-1 disc on this sheet. The requisite amount of EVA is then applied at a designated location. Subsequently, as the temperature of the heating plate is lowered, EVA tends to solidify on account of its high melting point of roughly 80 °C. Subsequent machining of the assembly is performed in accordance with disc adhesion, and formation EVA valve is, thus, completed. The energy from the laser incident on the EVA is converted to heat thereby causing EVA to melt, as shown in Figure 3b, and block the channel passage. As a result, the liquid cannot leak out to the chamber unless it is heated to the critical temperature. In order to figure out the critical temperature that the EVA valve can endure, an experiment was performed, wherein the chamber temperature was increased until the liquid began to flow out through the channel. In the proposed design of the disc, only the lysis chamber was sequentially heated by the heating plate. By making use of the heating plate, the durability of the EVA valve was verified. While increasing the temperature of the heating plate, the temperature was assumed to indicate EVA valve durability, which was considered to have ceased upon detection of any liquid flowing through the inlet and/or vent channels.




2.6. PCM Used as Illuminance Intensity Change


Automation of the heating process for cell lysis was one of the objectives of the proposed study. Since the lysis process is performed at 60 °C, the Accuprep® Genomic DNA extraction kit manual (K-3032, Bioneer, Daejeon, Korea), PCM-60 (PCM60, CELSIUS, Seoul, Korea) was used in this study. Figure 2 illustrates the location of PCMS in the entire disc. To illustrate its function, a side-view schematic of PCMS is depicted in Figure 4.



Phase change material (PCM) is a substance with a high heat of fusion which, melting and solidifying at a certain temperature, is capable of storing and releasing large amounts of energy [33]. When this PCM is transformed into a sheet form, which name “PCMS”, with a thickness of few micrometers, its status becomes very sensitive to temperature change. PCM-60 implies that its phase change occurs at a temperature of 60 °C. PCM-60 appears opaque white at room temperature, but at temperatures above 60 °C, its phase changes to that of a transparent liquid. As shown in Figure 1, the laser module for lysis heating is arranged at the bottom of the disc. Increase in temperature of the heater, made of aluminum sheet, causes the temperature in the lysis chamber to rise. PCMS is placed at a distance of 0.2 mm from the lysis chamber to facilitate maximum heat transfer from the lysis chamber to the PCMS. A light absorber is located under the PCMS. Above the PCMS, there exists an LED that is always in the ON state and an illuminance sensor (Figure 1). In the solid, opaque phase, PCMS reflects all the light of the LED and directs it to the illuminance sensor. In the liquid, transparent of PCMS, all the incident LED light is directed towards the light absorber. Since there was no light entering the illuminance sensor, the value indicated by it becomes zero.





3. Results and Discussion


3.1. Disc Fabrication and Structure


Polycarbonate was used as the main material in the fabrication of the disc in order to withstand the heat generated during the lysis heating process. Inlet and vent holes were drilled at innermost locations on the disc. The inlet and vent holes form essential parts for sample liquid injection. The EVA valve, Y-channel, lysis chamber, vinyl valve, and lysate chamber were arranged on the disc as depicted in Figure 5. The EVA valve was fabricated to prevent leakage of the injected liquid, while the Y-channel was designed to minimize leakage through the vent hole when the liquid is being injected into inlet hole. The lysis heating process was carried out in the lysis chamber thereby activating the reaction with PCMS constituting the top layer. After completion of the heating process, the vinyl valve was opened and the liquid was transferred to the lysate chamber by rotating the disc. Since a vent hole is also provided, the liquid in the lysate chamber can be taken out through use of a syringe.




3.2. Durability of Ethylene Vinyl Acetate Used as a Valve


The lysis chamber was heated up to 60 °C by the laser module. When the liquid inside the chamber was heated up, the internal pressure increased, which caused a leak. Liquid leakage can occur at the inlet hole and vent hole, and it must be blocked. Therefore, the EVA valve was designed for each of the inlet holes and vent holes. The EVA valve, as shown in Figure 3, was able to withstand the pressure caused by thermal expansion. However, since the EVA valve also had a melting point, there was a limit to be able to withstand the pressure. Therefore, the experiment was conducted to measure the temperature limit for the EVA valve. To test the durability of the EVA valve, a red ink was injected through the inlet channel and the EVA valve was closed. After setting the initial temperature inside the lysis chamber to 25 °C, the temperature was increased until a leak of liquid occurred at the inlet holes or vent holes. The temperature was raised by 1 °C and then maintained for 5 min. The temperature was increased until the EVA valve could withstand the heat, and the limit temperature was checked. Durability test was repeated 10 times to demonstrate the reproducibility (Figure 6). As a result, the EVA valve was able to resist up to 84.1 °C (s.d. 2.7), which was sufficient to withstand the lysis heating temperature of 60 °C.




