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ABSTRACT

In the development of microfluidic IVC platform for enzyme evolution, it is important to realize accurate droplet control
and sensitive detection. For the application of droplets on a microchip in the field of in vitro compartmentalized protein
expression, fluorescence induced by laser is usually used to acquire the corresponding information from each droplet.
In this paper, droplet based fluorescence detection on a PMMA microchip was reported by comparison of two
surfactants, Span 80 and Abil EM90 in mineral oil. It was found that 3% (w/w) Span 80 in mineral oil resulted in higher
background than that of 3% (w/w) Abil EM90 at the same 488nm wavelength of laser excitation. The fluorescence of
fluorescein sodium salt (dye) droplet below a certain concentration is smaller than the background of the mineral oil in
the presence of Span 80. However, the fluorescence is higher than background even at very low concentration of dye
droplet (50pM) when Abil EM90 is used. Changing the flow rates also changes the droplet sizes and rates of generation
of droplets. At a given fluorescence concentration, with the increase of aqueous flow rate, the droplet size increased
and the fluorescence intensity increased correspondingly. Further, the signals strongly depend on the position of
detection area which mostly relates to z-axis in accordance with microchannel’s height.

1. INTRODUCTION

Creating and altering new functions of enzymes for specific purpose are demanding in the life science.
Directed evolution [1] is a method used in protein engineering for developing new proteins such as enzymes.
It can be carried out with or without living cells (in vivo or in vitro evolution). In vitro expression such as in
vitro compartmentlisation (IVC) systems using water-in-oil emulsions has been gaining popularity recently
since a combination of methods can be used to introduce variation into the selection pool [2]. IVC systems
have been used for the selection of proteins, DNA and RNA enzymes, enzyme inhibitors and so on [3-8].
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Recent advance in microfluids and microfabrication technologies has fueled the development of microfluidic
IVC systems [9-14]. Such systems are capable of generating and manipulating microdrops in an efficient and
controlled manner. For example, microdrops can be generated with desired size, fused for adding reagents or
substrates, spilt for collection or analysis, or controlled to have temperature, pH and salt concentration
variations [15-16].

In the microfluidic IVC systems, one of the tasks is to determine if proteins of interest are indeed synthesized
in the drops. This task is very challenging since each microdrop contains only a limited number of gene
molecules and therefore a limited number of protein molecules can be produced. Further, the microdrops are
moving constantly along the microchannels and there is limited integration time for detecting the properties
of the molecules in the microdrops. The aim of this study is to develop an optical detection method that can
be sensitive enough for IVC applications and to examine the effect of operating and flow conditions on the
detection sensitivity.

2. EXPERIMENTAL DETAILS

2.1 Methodology

To develop an suitable detection system, a fluorescein sodium salt was used as a model dye. For the PMMA
microchip experiment, the dye solutions with different concentrations were pumped through the droplet
formation nozzle to generate monodisperse droplets by the shear force of the oil stream. The continuous
phase was mineral oil doped with surfactant Span 80 and Abil EM90, respectively. After excitation with
laser, the drops emit light which may have contributions from the microchip material, mineral oil, surfactants
and the stray light. The signal of detected light would also have contributions of the electrical noise of
equipments.

2.2 Experimental set-up

The droplet experiments were carried out in the CSIRO Microfluidics Laboratory at Highett, Melbourne,
Australia. The optical detection was carried out using an inverted epi-fluorescence microscope (NIKON
TE2000U). The aqueous and oil streams are pumped by the two identical pumps (neMESYS) equipped with
SGE (Supelco) syringes of 250ul capacity. Droplet formation at the junction point was monitored by the
microscope and a video camera (Basler A 6021 C-2) equipped with a Nikon C-0.45% demagnification lens.
The camera is capable of capturing images at a frequency of 30 frames per second. A Sapphire laser (488nm)
and a 460nm CDRH laser (Coherent) were used to induce fluorescence inside the aqueous droplets. The
emitted light from the GFP molecules were collected by the objective lens of the microscope and detected by
a photomultiplier tube (Hamamazsu). The whole experimental set-up is sketched in Figure 1(a).

The microchip was fabricated in a PMMA slide with dimensions of 75 mmXx25 mmx=2 mm. The microchip
was fabricated at the CSIRO Microfabrication Laboratory, Clayton, VIC 3169, Australia. A flow focusing
technique was used for droplet formation and only one nozzle was used in the chip. A sketch of the chip
design is shown in Figure 1(b). The chip was fabricated using a standard photolithography technique in
conjunction with electroplating and hot-embossing. The mask pattern was first exposed into a 70pum layer of
laminar 5083 resist/stainless steel plate using a collimated UV exposure system. Then a nickel shim was
made by electrodeposition onto the patterned surface. The nickel shim was then used as a mould to hot
emboss the pattern of microchannels onto a PMMA plate at a temperature of around 110 °C. Finally the
capping PMMA layer with a thickness of 125 pm was thermally bonded onto the channel PMMA plate. Both
the oil and water channel have a width of 315 pm which is decreased to 115 pm at the junction point. The
production channel has a width of 207 pum and all channels have the same depth of 70 um.
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Figure 1: (a) Schematic graph of experimental set-up (b) flow focusing design in positive photo mask.
2.3  Materials

The fluorescence sodium salt (dye) (Ajax Finechem) was dissolved in dionised water and used as the
aqueous phase while mineral oil was used as the oil phase. The mineral oil (molecular biology, Sigma) has a
kinematic viscosity of 8.4 mPa$S at 20°C and density of 840 kg/m’. The surfactants Span 80 (Fluka) and Abil
EM90 (Goldschmidt GmbH, German) were added to oil at the same weight percentage of 3%. The pH of
40mM dye stock solution is 9.89. The dye solution was changed from 50pM to 200nM and all reagents used
were filtered by 1.2 pm pore-sized syringe filters.

