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Abstract Denitrifying anaerobic methane oxidizing (DAMO) microorganisms play an 
important role in the global carbon and nitrogen cycles as they are able to mediate methane 
oxidation using nitrite/nitrate under anoxic conditions. However, the physiological properties 
of DAMO microorganisms remain poorly understood, partially since the organisms are 
difficult to isolate or cultivate in pure culture and partially because of their long cultivation 
time. In this study, DAMO cell sorting has been conducted by integrating optical tweezers 
within enclosed microfluidic chips. This integrated cell sorting method has high purity, low 
infection rates, and causes no discernable harm to cell viability. The purity of the sorted cells 
was controlled by the microfluidic chip structure design and operation, while the cell viability 
was verified by imaging the cultured DAMO archaea after 420 days. 
© 2017 Optical Society of America 
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1. Introduction 

CH4 is a potent greenhouse gas with a global warming potential 25 times than that of CO2 
over a span of 100 years [1]. Its emission and oxidation plays a critical role in global climate 
change. Until recently methane was considered to be inert under anoxic conditions, and the 
presence of oxygen was assumed to be necessary to activate it [2]. The discovery of 
denitrifying anaerobic methane-oxidizing (DAMO) microorganisms fundamentally changed 
our understanding of the methane cycle [3, 4]. DAMO bacteria have been reported to have the 
ability to biologically produce oxygen from nitrogen oxides, which may have had a 
considerable geochemical and evolutionary role on the early Earth [5]. DAMO archaea are 
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capable of independent anaerobic methane oxidation through reverse methanogenesis using 
nitrate as the terminal electron acceptor. So far, the understanding of the DAMO metabolic 
blueprint is based on studies carried out on enriched DAMO microorganisms [3, 5]. However, 
the physiological properties of DAMO microorganisms remain poorly understood, partially 
since the organisms are difficult to isolate or cultivate as a pure culture. Further, it is not 
known if DAMO microorganisms require a symbiotic relationship with other 
microorganisms, or whether other microorganisms hinder their doubling rate. 

Single-cell sequencing, a powerful method for studies of homogeneous cell populations, 
has been widely used in the biological and life sciences [6] to enable researchers to 
comprehensively understand the scale of genomic and transcriptomic diversity for an 
individual organism. However, in their natural environment, most microorganisms live in 
large heterogeneous populations. In many research applications the cells of interest are 
expensive or very difficult to produce, and purity is essential. Several techniques have 
therefore been developed to sort specific target cells from the heterogeneous mixtures to limit 
heterogeneity uncertainty in biological applications and in clinical medicine [7]. This 
isolation step that helps to obtain pure cultures can often be very difficult, but is arguably one 
of the most critical for single-cell sequencing. 

Conventional cell sorting methods typically use fluorescence activated cell sorting 
(FACS) [8, 9] and/or magnetic activated cell sorting (MACS) [10, 11]. While both have high 
levels of throughput, they are limited in that the process is carried out in open devices, 
therefore the extrinsic contamination cannot be prevented, have limited compatibility with 
microscopy and microfluidic devices, and have exacting demands on chemical adhesion to 
the cells of interest. Pipetting and serial dilution can also be used, but again contamination 
and infection are common. Optical tweezers [12], which use optical gradient forces from a 
highly-focused laser beam, can be used to trap and manipulate single cells [13]. The 
piconewton-scale forces generated when an object is located less than ∼200 nm from the 
centre of the optical trap can be used to manipulate trapped objects without physical contact, 
and guide them to alternate locations. By integrating optical tweezers with enclosed 
microfluidic chips [14], the system becomes a closed platform that reduces the risk of 
infection and contamination [15, 16]. 

Several studies have investigated the use of optical forces on cells. For example, a 
microfluidic- based optical deflection cell sorter was applied to select a subpopulation of live, 
unstressed macrophages infected with Francisella Tularenis [17]; image processing has been 
used for target cell recognition and high purity sorting [18]; and optical stretching has shown 
that cancerous cells have a lower cell elasticity than healthy cells [19]. As a physical tool for 
cell sorting, published works using optical tweezers and microfluidic channels have reported 
the trapping and movement of target cells to a destination, while not demonstrating their 
future viability or use. In this paper, we design and fabricate a microfluidic chip, sort and 
collect target DAMO archaea cells using optical tweezers, cultivate DAMO cells, and 
demonstrate that they are still viable after 420 days of culture. 

