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 

Abstract— Successful lysis of cells/microorganisms is a key step in 

the sample preparation in fields like molecular biology, 

bioengineering, and biomedical engineering. This study therefore 

aims to investigate the lysis of bacteria on-chip and its dependence 

on both microfluidic channel structure and flow rate. Effects of 

temperature on lysis on-chip were also investigated. To perform 

these investigations, three different microfluidic chips were 

designed and produced (straight, zigzag and circular 

configurations), while the length of the channels were kept 

constant. As an exemplary case, Mycobacterium smegmatis was 

chosen to represent the acid-fast bacteria. Bacterial suspensions of 

1.5 McFarland were injected into the chips at various flow rates 

(0.6-8 µl/min) either at room temperature or 50° C. In order to 

understand the on-chip lysis performance fully, off-chip 

experiments were carried out at durations which are equal to those 

bacteria spent in the channel from inlet to the outlet at different 

flow rates. We also performed COMSOL multiphysics program 

simulations to evaluate further the effect of the applied 

parameters. As a result, we found that the structure and the flow 

rate do not affect lysis over all in all investigated channel types, 

however on-chip experiments at room temperature produced 

more effective lysis compared to the on-chip and the off-chip 

samples performed at higher temperatures. Interestingly on-chip 

experiments at higher tempratures do not result in effective lysis. 

 

 
Index Terms— Microfluidic chip, Thermal lysis, On-chip 

bacterial lysis, Mycobacterium smegmatis 

 

I. INTRODUCTION 

acterial infections have continued to be a major cause of 

human morbidity and mortality [1]. Among them, 

tuberculosis and leprosy are categorized as acid-fast bacteria 

diseases since they could resist decolorization in acid, and these 

bacteria are responsible for millions of deaths each year and a 

great effort has been made by health institutions to control these 
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infections [2, 3]. Accurate and rapid detection of these 

infections is extremely important for the early treatment and 

control of these diseases [4]. There are currently many 

traditional approaches used as diagnostic methods, however 

most of these methods possess disadvantages in terms of time, 

cost and lower sensitivity [4, 5]. In parallel with the advances 

in technology, new methods have emerged for rapid, cheap and 

effective diagnostics. Microfluidic-based lab-on-chip systems 

are among these methods [6-11]. These systems show many 

great advantages such as short assay time, cost reduction by 

miniaturization, integration, automation and parallelization of 

biochemical processes while enabling to work in microliter and 

even nanoliter volumes of substances [12]. With these systems, 

the genome level detections could also be done including the 

identification of possible mutations [8, 13]. 

Cell lysis (or cellular disruption) is the first and most important 

step in the analysis of bacteria at the molecular levels [14]. Cell 

lysis refers to the disintegration of cell wall in order to release 

the cytoplasmic compounds such as DNA, RNA and proteins 

prior to the analysis of interest [14]. Many conventional 

methods are commonly used for bacterial lysis such as 

mechanical, physical, chemical, enzymatic, thermal or 

combination of these techniques [14-18]. Thermal lysis is 

known as one of the most preferred techniques (in the physical 

lysis category) due to the obvious advantages like low cost, high 

throughput, easy application features and the simplicity of 

integration into microfluidic systems while eliminating the need 

for chemical agents [14, 18]. There are limited relevant reports 

for the thermal lysis on-chip in the literature [18, 19]. On-chip 

thermal lysis has been more commonly employed due to the 

fact that it decreases the assay steps and eventually assay time, 

cost, and sample consumption in addition to provide portability 

for on-field applications.  

In this study, we aimed to investigate the efficiency of thermal 

bacterial lysis on-chip using different microfluidic channel 
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structures and flow rates both at room temperature and 50 °C. 

The schematic illustration of the on-chip lysis in our set-up is  

given in Fig. 1. As a case study to acid-fast bacterial infections 

(tuberculosis and leprosy), M. smegmatis was chosen since it is 

a non-pathogenic strains of Mycobacteria spp. so it is safe to 

work with to minimize the contagious risks in a classical lab 

environment. Even though M. smegmatis is one of the non-

pathogenic strains, it has structurally and genetically high 

similarities with other pathogenic Mycobacteria which makes it 

a suitable cell model [20, 21]. 

 

 
FIG. 1. Schematic illustration of thermal on-chip bacterial lysis throughout the 
channel. 