3.3. PCMS Performance


The process of increasing the temperature of the sample liquid to 60 °C depends on the situation—the uniformity of liquid distribution, ambient humidity, and temperature—in the lysis chamber. As such, it was impossible to automate the system by merely specifying the heating time. In order to achieve temperature changes in real time, the authors designed a system that could directly detect the temperature, and PCMS was used as the material of choice for this system on account of its temperature-dependent properties. In the proposed study, a temperature of 60 °C—since the target temperature of lysis is 60 °C—was maintained using PCM-60, which undergoes a phase change at 60 °C.



As the temperature in the lysis chamber increased, the heat generated was transferred to the PCMS causing it to gradually melt. At 60 °C, the PCMS was found to have completely liquefied with its phase changing to that of a transparent liquid. The black floor of the plate beneath the PCMS layer, which also served as a light absorber, was, thus, exposed. As a result, the amount of reflected light entering the illuminance sensor had gradually diminished.



Figure 7 depicts a graphical representation of this process. At 60 °C, the intensity value indicated by the illuminance sensor drops to zero. Consequently, it may be inferred that accurate lysis-chamber temperature sensing can be realized through combined operation of the PCMS, LED, and illuminance sensor. The temperature can, thus, be automatically controlled during the lysis process. The actual performance of cell lysis is not much sensitive to the temperature because the cell lysis operates well in the temperature range of 50 to 65 °C [34].




3.4. DNA Purification and Yield


To demonstrate performance of the proposed lysis disc, the lysis experiment inside the disc and the conventional method—spin column—were carried out concurrently. To see reproducibility, 10 replicate experiments were performed (Table 2). The average purity of DNA in the lysis disc and the spin column were 1.883 and 1.921, respectively, and the mean yield of DNA was 16.458 g/mL and 16.795 g/mL, respectively [27]. Despite the automation on the disc, we were able to achieve similar results as the conventional commercially uncomfortable method (Figure 8).




3.5. PCR Electrophoresis Results


PCR was used as the amplification method in this study. In order to perform PCR, 10 μL of NobleZyme™ PCR Plus Premix 2× (E-220, Lot. No. E220S1402, Noble Bioscience, Hwaseong-si, Korea) was used and mixed with an upstream primer, 10 μM (2 μL); downstream primer, 10 μM (2 μL); DNA template (3 μL); and nuclease-free water (3 μL) as reaction components. The PCR protocol was based on the thermal cycling profile—denaturation at 95 °C for 2 min, 30 cycles at 95 °C for 45 s, at 52 °C for 45 s, at 72 °C for 60 s, and a final extension at 72 °C for 5 min. Electrophoresis procedures—using 2% agarose gel (Agarose, Cta. No. 32032, iNtRON Biotechnology, Seongnam-si, Korea ) with 0.5X TBE buffer (BT003, Bio solution, Seoul, Korea) at 100 V for 30 min—were used to obtain results of the PCR process.—were used to obtain results of the PCR process. The DNA size Marker (SiZer™-100, Intron biotechnology, iNtRON Biotechnology, Seongnam-si, Korea) was loaded with 5 μL on the first lane, and resultant solutions obtained from the conventional and proposed methods were loaded with 5 μL on 5 lanes each. 3X green gel stain (10 mL) was then placed on agarose in a dark room for 30 min, and stained DNA were finally observed using a fluorescence treatment (Figure 9).





4. Conclusions


A new heating system that serves to dissolve bacterial cells in DNA on an LOD platform is proposed in this paper. In order to prevent liquid leakage under increased pressure, an EVA valve with sufficient thermal durability has been designed. A dedicated laser module is used to heat the lysis chamber and a PCM array is used to maintain optimum chamber temperature. Additionally, a dedicated LED and illuminance sensor have been added to automate the entire heating process.



