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Abstract

Acoustic trapping of sub-micrometre particles within
microfluidics

Björn Stenestam

The aim of this project was to prove that a pre-existing standard 
method for bacterial-DNA extraction can be reduced down to the micro 
scale and in doing so be used in an on-chip setting.
The first phase in this project was to identify an appropriate method 
and material for droplet generation. The first material to be 
assessed was poly ethylene glycol (PEG), which proved unstable and 
therefore unsuitable. In contrast agarose, with its low gelling 
temperature, proved to be a suitable material for droplet generation 
for the purpose of this project. 
The second phase of this project was to design and fabricate an 
acoustic trapping chip using Si- and glass-wafers. When the agarose 
droplets were evaluated inside of the trapping chip, they proved to 
have a negative contrast factor, resulting in the droplets being 
pushed out along the walls of the trapping chamber. This was solved 
by mixing plastic beads in to the agarose solution used for droplet 
fabrication.
The diffusion of particles into the agarose droplets was then 
evaluated both inside and outside of the chip in order to prove that 
the chemicals intended to be used during DNA extraction would be able 
to diffuse into the droplets. 
The end conclusion is that the experiments performed in this project 
have proved that the methods, chip designs and materials would work 
for bacterial-DNA extraction on-chip.
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Populärvetenskaplig sammanfattning 
Målet med det här projektet har varit att kunna bevisa att en standardmetod använd för DNA-

utvinning ur bakterier går att krympa ner till mikroformat. I dagsläget utförs DNA-extraktionen i labb 

på en större skala, där bakterier gjuts in i gelématerial för att sedan, för hand, bli doppad i olika 

kemikalier och på så sätt lösa upp bakterierna inuti gelen utan att själva gelen löses upp. I det här 

projektet har metoder arbetats fram för att kunna göra samma form av extraktion, fast på en 

mikrometerskala. Genom att krympa ner processen så kan man få bättre kontroll över reaktionen 

och minska mängden prov, material och kemikalier som förbrukas för att kunna utföra DNA-

extraktionen. Krympningen av processen har som mål att kunna anpassa metoden så att den går att 

göra ”on-chip”. Att göra något ”on-chip” betyder att man ska kunna genomföra extraktionen på ett 

mikrochip, inte helt olika det som finns i många former av elektronik som används dagligen. Istället 

för att chipen ska leda el, kommer det i stället att leda vätska genom kanaler i chippen.  

Den första delen av projektet har haft som fokus att designa och tillverka det chip som kommer att 

generera droppar av gellösningen som är tänkt att hålla fast bakterierna. Chippet för 

droppgenerering är utformat som ett kors där gellösningen sprutas in i mittenkanalen och ”nyps av” 

av olja som kommer från de två korsande kanalerna, vilket gör att droppar bildas. Dessa droppar har 

en ungefärlig diameter på 60–65 µm vilket motsvarar den genomsnittliga diametern på ett hårstrå. 

Efter att dropparna har genererats i chipet kyls de snabbt ner, vilket gör att dropparna går från att 

vara flytande till att bli en fast gelédroppe som är stabil nog för att kunna flyttas med hjälp av en 

pipet utan att gå sönder.  

Den andra delen av projektet har bestått av att först designa och tillverka ett andra chip, denna 

gången av tunna kisel- och glasskivor. I kiselskivan har kanaler etsats fram, och när man sedan binder 

samman kiselskivan med glasskivan formas slutna kanaler vari olika vätskor kan flöda. På detta chip 

har sedan ett piezoelement monterats, samt en kylanordning för piezoelementet. När piezoelement 

utsätts för växelström kommer det att, i takt med den växlande potentialen att alternera mellan att 

vidga och dra ihop sig. Detta leder till att det uppstår vibrationer i chippet. Om frekvensen på 

elementets vidgande och hopdragande matchas med bredden på de kanalerna som finns i chipet 

bildas en våg av ljud genom kanalen. Ljudvågen skapar en kraft i den vätska som finns i chippets 

kanaler. Den kraften som genereras av ljudvågen är inte särskilt stor men den är tillräcklig för att 

kunna hålla fast geldropparna medans vätska flödar runt om kring dem. Detta gör att en droppen 

kan studeras med hjälp av mikroskop medans den hålls stilla i chipet. Runt droppen låtar man sedan 

olika kemikalier flöda.  

För att kunna lösa upp de bakterier som planeras finnas i geldropparna är nästa steg att undersöka 

om dessa kemikalier faktiskt kan ta sig in i droppen och nå bakterierna. För att bevisa detta har en 

lösning innehållande färgmolekyler använts. Färgmolekylerna har en liknande storlek som de 

molekyler som finns i kemikalier som senare planeras att användas för den faktiska DNA 

extraktionen. Om färgen tar sig in och färgar droppen så kan man anta att även kemikalierna 

kommer kunna göra det. 