2. Equipment and methods 

Preparation of DAMO mixed cultures. The mixed culture of DAMO archaea was cultured in 
a lab-scale bioreactor [20]. Fluorescence in situ hybridization (FISH) analysis [21], Fig. 1, 
revealed that the culture in this reactor was dominated by DAMO archaea, comprising 60-
70% of the overall populations. The FISH image of the DAMO archaea (Candidatus 
‘Methanoperedens nitroreducens’) further indicated that most of the target cells exist as 
sarcina-like clusters. Typically, DAMO archaea grows as irregular cocci 1–3 µm in diameter 
[3]. 5 mL of the heterogeneous DAMO culture were collected from the reactor, and dispersed 
using ultrasonic separation (50 W, 1 min). The dispersed sample was diluted 20 times with 
the buffer solution (composition: KH2 PO4, 0.075 g/L; CaCl2 

·2H2 O, 0.3 g/L; MgSO4 ·7H2 O, 
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0.2 g/L; acidic trace element solution, 0.5 mL/L, alkaline trace element solution, 0.2 mL/L 
[20]), resulting in a concentration of 105 − 108 cells/mL. 

Microfluidic chip design and manufacture. The microfluidic chip is designed to operate as 

 

Fig. 1. Enriched DAMO archaea culture (FISH image demonstrating that DAMO archaea 
typically form large clusters. Bioreactor microbial communities were hybridized with the 
DAMO archaea (Candidatus ‘Methanoperedens nitroreducens’) specific probe (S-*-Darch- 
872-a-A-18 (5- GGCTCCACCCGTTGTAGT −3). Labeled cells were visualized on a confocal 
laser scanning microscope (Carl Zeiss, LSM512) with Ar-ion laser (488 nm) and two HeNe 
lasers (543 and 633 nm). 

shown in Figure 2. The microfluidic cell sorter consists of four branches (length = 12 mm), 
the main channel (length = 8 mm), with two inlets and two outlets. The inlet bacterial flow 
and buffer flow come from inlet  and  respectively, the waste exits via outlet  , and the 
desired DAMO cells exit through outlet  . All channel widths are 100 μm wide and 65 μm 
high. The interface wall in the middle of the main channel is 40 μm wide, and was designed 
to minimise diffusion between the two laminar flows. Two gaps of 70 μm are utilised to 
minimise pressure fluctuations within the chip and enable transport from the heterogeneous 
sample stream to the buffer. 

The microfluidic chip fabrication follows standard soft lithography techniques [22]. A 
computer- aided design (CAD) package was used to draw the channels, and this was 
transferred to a high resolution printer to fabricate a chrome mask. A 65 µm layer of 
photoresist (SU-8 3100) was spin-coated onto a silicon wafer, soft-baked, and followed by 
UV exposure through the chrome mask. The wafer was then hard-baked, and non-
polymerised photoresist removed via washing. PDMS and curing agent were mixed in a ratio 
of 10:1, added to the silicon master, and left to cure in an oven at 85◦ C overnight. Following 
removal from the master, the PDMS was cut to the correct size and access holes punched. The 
fabricated PDMS channel and a coverslip were subjected to an oxygen plasma and 
subsequently pressed together to form a permanent bond. 

System Setup. Key elements in our cell sorting system are shown in Fig. 2. The fibre laser 
(IPG Photonics, YLD-5) produces a continuous wave at wavelength of 1064 nm with a 
constant output power of 0.8 W. The laser beam is guided to the objective (Nikon 100 × oil 
immersion, numerical aperture NA = 1.3) through an optical path containing appropriate 
lenses, mirrors and dichroic mirrors (DM). We lower the power to 20 mW in the optical trap 
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to minimize potential heating effects from the laser on the target cells, and lower the force 
exerted on them. The objective is mounted on a motorized stage along the Z-axis, and 
controlled by software developed in LabView. The CCD camera (Prosilica, GE680) is 
connected to the PC to visualise the sorting 

 

Fig. 2. The microfluidic channel structure and schematic cell sorting procedure (black circles 
denote the target DAMO cells, rods or curved filaments represent non-target cells). The optical 
trap, shown in red, collects a target DAMO cell and translates it through the gap into the 
buffer. It is then taken significantly downstream for collection. 

process. Syringes containing buffer and dispersed bacteria are loaded onto the syringe pump 
(Adelab, 36 Holland) and connected to the microfluidic chip via flexible tubing. The 
microfluidic chip is mounted on a manual, micrometer-controlled two-dimensional X-Y stage 
(micrometer accuracy is 1 µm) and translated such that the channels are within the field of 
view of the CCD. The focused laser beam enters the microfluidic chip through the coverslip, 
and the optical trap at its focus. Fluid switches enable channels to be effectively “blocked” 
(that is, the fluid bypasses the microfluidic chip and is redirected to waste containers). 