 

Polydimethylsiloxane (PDMS)-based microfluidic structures 

were designed and fabricated in a clean room environment 

using classical soft lithography techniques. Different flow rates 

were examined and compared at the same time durations in off-

chip lysis experiments. The on-chip results were compared to 

the off-chip findings and further evaluation was made with 

COMSOL multiphysics program simulations. It was found that 

lysis performance on-chip showed approximately 10-fold 

increase at room temperature whereas on-chip thermal lysis 

results were similar to that off-chip samples. It is well known 

that pressure is proportional to the microchannel length 

therefore increase in channel length could cause increase in 

pressure that directly affect bacterial lysis. However, increase 

in temperature could drop viscosity and it should be noted that 

this causes decrease in pressure as well. We believe that our 

versatile and robust system of microfluidic on-chip lysis of cells 

and/or bacteria will widely used in various applications of PCR, 

biosensors, antibiotic susceptibility testing, etc. with different 

temperatures (<50 °C) and exposure times (seconds to hours). 

These parameters can easily be modified by using a 

microfluidic set-up to investigate different conditions.  

 

II. MATERIALS AND METHODS 

A. Production of the microfluidic chip  

Three microfluidic chip whit different structures were designed 

in size of 25 x 75 mm (straight, zigzag, and circular). The length 

and depth of designed microchannels were 1.20 m and 50 µm, 

respectively. The total volume of each chip was designed to be 

about 6 µl. 

AutoCAD program were used to design michrochannels, and 

the photomasks were produced by Cozum-Tanitim, Turkey. 

Production of chips were carried out using a conventional soft 

lithography technique [22]. Briefly, in order to casting of 

PDMS (Sylgard 184, Dow Corning, USA) on silicon wafer, 

negative SU-8 2050 photoresist (Nippon Kayaku, MicroChem, 

Japan) mold was prepared at a ratio of 10:1. It was then baked 

for 6 hours at 60 °C followed by peeling off the patterned 

PDMS. PDMS chips were then cut using a razor blade. 1 mm 

wide inlets and outlets were opened using a punch-opener 

(Selles Medical, UK) and a scotch tape was used to remove any 

remaining particles on the PDMS. Glass slides and were 

sonicated in Acetone (Sigma-Aldrich, USA), then in Ethanol 

(Sigma-Aldrich, USA) for short time, and then washed with 

dH2O and dried with N2 gas. Both PDMS chips and glass slides 

were then treated with Air Plasma and subsequently bonded 

together, and left on a hot plate to improve the bonding.  

B. Bacterial culture 

M. smegmatis strain (ATCC 14468) was provided by 

Acibadem University Hospitals (Turkey) and was cultured in 5 

ml of Middlebrook 7H9 medium (Sigma-Aldrich, USA) that 

was supplemented with 0.5% of Tween (Sigma-Aldrich, USA) 

and 2% of glycerol (Sigma-Aldrich, USA) to eliminate 

coagulation. Cultured bacteria were incubated in sterile glass 

tubes containing 5 ml medium at 37° C until they reached the 

exponential growth phase. Propagated bacteria were transferred 

to sterile microtubes, centrifuged (Daihan, South Korea) for 5 

min at 4000 rpm. The supernatant was removed and an equal 

amount of the fresh medium was added on precipitated bacteria. 

C. Off-chip experiments 

In this study, off-chip experiments were carried out at 

different temperatures and durations at a fixed temperature. At 

first, M. smegmatis bacteria were separately kept at 25, 50, 60, 

70, 80, 90 and 96 °C for 20 min to find the optimal temperature 

range. Secondly, bacteria were kept at 50 °C for a particular 

period of time. For this purpose, the M. smegmatis bacteria at 

maximum concentration were transferred to a sterile screw-cap 

1 mL glass vials. The vials were then kept at 50° C for a 

particular time period. Afterward, the solutions were transferred 

to microtubes and centrifuged at 10000 rpm for 10 min. 

Supernatants were analyzed using NanoDropTM 2000/2000c 

spectrophotometer (Thermo Scientific™, USA) for the 

measurement of DNA concentrations. 

 

D. On-chip experiments 

Polyethylene tubing with 1 mm outer diameter (Harvard 

Apparatus, USA) were inserted into the inlets and outlets of the 

integrated PDMS chips. M. smegmatis bacteria that adjusted to 

1.5 McFarland, using a densitometer device (Biosan, Lativa), 

were taken into a 1 ml volume syringe and injected into the 

channel inlets through the tubings at different flow rates. Lysed 

bacteria were collected from the outlet of the channels into a 

vial. The thermal lysis experiments were carried out on a heater 

(Daihan, South Korea) at 50 °C in the same manner. All 

experiments were repeated three times. The collected bacterial 

solutions were centrifuged at 10000 rpm for 10 minutes and 

supernatants were analyzed using the NanoDropTM 2000/2000c 

spectrophotometer to measure the DNA concentrations. 
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E. COMSOL simulation studies 

COMSOL Multiphysics program (COMSOL Multiphysics® 

Modeling Software 5.4, country) was used to simulate the 

experiments. The 2D CAD designs of the chips were transferred 

to the program. Simulation parameters were defined using the 

laminar flow module. Mesh properties were calibrated 

according to the fluid dynamics. Rectangular mesh type and 

triangular mesh were used on the walls and inside the channel, 

respectively. All simulations were carried out at a flow rate of 

0.6 µl/min and at temperatures of 25 °C and 50 °C. Water was 

chosen as the fluidic medium. 