Efter genomförande av projektet kan man säga att det är bevisat att de utvecklade metoderna och 

chipen fungerar för att kunna genomföra DNA extraktionen i mikroskala. Även om några problem 

påvisats under projektets gång har flera av dessa lösts, men några skulle behöva undersökas lite 

noggrannare. Ett exempel på detta är att diffusionsexperimenten gav resultat som delvis var svåra 

att tolka. Även om dessa experiment har antagits påvisa att diffusion av färgmolekylerna faktiskt 

sker är det rekommenderat att vidare experimenten genomförs med t.ex. så kallade ”life and death 

stain” molekyler och riktiga bakterier.   
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1 Introduction 
Microtechnology as a research area has developed a great deal within a short amount of time. This 

technology has been applied in multiple areas of research and the applications have been proved 

numerous (1), (2). Of particular relevance to this project is microtechnology incorporating fluidics, 

which has opened up new possibilities within the fields of biology, medicine and pharmaceuticals 

(3), (4). Amongst these is the application of microfluidics in so called Lab-on-Chip (LoC) and Organs-

on-Chip (OoC) devices (4), (5). OoC mimics human organs in a smaller scale outside the human body. 

These chips are meant to give researchers new possibilities when conducting research and to allow 

researchers to follow the functionality and effects of different chemicals and drugs in different 

organs of the body without the need for animal or human test subjects. Along with the creation of 

complete organs, microfluidics in LoC applications has a wide array of uses within more classical 

chemical research. These chips can mimic classical lab set ups on the micro scale (3), (4), (6). By 

shrinking the lab set-up, a greater degree of reaction control, and therefore accuracy is possible, as 

well as a requiring fewer chemicals (3). 

As microfluidics is on such a small scale, the rules of physics can be applied in new ways, for example 

in generating microdroplets (5). These droplets can measure up to a couple of hundred micrometres, 

and as such the surface tension around these plays a much bigger role than it would on larger 

droplets. This allows for the creation of stable microdroplets, where each droplet has a volume on 

the picolitre scale, and each droplet can be seen as a separate microreactor or test tube. As these 

droplets are relatively easy to produce, and can be produced at rates of up to 150 droplets per 

second in standard T-junction chips, the droplets can be used as a method to quickly and easily 

provide a lot of separate datapoints (7). 

Once the droplets have been generated there are multiple ways of manipulating or changing the 

conditions around and within the droplets. One of these is a technique using acoustics, which can 

sort droplets by size, mix separate liquids within the droplet, move droplets within channels and 

containers, as well as holding the droplets stationary inside a channel or container while allowing 

fluids to flow around the droplet (8), (9). 

1.1 Aim 
As stated above, droplets can be used as micro-scale test tubes. In this project this technique will be 

explored as a way of processing bacteria and extracting their DNA. As a base for this, a protocol used 

for conventionally sized bacterial-DNA extraction will be evaluated as an on-chip process. This will be 

achieved by developing methods and techniques that can prove that all steps of the protocol can be 

miniaturised to the microscale and applied on-chip. This includes microdroplet generation that can 

be applied to encapsulate bacteria, which in turn will be held steady in an acoustic trapping chip in 

which they are to be subjected to the chemicals that extract the bacterial-DNA. Initial encapsulation 

was performed in photoactivated polyethylene glycol (PEG)-based droplets. Different forms of PEG-

monomers were initially to be evaluated with respect to their properties and behaviour in the 

acoustic trap. However, due to reasons explained later in this report, the material was substituted 

with agarose. The aim is thereby to shrink and prove that a pre existing DNA-extraction protocol can 

be applied on-chip, and that the DNA-extraction protocol will work in the chip as it is subjected to 

the acoustics of the trapping chip. 
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2 Background/theory 

2.1 Microfluidics 
Microfluidics has a broad range of application within the chemical and biological research fields. The 

miniaturization of fluidics leads to a greater influence of surface tension and its properties which 

allows for the formation of stable microdroplets (10). These droplets can in turn be used as micro-

scaled test tubes, loaded with single cells or used as reaction vessels that allows for highly controlled 

chemical reactions. Microfluidics also has applications within material sciences whereby droplet-

based microfluidics can be used in the syntheses of microparticles and microfibers (11).  

2.1.1 Droplet generation 
Microdroplet generation can be achieved in multiple ways, using variations of similar techniques. 

Some examples of these techniques are squeezing, dripping and jetting. Though they work in similar 

ways, they have some variations that result in them being more or less suitable for droplet 

generation depending on the application. The geometry and design of the chip has to be optimised 

for its intended use, so parameters such as fluid viscosity, flow speeds, droplet sizing and size 

distribution of the generated droplets has to be taken to account, as well as the generation mode 

the chip is to work within, e.g. cross-flow, co-flow or flow-focusing. All of these factors play a 

considerable role in the outcome of the droplet generation. In this project, the generation mode is 

limited to cross-flow.  

 

 

Figure 1. Droplet generation in a T-junction chip design. The continuous phase can be seen as blue and the diluted phase, 

which makes up the droplet, can be seen as the red liquid in the picture. The first three depictions show the filling step, in 

which the diluted phase has built up enough pressure to start protruding out from the side channel in to the main channel. 

The last two depictions show the squeezing of the volume filled by diluted phase. This is when the filled volume has reached 

enough volume so that it starts to drift along with the flow of the continuous phase. This leads to the diluted phase being 

pushed against the edge formed by the main and side channel, resulting in a droplet being pinched-off. Picture from (12).  