3. RESULTS AND DISCUSSION

3.1 Effects of surfactants on detection of droplets on a PMMA microchip

Before the microchip experiments, a preliminary test was carried out to understand the possible effect of
surfactants materials on the detection efficiency. Several oil drops with different surfactant solutions were
placed on a PMMA sheet with a thickness of 125um. A solid state laser of 488nm wavelength was used to as
the excitation source. The droplets were placed on the sheet using a pipeting device with precision control
and the droplet volume was around 1pl. Some droplets contained 3% (w/w) Span80 while others contained
3% (w/w) Abil EM90 surfactant. A marker was used to fix the focal spot at a specific point inside of droplet
throughout the measurement. The light intensity was measured using a Hamamazsu photomultiplier tube.
Figure 2 shows the emitted light intensities for the four different samples. The mineral oil has the lowest
light emission. It is even lower than that of the PMMA film. The light emission from the oil drops with 3%
(w/w) Span 80 is the highest. When Abil EM90 surfactant was used, the light intensity was significantly
reduced, only slightly higher than that of pure mineral oil. This indicates Abil EM90 provides much less
contribution to background light emission than that of the Span 80 surfactant. Therefore, Abil EM90 is used
throughout the whole study as the oil phase surfactant.
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Figure 2: Light intensity of droplets with different composites on a PMMA film.

Figure 3 plots segments of signals detected from the droplets with different dye concentrations. The
continuous phase is mineral oil with 3% (w/w) Span80. The black line indicated the level of background
noise. It is revealed that when the dye concentration is below around 50nM, the light intensity of dye droplets
is below the background noise and negative peaks occur. The negative peaks became larger with the
decreasing concentration of dye in the droplets. When the dye concentration increases above about 50nM,
negative peaks change to positive peaks. However, when Abil EM90 was used, the background noise level is
much lower than that using Span 80, even though the concentration of dye droplets was lowered to 50pM,
the signals appeared as positive peaks higher than background. This also proved that in the current detection
system, the presence of Span 80 was the main source of the background value, and Abil EM90 contributed to
the background much less than Span 80.

The laser induced fluorescence from the droplets is shown in Figure 4 as a function of dye concentration for
the two oil phases, respectively. The two horizontal lines indicate the corresponding background values for
the two cases. The fluorescence intensity increases approximately linearly with increasing dye concentration.
However, at very low concentrations, the variation with dye concentration is more pronounced. The lowest
dye concentration detected by the system is S0pM.
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Figure 3: Segments of signals detected from droplets with different dye concentrations in the presence of 3% (w/w)
Span 80 in mineral oil using 488nm laser on a PMMA microchip.
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Figure 4: Fluorescence of dye droplets as a function of dye concentrations in the presence of 3% (w/w) Abil EM90 and
3% (w/w) Span 80 in mineral oil respectively.
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3.2 Flow rates and fluorescence intensity

For a given dye concentration and oil flow rate, the flow rate of the aqueous phase was changed from Sul/h
to 40ul/h to examine the effect on detection. It can be seen from Figure 5 that the fluorescence intensity
increased with the increase of aqueous flow rate. It has been mentioned [14] that the fluorescence intensity
from dye enclosed in an emulsion droplet is about 30% less than that of its same solution before droplet
formation. The droplet size increased when the aqueous flow rates increased. As a result, the drop volume
increased and so was the detected fluorescence intensity. Further, larger droplets took longer time to pass the
detection region and therefore the integration time of the detection is bigger. However, at a given flow rate of
the dye solution on the same microchip, the fluorescence intensity had no distinguished change when the oil
flow rates varied from 10ul/h to 60ul/h.
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Figure 5: Fluorescence intensity of dye droplets as a function of the flow rates of aqueous phase from Sul/h to 40pul/h at
a given oil flow rate of 20ul/h.

3.3 Effect of detection position

In the current system, the dye droplets were produced on a flow focusing PMMA microchip with a PMMA
bottom layer of 125um thickness. The laser light was initially focused on the bottom layer by a 40x objective
lens. The focus was gently shifted up along the positive z-axis —perpendicular to the microchip surface, and
the fluorescence intensity was recorded sequentially which is given by its numbers of measurements points
as shown in Figure 6. The measurement point zero corresponded to the focal position at the bottom layer. In
Figure 6, the labeled region showed the signals increased gradually where most of light was provided by the
droplets as a consequence of the position of the detection volume entering into the droplets. Figure 7 showed
and demonstrated that droplets passed by the detection spot and gave the fluorescence.
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Figure 6: The position of detection volume shifting up along the positive z-axis from the bottom layer of PMMA
microchip. Flow rate of oil phase is 30ul/h; aqueous flow rate is 10ul/h.

Figure 7: Droplet passing by the detection spot and giving fluorescence. The flow rate of oil phase is 30ul/h; aqueous
flow rate is 20ul/h.

5. CONCLUSIONS

In this paper, the droplet detection on a PMMA microchip was investigated by using the surfactants
of Abil EM90 and Span 80. No matter how the light signals appear, positive or negative peaks, as
long as the fluorescence of dye is different from the background, the detection can still be carried
out. However, the detection sensitivity in the case of Span 80 is far lower than that in Abil EM90
where 50pM dye droplets can be detected. The fluorescence intensity of dye droplets can also be
affected by varying the flow rates of aqueous stream and changing the position of detection volume.
By using the current microfluidic detection system, 16ng/ul GFP gene expression solution has been
easily detected and expected to realize the detection of expression solution of single molecule of
gene.
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