Effectiveness of the proposed design has been demonstrated by measuring the purity and yield of the extracted DNA templates and their subsequent amplification using PCR. The results demonstrate that the lysis process was successfully performed and was fully automated. The authors expect that use of the proposed device would lead to user-friendly DNA analysis procedures in the near future. On the top of that, these experimental results tell us how stable the closed-loop system under PCM based temperature measurement is.
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Figure 1. System for Lab-on-a-Disc and testing. 
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Figure 2. Three layer assembly drawing of Lab-on-disc (LOD). The three layers are made of polycarbonate (PC) plates and bonded with a double-sided adhesive. 
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Figure 3. Ethylene vinyl acetate (EVA) valve operation (a) side view when EVA valve is open (b) side view when EVA valve is closed (c) bottom view when EVA valve is open (d) bottom view when EVA valve is closed. 
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Figure 4. Schematic diagram that consists of phase change material sheet (PCMS) and illuminance sensor to measure the temperature of the lysis chamber being heated by laser module. 
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Figure 5. LOD design showing the detail of microfluidic layout and functions. 
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Figure 6. Graph showing how resistant the EVA valve is to pressure. The EVA valve has a temperature margin of 20 °C because the lysis operates at 60 °C. (a) When the EVA valve is closed, (b) when the EVA valve is softened and leaked by heat-induced pressure. 
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Figure 7. Graph showing the status of PCMS as the heating temperature increases. The PCMS is fully melt and transparent at around 60 °C. 
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Figure 8. Graph showing the comparison of proposed LOD results and Spin Column results (a) DNA purity results. (b) DNA yield results. 
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Figure 9. Photograph showing the electrophoresis comparison of the proposed LOD and existing spin column. 
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Table 1. Summary of the experimental procedure of the LOD platform for DNA lysis.
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	Step
	Procedure
	Laser ON/OFF (s)
	Time (s)





	1
	Load the sample into the main chamber
	-
	-



	2
	Spin the LOD-1500 rpm (To move the liquid remaining in the channel to the main chamber)
	-
	30



	3
	Ethylene Vinyl Acetate Valve closing
	ON
	60



	4
	Automated lysis system-reach to 60 °C
	ON
	90~100



	5
	Automated lysis system-retain 60 °C
	2 s/4.5 s
	600



	6
	Laser burst valve opening
	ON
	10



	7
	Spin the LOD-5000 rpm (the lysis solution moves to out chamber)
	-
	30
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Table 2. Absorbance comparison of the proposed LOD and existing spin column.
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Sample Number

	
Proposed LOD

	
Spin Column




	
A260

	
A280

	
A320

	
Purity

	
Yield

	
A260

	
A280

	
A320

	
Purity

	
Yield






	
1

	
0.385

	
0.209

	
0.029

	
1.982

	
17.800

	
0.301

	
0.164

	
0.006

	
1.864

	
14.755




	
2

	
0.419

	
0.222

	
0.027

	
2.011

	
19.600

	
0.359

	
0.201

	
0.022

	
1.881

	
16.830




	
3

	
0.295

	
0.163

	
0.014

	
1.888

	
14.045

	
0.350

	
0.192

	
0.025

	
1.946

	
16.270




	
4

	
0.285

	
0.154

	
0.008

	
1.895

	
13.870

	
0.374

	
0.196

	
0.007

	
1.938

	
18.375




	
5

	
0.351

	
0.205

	
0.008

	
1.747

	
17.130

	
0.495

	
0.244

	
0.010

	
2.072

	
24.265




	
6

	
0.401

	
0.219

	
0.010

	
1.876

	
19.555

	
0.471

	
0.255

	
0.016

	
1.903

	
22.710




	
7

	
0.411

	
0.218

	
0.006

	
1.912

	
20.260

	
0.284

	
0.166

	
0.028

	
1.850

	
12.805




	
8

	
0.291

	
0.165

	
0.016

	
1.839

	
13.730

	
0.242

	
0.134

	
0.014

	
1.894

	
11.375




	
9

	
0.377

	
0.216

	
0.030

	
1.865

	
17.340

	
0.306

	
0.171

	
0.024

	
1.920

	
14.105




	
10

	
0.249

	
0.148

	
0.024

	
1.815

	
11.245

	
0.347

	
0.187

	
0.017

	
1.944

	
16.455








(DNA purity = (A260 nm – A320 nm)/(A280 nm – A320 nm), DNA yield [g/mL] = (A260 nm – A320 nm) × 50 g/mL).
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