Most often the liquids used in droplet generation are denoted as the continuous phase and the 

diluted phase, respectively. The diluted phase is the liquid which forms the droplets, and the 

continuous phase is the surrounding medium within which the droplets will be suspended. Chips 

designed with a cross-flow geometry are based on flows of the continuous and the dispersed phase 

meeting at an angle to one another. Common chip designs utilising the cross-flow geometry are T-

junction and cross-junction chips. In droplet generation using the T-junction design, the diluted 

phase is pushed into the continuous phase via a side channel. The droplet is then formed by the 

diluted phase being pinched off by the continuous phase. Figure 1 provides a step-by-step example 

of droplet generation using the squeezing technique in a T-junction. The blue represents the 

continuous phase and the red the diluted phase. Going from left to right one can see the first three 

depictions showing the filling stage. This is where the diluted phase has enough pressure to start 



Björn Stenestam   
Master’s Program in Chemical Engineering 
Degree Project in Chemical Engineering 30 cc  
 

3 
 

protruding from the side channel into the main channel, and starts filling up a volume inside of it. 

The two last depictions in figure 1 show the squeezing of a droplet. This is when the diluted phase 

has filled up a volume big enough so that it starts being dragged along with the flow of the 

continuous phase. This results in the diluted phase being squeezed against the edge of the side and 

main channel walls. This squeezing eventually leads to the filled volume being pinched off from the 

side channel, creating a diluted phase droplet surrounded by the continuous phase. 

In chips utilising the co-flow geometry, the continuous and dispersed phase enter the same channel 

in parallel to one another, as seen as the second column in figure 2. The co-flow and flow-focusing 

geometries can be used in both 2D chips and 3D axisymmetric devices. The flow-focusing geometries 

allow smaller droplets to be generated than chips using cross-flow or co-flow geometries (11). As the 

chip designs employed in this project do not use the co-flow and flow-focusing geometries for 

droplet generation, no further details are presented here. 

Depending on the flow speeds of the two phases, the droplet formation can enter into a squeezing, 

dripping or jetting regime in a T-junction chip. The different generation techniques offer different 

advantages. Squeezing often results in higher monodispersity of the droplet generation, with 

droplets generally larger than the cross section of the channel they are generated in. Droplet 

generation using the dripping regime results in droplets that are smaller than the channel’s cross 

section and have a lower degree of monodispersity than droplets produced in the squeezing regime. 

When entering into the jetting regime, the droplet generation can be seen as more chaotic and 

therefore the generated droplets are often polydisperse (11). An assembly of pictures of different 

generation techniques and geometries can be seen in figure 2. 

 

Figure 2. Visualisation of different droplet generation techniques and how the different geometries of the 

chips look. What regime the generation occurs at is dependent on the flow speeds of the two phases, as well 

as the design of the chip. A lower flow speed will result in squeezing, giving a high degree of monodispersity. 

As the flow speed is increased the size dispersity also increases. In the jetting regime, droplet breakoff is 

more chaotic resulting in low monodispersity (11). 
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Another chip design that utilises a cross-flow geometry is the cross-junction chip. Cross-junction 

chips use a design resembling a cross were the continuous phase comes from two side channels and 

meets the dispersed phase at the centre channel. Unlike the T-junction chip, the cross-junction chip 

also allows for tip-streaming and tip-multi-breaking regimes for droplet generation.  

2.1.2 Polymerisation of polyethylene glycol 
Polyethylene glycol (PEG) is a molecule commonly used in a wide range of applications. It is a 

hydrophilic molecule with a low toxicity, making it useable for medical and biological purposes as 

well as industrial use. It is used as an excipient in pharmaceuticals and skin creams, but also as a 

foam reducer in industrial separation equipment and as a stabilizer in solid rocket fuels (13). 

PEG molecules exist in multiple forms, both as monomers and linear polymeric chains but also as 

multi-armed or “star shaped” molecules. Initial plans were in place to evaluate the droplet 

generation and diffusion properties of these PEG molecules with respect to their form in order 

evaluate their overall usability and effectiveness as a bacterial encapsulation medium. However, the 

use of PEG as a droplet material was unsuccessful and the comparison between different PEGs did 

not occur within this project. Further detail on this is provided in section 3.2. 

 

              

Figure 3. On the left is a 4-armed PEG with acrylate end groups where and an average molar weight of 10000 and on the 

right is a single polyethylene glycol monomer. Picture taken from Sigma Aldrich product catalogue.  

PEG is polymerised by radical polymerisation. A common way to accomplish this is by using a photo 

initiator, such as lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) (14), (15).  

 

 

Figure 4. Photoactivation of the LAP molecule into free radicals used as initiators in 

the polymerization and cross binding of PEG. Picture taken from (16). 

As light with a wavelength of 375 nm hits the LAP molecule, it splits in half creating free radicals, as 

shown in figure 4. In turn these radicals go on to activate the polymerisation reaction of the PEG 

molecules. In the case of PEG with acrylates as end groups, the PEG polymerises through chain-

growth polymerisation (17). Chain-growth is a polymerisation mechanism in which a monomer is 

activated and then forms a new molecule by adding on a monomer at the active site formed by the 

initiator. For each new monomer that attaches, the active site moves over to the newly added 

monomer. This in turn allows for another monomer to attach to the end, and permits continued 
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growth leading to polymer chain formation. This continues until the active site is terminated, which 

can take place either by chain transfer or consumption or termination of the active site. In the 

former, the active site is moved to another monomer or chain in a similar way that the LAP molecule 

activated the first PEG monomer. This leaves the donor chain terminated but a new propagating 

chain is also formed by the newly activated monomer. In the latter, the chain is stopped by 

consumption or termination of the active site. This is when the active site moves to or is consumed 

by a molecule that will not take part in a new polymerisation reaction. This can be achieved using 

many different terminating agents, for example oxygen molecules (18), (19).  