 

III. RESULTS AND DISCUSSION 

A. Experimental studies 

The main aim of this study was to investigate the on-chip 

thermal lysis efficiency of microfluidic chips with different 

designs and applied varius flow rates. Therefore, the 

experiments were carried out on-chip at room temperature and 

50 °C, then compared with the off-chip results. Three different 

microfluidic chips were designed in straight, zigzag and circular 

shapes, as shown in Fig. 2(a), Fig. 2(b) and Fig. 2(c), 

respectively (Photos of the produced chips are given in Fig. S1). 

 

 
FIG. 2. Representative 2D images of the channel structures. (a) Straight, (b) 

Zigzag and (c) Circular. 

 

The reasons for the choice of these designs was to compare and 

better understand the effect of the frequency with the degree of 

bend regions in the microfluidic channels on the movement and 

disintegration of the bacterial cell wall. We presumed that 

changes due to the pressure drop and velocity flow profiles at 

the bend regions would greatly affect the dynamics of bacteria 

while passing through the channel, as also mentioned in 

literature [23]. The determination of the degree of the effect 

would then facilitate further studies. The off-chip lysis 

durations were determined according to the confinement times 

of bacteria solution inside the microfluidic channels, as 

illustrated in Table 1. 

 

Though there are many methods such as re-culturing of lysate, 

gel-electrophoresis or commercial kits to count released 

genome content [24, 25]. In this study, to evaluate the lysis 

efficiency, the genomic DNA concentration released into the 

lysate as a result of systematic variation of the lysis conditions 

was monitored as an indicator of efficiency using a NanoDrop 

device to minimize the time and cost.  

The results of the off-chip experiments are shown in Fig. 3. Fig. 

3(a) represents the off-chip lysis at different temperatures while 

Fig. 3(b) shows the off-chip thermal lysis at varying lysis 

durations at 50 °C. Although lysis of Mycobacterium at a 

temperature above 80 °C is recommended by many groups, 

there are some reports in the literature that lysis were effectively 

performed at lower temperatures and durations [24, 26-28]. 

According to our results, about a 10-fold increase in DNA 

concentration was observed due to increasing of  temperature 

to 50 °C (from room temperature). There was no significant 

increase in DNA concentration between 50 °C and 96 °C. Based 

on the obtained results, it was determined that heating at 50° C 

was sufficient for effective lysis during on-chip experiments. In 

this way, any evaporation problem by using the on-chip 

technique was minimized as well, which is a known 

consequence of the permeability of PDMS. Fig. 3(a) shows 

higher lysis efficiency compared to Fig. 3(b). This is due to the 

differences in the starting bacteria concentration that chosen for 

the experimentation. Albeit the difference, as demonstrated by 

the trends in the graphs can still be used as an evaluator for the 

on-chip systems, therefore the experiments were not repeated at 

the same concentrations. As seen from Fig 3(b), off-chip 

experiments performed at 50 °C showed an increase in the 

nucleic acid content with an increase in the duration. This result 

is in line with the literature [14, 29]. The highest lysis efficiency 

was obtained at about 32 minutes and produced a nucleic acid 

yield of approximately 2.5 ng/µl. 

In comparison, Fig. 4(a) and Fig. 4(b) shows the on-chip results 

obtained at room temperature and 50 °C, respectively. The 

results indicate that there was not a significant change in on-

chip lysis performance both at room temperature and with 

heating, when the flow rates were varied in different chip 

designs. This clearly means that the lysis efficiency is 

independent of the design and flow rate within the given 

conditions. It is possible that the chosen channel length is long 

enough to lyse the bacteria effectively in any case and one may 

question whether shorter channel lengths would have an impact 

on the lysis efficiency. Considering the on-chip lysis durations 

(1 min to 30 min), the chosen channel length and the flow rates 

seemed to be reasonable for the investigation. Another finding 

was that there was an almost 10-fold enhancement in the DNA 

content at room temperature, raising the DNA concentration to 

about 12 ng/µl.  This implies that the flow rate has an impact on 

the lysis process although the lysis is not directly affected by 

fluid velocity and channel structure. The amount of obtained 

DNA due to on-chip lysis in this study is close to the amount of 

DNA yield obtained by Jitae Kim et al., using the CD 

microfluidic lysis method obtained from bacterial concentration 

of about OD600=2.0 [30]. M. Dominika Kulinski et al. 