Using standard 1 ml syringes, the syringe pump has a minimum flow rate of 0.46 µL/hour. 
Based on the cross-section of the microfluidic device, this corresponds to an average velocity 
of approximately 20 µm/s per input channel, and a Reynolds number of 2 × 10−3 . Laminar 
flow is therefore the only observed flow under our experimental conditions. 

With reference to Fig. 3, the sorting and collecting procedures of DAMO cells are 
performed using the following routine. 

1. The buffer solution in channel  is pumped through channels  and  to ensure there 
are no air gaps or bacteria currently in the device. 

2. Outlet  is blocked, and inlet  opened. This forces the extra buffer to flow through 
the two gaps in the device and prevents bacteria entering the buffer channel. The 
optical trap is positioned at the downstream gap to minimise the translation distance. 

3. A DAMO cell is identified based on user recognition, and captured in an optical trap. 
It is transferred through the gap and to the exit port of channel  , well away from 
pressure gradients associated with the buffer fluid flow. The maximum flow rate for 
this step, based on our used laser power, was 0.5 μL/minute in order to keep the 
DAMO cell in the optical trap. 

4. Inlet  is closed, and any remaining bacteria washed into the waste stream. 

5. Outlet  is re-opened and the separated DAMO cell is collected in a sterilised 
container ready for single-cell culturing. 
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DAMO cultivation reactor. The trapped cell was incubated at 35◦ C in a custom-made 
mini- reactor (Fig. 4) which was sealed with a rubber stopper. The mini-reactor had a working 

 

Fig. 3. The key components of the experimental system. The laser beam passes through a 
series of relay optics and enters the objective, after which the it is focussed into the 
microfluidic chamber using a high-NA objective. 

volume of 100 mL, separated into two compartments with each compartment having 50 mL. 
Compartment A is used to store the growth medium, while compartment B is set to grow 
DAMO cells. A selectively permeable membrane is fixed between these two compartments. 
Thus, fresh medium can diffuse between the two compartments, whereas the DAMO cells in 
compartment A cannot flow into compartment B. Mineral medium consisting of NaNO3 0.3 
g/L, KH2 PO4 0.05 g/L, CaCl2 ·H2 O 0.3 g/L, MgSO4 ·7H2 O 0.2 g/L, FeSO4 0.00625 g/L, an 
acid trace element solution (added at 0.5 mL/L) and an alkaline trace element solution (added 
at 0.2 mL/L) was added into the container [20]). To provide methane to act as the electron 
donor for DAMO archaea, a mixed gas (5% N2, 90% CH4 and 5% CO2) was flushed for 30 
minutes into the headspace of the sterilised reactor (100 mL). Methane consumption was 
regularly monitored through detecting methane concentration in the headspace using 
previously reported methods [20]). The cultivation reactor operated for 420 days after seeding 
the sorted DAMO cells into compartment B. 

3. Results and discussion 

Figure 5 presents images showing the trapping of the DAMO cell in the microfluidic chip and 
its transfer from the microbe channel into the collecting channel. The target cell is identified 
by the operator as it flows through the solution, Fig. 5(a), and is optically trapped, Fig. 5(b). It 
is moved transversely in the flow, crossing the gap and entering the buffer channel, Fig. 5(c)-
5(h). Subsequent frames show transport along the buffer channel. The detritus seen in the 
lower section of Fig. 5(g)-5(h) is most likely to be PDMS transferred during the microfluidic 
chip fabrication. 