2.1.3 Polymerisation of agarose 
Agarose is a biocompatible polysaccharide extracted from red seaweed. The repeating unit of the 

saccharide, seen in figure 5, is made up by 1-3 linked D-galactose and 3,6-anhydro-L-galactopyranose 

(20). It has a wide set of applications ranging from its use as a medium in chromatography, to its use 

in wound dressings and tissue engineering, as well as a biodegradable composite material in food 

packaging (21) (20).  

 

Figure 5. Repeating unit of agarose polysaccharide, consisting of D-

galactose and 3,6-anhydro-L-galactopyranose saccharides alternating 

in the chain. Picture taken from Sigma Aldrich product description. 

In contrast to PEG, agarose does not polymerize when it sets and forms a gel, instead the 3D 

structure is held together by hydrogen bonds. Generally, when agarose is bought it comes in the 

form of a white powder. In this form the agarose chains are rolled up into fibrous helixes, held 

together by hydrogen bonds. As water and agarose is mixed and heated, the hydrogen bonds in the 

helixes are broken and the helixes are uncoiled. As the agarose and water mixture cools back down, 

the agarose chains become tangled, forming a much larger three-dimensional structure than the 

original helixes, and develops new hydrogen bonds between chains. The resulting structure is the 

agarose gel.  

In order to lower the melting and gelling point of agarose it can be subjected to chemical treatment 

in the form of hydroxyethylation. This treatment also reduces the packing density of the agarose, 

leading to smaller pore sizes in the final gel, and thus making it more efficient when used to 

encapsulate smaller molecules, such as DNA fragments (22).  

2.2 Acoustics in microfluidics 
Within the field of microtechnology, acoustics has a wide set of applications, one of which is as a 

non-contact, externally controlled method of manipulation within microfluidic systems (10). 

Acoustics in microfluidics can be used to focus droplets within a channel or well, sort droplets by 

size, as well as holding droplets steady while media continuously flow around the droplet, as some 

examples amongst other possible applications. It has also been proven to work on cell-laden 

microdroplets, without affecting the cells in a harmful way. This makes acoustics a useful tool for 

biological assays (10).  
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An acoustic standing wave can be produced in a microfluidic chip by attaching a piezoelectric 

transducer to the outside of the chip. As a voltage passes through the piezoelectric element it can 

either contract or expand. If one instead applies an alternating electrical current over the piezo 

element, it starts vibrating in concert with the frequency of the applied electrical voltage. These 

vibrations propagate throughout the chip. If the excitation frequency has a wavelength that follows 

equation 1, where w is the width of the channel within the chip and λ is the wavelength, the acoustic 

wave will resonate between the channel walls, forming a standing acoustic wave with a single node, 

seen as the red lines in figure 6 (10). 

 

 

Figure 6. Visualising the standing acoustic wave formed in the channel of a chip. 

The red lines show a standing acoustic wave with one node, and the orange lines 

show a standing wave with two nodes. Figure from (10). 

The wave formed in the channel will exert force on the media and particles within the channel, seen 

in figure 6 as the blue arrow. This force follows equation 2, where F is the force along the y-axis of 

the channel, Vp is the particle volume, Eac is the density of the acoustic energy, k the wavenumber 

and  Φ the contrast factor (9). 

𝑤 =
𝜆

2
 (1) 

𝐹𝑦 = −𝑉𝑝 ∗ 𝐸𝑎𝑐 ∗ 𝑘 ∗ Φ ∗ sin(2𝑘𝑦) (2) 

Φ = (
3(𝜌𝑝 − 𝜌𝑚)

𝜌𝑚 + 2𝜌𝑝
+
𝛽𝑚 − 𝛽𝑝

𝛽𝑚
) (3) 

 

The contrast factors, described by equation 3, indicate in what direction the force created by the 

acoustic wave will affect the particles. The contrast factor is calculated by using the density (ρ) and 

compressibility (β) for the particles and the medium (9). If Φ is positive for a particle, the particle will 

be pushed into the node of the acoustic wave. If it is instead negative, the particle will be pushed 

into the anti-node of the standing wave (23). Under the wavelength described by equation 1, a 

positive contrast factor for the particle means that it will be pushed into the centre of the channel, 

whereas if the contrast factor is negative it will be pushed out along the walls of the channel. 
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3 Experimental 

3.1 Chip fabrication and design 

3.1.1 Chip for droplet generation 

 

Figure 7. Design of the chip used for droplet generation. The junction where the four channels meet is where the 

droplet generation occurs, measuring 65 µm in width and 119 µm in height. 

To generate microdroplets, a chip fabricated form polydimethylsiloxane (PDMS) and glass was used, 

hereon in referred to as the PDMS-chip. The master mould used for the fabrication of the PDMS 

chips was fabricated by Anna Fornell using a Si-wafer and standard UV-lithography methods, the 

design can be seen in figure 7. The PDMS-chip was cast in a petri dish with the master mould placed 

inside. PDMS was mixed using a ratio of 1:9 of hardening agent and polymer base (Wacker Elastosil 

RT 601 A/B, Wacker Chemie AG, Germany), which was poured into the petri dish on top of the 

master mould. The petri dish with the PDMS casting was degassed using a vacuum chamber and left 

to harden in an oven at approximately 65°C for 1 hour. The PDMS cast was then carefully cut out of 

the petri dish and peeled off the master mould. The structure in the PDMS cast was cut out using a 

scalpel. In- and outlets were created with a biopsy punch (1mm (504646, World Precision 

Instruments, USA) for the oil inlets and 1.2 mm (504530, World Precision Instruments, USA) for the 

outlet and the agarose inlet). A glass slide was washed using acetone and isopropanol and blow-

dried using nitrogen gas. The cut out PDMS piece and the glass slide were then treated in an air-

plasma oven in order to activate the surfaces and allow for bonding between the glass and PDMS. 