TABLE I 

FLOW RATES AND EQUIVALENT CONFINEMENT DURATIONS IN THE CHANNEL 

– OFF-CHIP LYSIS DURATIONS. 

 

Flow rate (µl/min) Duration (min) 

 0.6 32’:30’’ 

1 20’:50’’ 

2 10’:20’’ 

4 5’:25’’ 

6 2’:10’’ 

8 1’:05’’ 

 

Authorized licensed use limited to: UNIVERSITY OF STRATHCLYDE. Downloaded on October 20,2020 at 10:20:46 UTC from IEEE Xplore.  Restrictions apply. 



1536-1241 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNB.2020.3031346, IEEE
Transactions on NanoBioscience

performed bacterial lysis with the silica impregnated polymer 

monolithic columns and the obtained DNA concentration was 

about 340-480 ng/ml as a result of the lysis 101–105 cfu/ml 

bacteria [31]. In another study, Md. Shehadul Islam et al., 

performed electrical lysis of bacteria in a microfluidic device 

using a nanoporous membrane. According to their results, the 

DNA concentration obtained after lysis was achieved below 10 

pg/µl for a bacterial concentration of about 108-109 cfu/ml [32]. 

Though types of bacteria is different, compared to these studies, 

the amount of DNA obtained by our method seemed to be 

comparable and/or higher.  

 

FIG. 3. Off-chip lysis performance of M. smegmatis at different temperatures 
and durations (Bacterial concentration used at maximum level). (a) Off-chip 

lysis performance of M. smegmatis at different temperatures. (b) Off-chip lysis 

performance of M. smegmatis at different durations at 50 °C.. 

 

Interestingly it was also found that the on-chip lysis 

experiments showed a decrease in lysis performance at 50 °C, 

as seen in Fig. 4(b). We presume that one of the main reasons 

is the physical and mechanical properties of PDMS change with 

temperature and the PDMS becomes softened and stretched at 

the increased temperatures [33]. Another reason is probably due 

to the fact that the increase in temperature decreases the 

viscosity of the fluid inside, which then consequently causes the 

pressure to decrease [34]. Another observation was that on-chip 

thermal lysis performance dropped with increases in the flow 

rates at 50 °C. This is possibly due to the fact that bacteria were 

exposed to heating for a shorter period of time with the increase 

in the flow rates. Therefore, the effect of heating on on-chip 

lysis was reduced as expected [18]. However, it is striking to  

FIG. 4. Off-chip lysis performance of M. smegmatis using different flow rates 

and channel designs at different temperatures. (a) On-chip lysis at room 
temperature and (b) at 50 °C at varying flow rates. 

 

see that the lysis efficiency becomes similar to the off-chip 

results even with the reduction. 

When the on-chip and off-chip statistics were compared in 

terms of lysis duration, it can be seen that lysis can occur 

effectively within even a duration of 1 min. Therefore we can 

conclude that our on-chip experiments are more efficient for the 

lysis process. 

B. Simulation studies 

In order to provide a better interpretation of the on-chip lysis 

results, the experiments were simulated for the different designs 

and temperatures (room temperature and 50 °C). The 

representative pressure distributions for a caption of the whole 

designs were shown in Fig. 5. It was seen that the main 

difference in the pressure distribution among the designs occurs 

at the twisting regions along the microchannels and this results 

in sudden pressure changes. The peak pressure is estimated to 

be about 2.94 kPa for a flow rate of 0.6 µl/min at room 

temperature and it occurs mostly at the inlet of the channels. 
 

FIG 5. Illustration of pressure distribution for each design at room temperature; 

(a) Straight channel design, (b) Zigzag channel design, (c) Circular channel 
design. 
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We assume that the overall effect of the pressure distribution on 

lysis efficiency stays almost the same for all designs although 

partial distributions behave differently. As also seen from 

simulations, the pressure drop is high at the beginning of the 

fluid intake while it drops towards the outlet as indicated in the 

literature [35].  

Figure 5 shows the graph of the pressure drops for each design 

with a similar starting point. In straight and zigzag designs, the 

pressure drops across the microchannels were recorded 

similarly while at the 90 degree twists the distribution varies. 