When a target cell is trapped and moved by the optical tweezer in a microfluidic channel, 
there are two types of forces acting on the cell: the fluid drag force and the optical trapping 
force. According to Stokes’ law [23], the fluid drag force can be calculated by Fd = 6πη Rυ, 
where η is the fluid viscosity, R is the cell radius and υ is the fluid velocity. For a DAMO cell 
with an average radius of 1.5 µm in a microfluidic channel where the flow rate of 20 µm/s, 
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the drag force is 0.505 pN if the water viscosity of 0.8937 × 10−3 Ns/m2 at 25 ◦ C was 
considered. 

 

Fig. 4. The schematic diagram of DAMO cultivation container with two compartments. 

 

Fig. 5. Images of the trapping and transfer the DAMO cell in the microfluidic chip. The 
DAMO cell is flowing in the main bacteria channel and is optically trapped (a and b). Then it 
is moved transversely from one side of the gap to the other, and then into the pure buffer 
solution (c-h). The spot at the bottom of (g) and (h) is likely to be PDMS detritus - it was 
present before the addition of buffer or bacteria. 

 

Fig. 6. Microscope images of DAMO archaea cells after 345 days of cultivation. DAMO 
archaea cells grow as irregular cocci 1-3 µm in diameter and are found as tetradococci-like or 
sarcina-like clusters. Scale bar = 1 µm. No other forms of bacteria were observed in the 
solution. 
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The optical trapping force as a function of the displacement in the optical trap can be 
calculated by using T-matrix method [24,25]. We can estimate the minimum optical trapping 
power that required to trap and move the target cells as the drag force. The maximum sorting 
rate is limited by two factors. Firstly, only relatively slow particle velocities (< 20 µm/s) in 
the microfluidic channels can be measured with video methods. This is primarily due to the 
time it takes for the cell to traverse the screen, and allow the operator to position the optical 
trap to intercept the cell. Secondly, to prevent optical damage to the cells, the power of the 
optical trap has been greatly reduced. This placed further limits on the maximum flow rate as 
the optical trapping force must be greater than the fluid’s drag force acting on the particle. 
Future improvements could entail computer recognition of target cells, automated stage 
translation such that the optical trap intercepts the flowing cell [18], or the inclusion of beam 
shaping techniques and advanced user interfaces [26–29]. In addition, a combination of 
Raman spectra technique and optical tweezers could be also used to refine out method [30]. 

After inoculation, gasous methane was regularly measured. The initial methane 
consumption was not observed during the first four months. After 120 days cultivation, the 
DAMO activity was observed in terms of the consumption of methane. The culture sample 
was collected from compartment B for microscopic observation on Day 345. According to 
100 × oil microscopic observation, some typical DAMO archaea cell were found as 
tetradococci-like or sarcina-like clusters (Fig. 6). Although no other forms of cells were 
observed in the collected sample, it is too difficult to show the purity of DAMO archaea in 
terms of microscopic observation. The incubation experiment is continuously ongoing and the 
purity of DAMO archaea will be further confirmed by further sequencing analysis. The total 
number of DAMO archaea would be 1.05 × 106 after the cultivation of 420 days, assuming 
the doubling time of DAMO archaea is 20 days [31]. Based on the methane profile versus 
time (Fig. 7), the average cellular methane oxidation rate was approximately 4.5 pmol/cell/d. 
The rate is 4 orders of magnitude higher than the value obtained in an enriched DAMO 
bacteria (0.2 fmol CH4 /cell/d) based on cell counts and a cellular methane oxidation rate [32], 
and about 4-5 orders of magnitude higher than the potential DAMO rates determined in 
natural ecosystems [33]. Here, it is assumed that the methane consumption was exclusively 
consumed by the DAMO archaea growth and metabolism. 

 

Fig. 7. Methane accumulated consumption profile in the DAMO cultivation reactor. 

4. Conclusions 

Anaerobic methane oxidation coupled to denitrification can be mediated by DAMO archaea 
(Candidatus ‘Methanoperedens nitroreducens’). This study developed a method to cultivate 
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this un-isolated culture by utilising optical tweezers within a microfluidic chamber. Optical 
tweezers are used to move a single trapped cell from an enriched DAMO culture. The 
microfluidic system enabled to move the target cell into the culture container without 
contaminations. After long-term cultivation, we can observe the methane consumption and 
DAMO archaea within the cultivation chamber, indicating that viability has been maintained. 
Our results show that the technique is highly-appropriate for cultures where purity is 
essential, particularly for slow-growing microorganisms. Further sequencing experiments are 
required to prove the purity of DAMO archaea. 
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