After activation in the oven the glass slide was carefully lifted, turned up-side-down and placed on 

top of the PDMS piece and gently pressed down. The chip was left on a hot plate at 100°C for 1 hour 

in order to establish a suitable bond between the glass and PDMS. 

The channels inside the chip were surface coated in order to make the glass hydrophobic, and to 

increase the hydrophobicity of the PDMS. The coating was prepared using a siliconizing reagent 

(Sigmacote SL2-25ML, Sigma-Aldrich, USA), which was pushed into the channels of the chip before 

being placed in an oven at 65°C for 1 hour for curing. The chip was then rinsed using light mineral oil 

(Mineral Oil - light oil (neat), Sigma-Aldrich, USA) which was also used as the continuous phase in the 

droplet generation. The finalised PDMS-chip can be seen in figure 8.  
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Figure 8. Finalised PDMS-chip for droplet generation. The inlet for the diluted phase can be seen at (A), and 

the inlets for the continuous phase can be seen at (B) and (D). The meeting point of these inlets is at (C) 

which is also the generation junction for the droplets. The outlet of the chip is seen at (E). 

3.1.2 Chip for acoustic trapping 

 

Figure 9. Sketch of the design pattern which was etched into the Si-wafer in order to 

fabricate the acoustic trap. The acoustic chamber can be seen as the square in the centre of 

channel, as well as in the enhanced picture. 

The design in figure 9 was etched to a depth of 400 µm allowing for the creation of a cube-shaped 

trapping chamber in the centre of the chip. This made the generation of an acoustic standing wave 

along the x-, y- and z-axis of the trap possible, thereby allowing droplets to be held in the centre of 

the cube. This construction hinders sedimentation or adhesion of the droplets to any of the chamber 

walls, a known problem in previous trap designs. Media can then flow freely around the droplets and 

A 

B 

C 

D 

E 
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diffuse equally from all sides of the droplets. Further into the project, the chip was fabricated using 

hard materials in order to allow acoustic wave generation within the trapping chip. The chip was 

therefore fabricated using single crystalline 500 µm thick Si-wafer (SIEGERT WAFER GmbH, 

Germany). The etching was performed using deep reactive-ion etching (DRIE). The Si-wafer was 

bonded to a 700 µm thick borosilicate glass wafer (Borofloat 33, Schott, Germany) using anodic 

bonding at 370°C and 1000V. The trapping chip was fabricated by the project supervisor, Gabriel 

Werr. After bonding of the Si- and glass-wafers, the wafer was diced in order to separate the 

individual chips. A single trap chip can be seen in figure 10. 

 

Figure 10. A single trap-chip seen from the glass side after the dicing. The two circles 

on the chip are to be the in- and outlet, connected by a channel with the trapping 

chamber, seen as a square in the centre of the chip. 

In the next step of fabrication, tubing was mounted in order to form the in- and outlets in the chip. 

The holes for the in- and outlets were cut into the silicon wafer using direct laser writing (AIO G+ 532 

nm 5W, Östling, Germany). Connectors for tubing to the in- and outlets were made by adding short 

pieces of silicone tubing (OD/ID 3/1 228-0701P, VWR, USA) on top of the lasered holes. The tubes 

were fixed in place using silicone glue (ELASTOSIL E41, Wacker Chemie AG, Germany). Wires were 

soldered on to a 2 MHz piezo element (APC 840, APC International, USA) which was in turn glued in 

place between the in- and outlet on the silicon side of the trap using cyanoacrylate (LOCTITE 420, 

Henkel, Germany). A picture of the assembled chip can be seen in figure 11.   

 

Figure 11. Silicon side of the trap chip seen in figure 10 after it had been fitted 

with in- and outlets and a piezo element. 
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A holder for easier handling was constructed out of FR4 PCB material with a PCB plotter (S104, LPFK, 

Germany). The holder can be seen in figure 12a as the grey/green plate. The holder was fitted with a 

screw and lever, which was used to hold the chip and its cooling parts together, as well as to keep 

the chip stably in place on the PCB-holder to ensure sharp microscopy imaging. 

In order to create sufficient trapping force in the chip, a piezo voltage of 70V was utilised. Due to the 

electrical and mechanical losses that occurs in the piezo and glue interface, the chip reached 

temperatures of up to 90°C. The increased temperature resulted in the formation of bubbles inside 

the trapping chamber, which disrupt the experiments performed using the chip. In order to protect 

the chip from overheating, and to hinder the formation of bubbles in the chip, a peltier element 

(490-1193, RS Components AB, UK) and an aluminium heat sink was mounted to the piezo using 

thermal paste (HTC, Electrolube, UK) and pressed together by the screw and lever attached to the 

PCB-holder. By using this cooling set-up, the temperature of the chip was held around 20-23°C. The 

final assembly with the chip mounted in the PCB-holder, as well as a sketch of the chip and cooling 

can be seen in figures 12a and 12b, respectively. 