This is shown in Fig. 6(a) and Fig. 6(b), respectively. There was 

a steady change in twisting regions unlike 90-degree bends in 

circular design compared to the others, as shown in Fig. 6(c). 

As seen in Fig. 6, high inlet pressure at room temperature also 

means that the pressure drops progressing along the way is high 

whereas it is possible to observe the lower pressure drop with 

heating. 

Simulations also lead to an understanding of the effect of 

changing viscosity with heating. Due to the decrease in fluid 

viscosity as a result of increased temperature, the inlet pressure 

decreased in the microchannels.   

 
FIG. 6.  The pressure drop along the microchannels and the derivative of 
pressure along the channels (dp/dx) for observing characteristics of bend 

regions along the channels. (a), (b) and (c) corresponds to 25 °C medium 

temperature of straight, circular and zigzag design, respectively. (d), (e) and (f) 
corresponds to 50 °C medium temperature of the same designs, respectively. 

 

According to the simulations, we observed that the inlet 

pressure decreases by 56% when the temperature rises from 25 

°C to 50 °C for all designs. This analysis supports the decrease 

in bacterial lysis performance due to temperature increase 

during the on-chip experiment. In studies reported in the 

literature, it was observed that relatively high pressures (25-30 

kPa) need to cell deformation and lysis in microchannels [36]. 

However, based on our results, even lower pressures (3 kPa) are 

sufficient for an efficient lysis process. The viscosity and 

temperature relationship exerted on water was tabulated by 

Kestin and Wakeham [37]. It is now the common known fact 

that there is an inverse relationship between viscosity and 

temperature [38]. This means the viscosity of water was strictly 

decreased with increasing temperature. From another angle, 

viscosity can also be linked to the pressure drop with the 

increasing pressure, the viscosity of the fluid increases, though 

the pressure drop is affected by other parameters. A good 

approximation for the analytical modelling of pressure drop 

exerted on rectangular shaped-channel microfluidics was 

constructed by Bahrami et al. [39]. 

 

                         𝑑𝑝 =
𝜇𝜀𝐿𝑄

4𝑐4(1/3−64𝜀𝑡 𝜋5⁄ )
                                (1) 

 

In this formula, 𝑑𝑝 represents pressure drop, 𝜇; viscosity, 𝜀: 

aspect ratio (height/width), L; length of microchannels, t: tanh 

(𝜋/2𝜀) and c represent half-height of the channel. In the light 

of this formulation, pressure and the viscosity characteristics 

can be modeled along a straight channel (L) with a stable flow 

rate (Q) under the conditions of fully developed laminar flow 

[40]. It is also the fact that the bending curves (i.e 90 degree) 

can be added to the total amount of pressure drop (∆𝑝𝑡𝑜𝑡) and 

results in local pressure change along the microchannels [41]. 

The velocity profile of the fluid flow at the bending regions 

would also be different and contributing to the results. 

However, in general, our experimental evidence suggests that 

the overall effect of the changes in pressure drops, thus velocity 

profiles and viscosity, on lysis performance eventually stays the 

same. The only observable difference that can be directly linked 

to the simulations is the decrease in lysis efficiency when the 

heating is applied. 

IV. CONCLUSION 

In this study, three different microfluidic chips were designed 

and fabricated for the investigation of on-chip bacterial lysis 

performance. The conventional photolithographic technique 

was applied to fabricate microfluidic chips for the desired 

structures. For off-chip experiments, M. smegmatis was 

cultured and heated at various temperatures between 25-96 °C 

for 20 min, separately. The result shows that heating at 50 °C 

was sufficient for bacterial lysis. As for the on-chip 

experiments, the bacteria were injected parallelly to the 

prepared chips with different flow rates (0.9, 1, 2, 4, 6 and 8 

µm.min-1). These experiments were carried out in three 

replications both at room temperature and at 50 °C. Off-chip 

experiments were carried out within a time period equal to the 

on-chip durations at different flow rates. Even in the room 

temperature, on-chip results showed significant bacterial lysis 

efficiency compare to off-chip results given at 50 °C. Moreover, 

the lysis on-chip without heating occurs within a much shorter 

duration than the off-chip experiments. This was due to the high 

pressure inside the channels. During the on-chip experiments, 

significant decreases were observed in the amount of lysis 

occurred with the temperature increase. COMSOL studies also 

supported the obtained results. The role of several parameters 

such as viscosity and type of bacteria can be investigated further 

under different conditions. It is believed that we present a 

highly efficient and universal lysis strategy at even room 

temperature occurring within a 1 min and the presented results 

here would facilitate the future on-chip lysis studies, setting a 

fundamental foundation for the development of integrated 

hybrid diagnostic devices.  
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