 

Figure 12. In a) the final assembly of the acoustic trapping chip. In 

the picture the chip is held in its plastic holder, with the cooling 

system on top, and a temperature sensor seen as the green/whit 

cable is placed on the piezo. The chip is fitted with a 1 ml pipette tip 

to hold liquid as well as a tube leading to a syringe. The setup is 

mounted on a microscope seen as the black parts of the picture. b) 

shows a simplified sketch of the chip and the cooling. 

a)         

b)     
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3.2 Droplet generation 

3.2.1 PEG-droplets 

3.2.1.1 Chemicals and droplet precursors 

• PEG (4arm-PEG10K-Acrylate), Sigma Aldrich, product number JKA7068.  

• di-H2O 

• Photo initiator LAP (Lithium phenyl-2,4,6-triemethylbenoylphosphinate), Sigma Aldrich, 

product number 900889 

• Mineral oil (light), Sigma Aldrich, product number M8410 

• SPAN80, non-ionic surfactant, Sigma Aldrich, product number S6760 

PEG-droplet generation uses two solutions, or phases. The continuous phase consisted of light 

mineral oil mixed with 2 vol% of SPAN80 surfactant. The surfactant was added in order to stop the 

droplets coalescing before the polymerisation had taken place. 

A LAP photo initiator stock solution was mixed using a 1 wt%/vol% LAP-solution in di-H2O. The 

diluted phase was mixed at a 3 wt%/vol% PEG concentration where the solvent consisted of 10 vol% 

LAP stock solution and 90 vol% di-H2O. 

3.2.1.2 Equipment 

• neMESYS syringe pump from Centoni 

• APM UV-cure, UV-light from APM Technica.   

3.2.1.3 Set-up and PEG-droplet generation 

 

Figure 13. Schematic of the set-up used for PEG-droplet generation. 

 

A schematic of the set-up used for PEG-droplet generation can be seen in figure 13. The syringes 

were mounted in syringe pumps, and connected to the PDMS-chip via tubing. The PDMS-chip itself 

was placed upside down in order to minimize the distance between the light source and the 

droplets, since the glass is thinner than the PDMS. This allowed for a higher UV-light exposure. The 
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distance between the UV-light and the chip affects how successful the generation is. This is due to 

the intensity of the UV-radiation decreasing at a rate of 1/r2 in respect to the distance from the light 

source (r). The optimal placement of the UV-lamp was found to be at a distance of 1 mm from the 

chip, at a 90° angle to the chip.  

In order to stop the droplets coalescing as they leave the PDMS-chip, the tubing from the outlet was 

kept as short as possible and led the generated droplets directly to a glass slide. When the desired 

number of droplets had been generated, the UV-light was removed from the set-up and placed 

directly over the droplet solution on the glass slide for post-curing. This ensured that all of the photo 

initiator had been activated. 

Attempts to wash the PEG-droplets were made by adding water and droplet suspension into an 

Eppendorf tube. This mixture was then centrifuged at different lengths of time, between 5-20 min 

and at RPMs ranging from 1,500 to 5,500. 

3.2.2 Agarose droplets 

3.2.2.1 Chemicals and droplet precursors mixtures 

• Agarose, Sigma Aldrich, product number A5030-1G 

• di-H2O 

• Flouro-Max green fluorescent polymer microspheres, 0,96 µm, Thermo Fisher, product 

number G900. 

• Flouro-Max red fluorescent polymer microspheres, 0,79 µm, Thermo Fisher, product number 

R800. 

• Mineral oil (light), Sigma Aldrich, product number M8410 

• SPAN80, non-ionic surfactant, Sigma Aldrich, product number S6760 

• Triton X-100, non-ionic surfactant and emulsifier, Sigma Aldrich, product number T8787 

• PBS, Standard Phosphate-buffered Saline solution  

Agarose droplet generation uses two solutions, or phases. The continuous phase consisted of light 

mineral oil mixed with 2 vol% of SPAN80 surfactant. The surfactant was added in order to stop the 

droplets coalescing before the agarose solution had reached a low enough temperature to form a 

gel. 

The agarose solution was prepared with multiple agarose concentrations and different add-ins in 

order to optimise the droplets for acoustic trapping, as well as making the handling and washing of 

the droplets easier. The different mixtures and their add-ins can be seen in table 1. The preparation 

process remained the same for all solutions. Agarose powder was weighed in an Eppendorf tube. 

The corresponding amount of solvent was calculated and added. The mixture was left to swell for 

around 15-30 min at room temperature and then mixed for 1 min using a vortex. The solution was 

then heated to 70°C using a heating block and held at 70°C for 1 hour during which it was mixed at 

10 min intervals using a vortex. After the agarose had fully dissolved, the temperature of the heating 

block was lowered to 40°C for the lower agarose concentrations and 60°C for the 3% agarose 

concentration.  
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Table 1. Table showing the different recipes tested for the agarose droplet generation. 

Test Agarose [%] Solvent 

1 1 PBS 

2 1 PBS with 0.1% Triton X-100 

3 1.6 PBS 

4 2 PBS 

5 3 PBS 

6 1 di-H2O 

7 1 di-H2O with 0.1% Triton X-100 

8 1.6 di-H2O 

9 2 di-H2O 

10 3 di-H2O 

11 2 di-H2O with 0,05% of 0.96 µm polystyrene beads 

12 2 di-H2O with 0.1% 0.96 µm polystyrene beads 

 

The parameters of the droplet generation were optimized for each droplet concentration, as the 

difference in agarose concentration changed the solutions’ viscosity. The main parameter requiring 

optimisation was the flow speed of the two phases in the generator chip. This was performed using a 

trial and error approach, whereby the flow speeds were adjusted in small increments and the 

generated droplets evaluated according to their size, size distribution and stability.  

3.2.2.2 Equipment 

• neMESYS syringe pump from Centoni 

• Heating block 

• Al-block as a cooling unit, cooled using a freezer.   

3.2.2.3 Set-up and agarose droplet generation 

The agarose solution required continuous heating to prevent it from setting, which meant it could 

not be loaded into a syringe and pushed into the chip. Therefore a pressure chamber was built out of 

an airtight centrifuge tube. With this method the agarose solution could be stored in the tube, which 

in turn could be kept in the heating block. The solution was then pushed out of the centrifuge tube 

and into the chip using a syringe filled with air, a schematic of which can be seen in figure 14.  

 

Figure 14. Schematic showing the pressure chamber placed in the heating 

block, which allows for continued heating of the agarose solution during 

droplet generation.  
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A full schematic of the agarose droplet generation set-up can be seen in figure 15, as well as a photo 

of the actual set up in figure 16. In the set-up the generator chip was placed up-side-down in close 

contact with both the heating and cooling block. Oil was pushed directly from the syringe pump and 

the agarose solution was pushed via the pressure chamber in the heating block into the generator 

chip. The tubing between the pressure chamber and the chip was taped to the side of the heating 

block in order to prevent the agarose solution from cooling down and clogging the tubing and chip. 

Newly generated droplets exited the chip through a short tube mounted to the outlet of the chip 

and into a reservoir with pre-cooled oil on top of the cooling block. The short tubing and the pre-

cooled oil in the petri dish ensured fast cooling of the droplets and stopped them from coalescing as 

they exited the generator chip and fell onto the petri dish. The up-side-down placement of the chip 

helped to create a gentler fall for the droplets into the cooled oil, as well as avoiding pile-ups of 

droplets in the outlet of the PDMS-chip. After the droplets had been generated, the petri dish with 

the droplets were cooled in a refrigerator at 4°C for at least 1 hour in order to allow them to fully 

form a gel. 

 

Figure 15. Sketch of the set up used for generation of agarose droplets. 

 

Figure 16. Photo of the agarose droplet generation set-up. In the background one can see 

the syringes mounted in the syringe pumps (A). On the left of the picture is the heating 

block (B) with the pressure chamber (C) placed inside of it. On the bottom right is the Al-

cooling block (D) with the petri dish (E) used for droplet collection on top. Between the 

heating and cooling block the PDMS-chip (F) hangs as a bridge between the two.  

A 

C 

B 
F 

E 

D 
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3.2.2.4 Droplet washing 

In order to exchange the media surrounding the agarose droplet, the fully gelled droplets were 

collected from the petri dish using a pipette and placed into an Eppendorf tube. As a first step the 

surfactants in the mineral oil (SPAN80) were washed away by adding mineral oil without surfactants 

to the tube. This was centrifuged for 5 min at 4000 RPM. The excess oil in the tube was removed and 

discarded, and new mineral oil without surfactants added. A new tube was prepared with 300 µl 

distilled water and the droplet/oil suspension was added on top of the water. The amount of droplet 

suspension added differed between washing as it was used as a mean to control the droplet 

concentration in the end solution. A suitable droplet concentration was typically achieved by using 

100-200 µl of the droplet/oil suspension. The tube containing the droplet suspension and distilled 

water were centrifuged for 20 min at 4000 RPM. After centrifuging, as much as possible of the 

supernatant was carefully removed using a pipette and discarded. The droplets were then carefully 

pipetted up from the bottom of the tube and added to a new container. The volume of liquid was 

then doubled using distilled water with a 2 vol% concentration of Triton X-100. This is to further 

dilute the droplets, making it easier to load an appropriate number of droplets into the trap chip. 

The addition of Triton X-100 stopped the droplets from adhering to the wall of the container during 

storage as well as the walls of the chip, the tubing and syringes during the trapping experiments.  

3.3 Acoustic trap 

3.3.1 Set-up 
 

 

Figure 17. Picture of the full trapping set-up. Below A is the oscilloscope. By B is the frequency generator and C shows the 

amplifier. Below D is the thermometer and below E is the power cube connected to the fan wish is seen below G. To the 

right of F is the trapping chip, facing down. H shows the syringes mounted on the syringe pumps. Lastly, I shows the second 

power cube, connected to the peltzer element. 

Whilst the set-up used for the trapping experiments was moved between three different 

microscopes, the general set-up of the system remained the same and can be seen as a picture in 

figure 17. The greatest difference in the set-up in the different microscopes was the orientation of 

the trap chip and its holder. In some microscopes the chip was placed with the glass side facing up 

and in others with the glass side facing down. This in turn meant that the in- and outlets of the chip 

A 

I 

C 

D 

F 
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changed orientation and therefore needed different loading techniques. The difference in loading 

and orientation of the chip can be seen in figure 18.  

The setup consists of the trapping chip, cooling system and holder, with one of the chips’ in- and 

outlets connected to a syringe mounted on a syringe pump, while the other in- and outlet remained 

passive. When the chip was glass side down, the passive in- and outlet had a pipette tip mounted to 

it, as seen in figure 18a) and 18c). When the chip was flipped over, with its glass side facing up, the 

passive in- and outlet was fitted with a tube that reached the bottom of a container where liquid 

could be added or collected, as seen in figure 18b) and 18d). Subsequently, the piezo of the chip was 

connected to an amplifier, which in turn was connected to a frequency generator. The piezo was 

also connected to an oscilloscope in order to correctly monitor the frequency and potential 

generated over the piezo by the amplifier. The cooling system consisted of a fan (Sunon blower 

B1205PKV1-8AY.GN, Taiwan), connected to a power cube (PeakTech DC Power Supply 6080) set at 

12V. The peltier element was connected to a power cube (Aim TTi Instruments QL) at 0.9V. A 

thermometer was added to measure the temperature at the surface of the piezo element, thereby 

monitoring the temperature of the chip.  

 

 

 

Figure 18. a) shows a picture of the trap chip with its glass side facing down, c) shows the same orientation as a simplified 

sketch. b) shows a picture of the trap chip with the glass side facing up and d) shows a simplified sketch of the same 

orientation.  

 

 

 

a)       

  

b)       

  

c)       

  

d)       
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3.3.1.1 Equipment used for trap 

• Oscilloscope, Tektronix TBS 1102B  

• neMESYS syringe pump, Centoni 

• Frequency generator, Tektronix AFG1022  

• Amplifier, 210L Broadband Power Amplifier  

• Power cube 1, Aim TTi Instruments QL, United Kingdom 

• Power cube 2, PeakTech DC Power Supply 6080, Germany  

• Fan, Sunon blower B1205PKV1-8AY.GN, Taiwan 

3.3.2 Evaluation of the trap 
By using the experimental set up presented in 3.3.1 in an optical light microscope, the overall 

functionality of the trapping chip was evaluated. Three parameters were investigated. Firstly, the 

most suitable frequency for efficient three-dimensional trapping, and secondly, the presence of 

leaks in the glass- and Si-wafer bonding interface, as well as the in- and outlet fittings. Finally, the 

upper limit on the flow rate in which the trap could still trap droplets was studied.  

3.3.2.1 Frequency test 

An approximate frequency that would form a standing acoustic wave over the trapping chamber was 

calculated using equations 4-6, where f is the frequency, w is the chamber/channel width, λ is the 

wavelength and v is the phase velocity of water (10). Equation 6 also shows the calculated frequency 

to be used for the trapping chip in this project. 

𝑓 =
𝑣

𝜆
 (4) 

𝑤 =
𝜆

2
→ 𝜆 = 2𝑤 (5) 

𝑓 =
𝑣

2𝑤
=

1481𝑚/𝑠

2 ∗ 400𝐸 − 6𝑚
= 1,851𝑀𝐻𝑧 (6) 

 

The calculated frequency was used as a starting point in order to find the optimal frequency at which 

the trap reached its best trapping ability. The frequency experiments were performed using 45 µm 

polystyrene beads suspended in a solution of di-H2O and 1% Triton X-100. The bead suspension was 

loaded into the chip using the pipette tip mounted to the chip inlet, as seen in figure 18a and 18c. 

The syringe was then set to slowly suck the suspension through the trap. As soon as a bead reached 

the trap, the flow was reversed and the syringe stared pushing fluid in to the trap, in order to flush 

away any beads that were about to enter the trap.  

When the excess beads had been flushed away the correct frequency was determined by evaluating 

how the trapped bead moved in the trapping chamber when the flow speed and frequencies were 

adjusted. The more centred the bead was at a set flow speed and frequency, the more correct the 

frequency was determined to be.  

The design of the chip, with one side being silicon and one glass, allowed for observations of the 

trapping chamber, but limited the angles of viewing to the plane formed by the x- and y-axis. As the 

trap was designed to generate a standing acoustic wave along the x-, y- and z-axis of the chamber, 

the evaluation of functionality along the z-axis could not be directly observed. Instead, one bead was 
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trapped in the chip at the frequency determined to have the best trapping effect in the previous 

experiment. Once it was certain that there were no excess beads left in the trap, the flow was 

turned off and the flow was left to stabilize. This ensured that there were no excess pressures 

remaining in the chip, tubing or syringe that might cause a flow in the trapping chamber, and lead to 

the trapped bead being flushed away when the acoustics were turned off. 

When the pressure had stabilized in the chip, the microscope was set to the highest zoom at which 

the whole trap could still be seen. The focus was then set at the middle of the bead and the 

acoustics were turned off in order to see if the bead would fall out of focus. After observing the 

bead, the acoustics were turned back on in order to see if the bead would reappear again. 

3.3.2.2 Flow speed test 

Flow speed tests were performed using both 9.9 µm and 45 µm polystyrene beads, as well as 

agarose droplets. The tests were performed by loading a single bead or droplet into the trap. The 

flow was then slowly increased and allowed to stabilize between each increase. This was continued 

until the bead/droplet was flushed away from the trapping chamber. 

3.3.2.3 Agarose droplet tests 

When the agarose droplets were loaded into the trap they did not behave as expected. This was a 

result of the droplets having a negative contrast factor. In order to find a solution to this problem, 

different compositions and recipes of the agarose solution used for the droplet generation were 

tested and evaluated in the trap. The different droplet compositions can be seen in table 1 in section 

3.2.2.1. Amongst these, the different agarose concentrations were re-evaluated, as well as the 

possibility of using PBS instead of H2O as the solvent. The addition of surfactants in the droplet was 

also tested as a way to turn around the contrast factor. 

As the trap had worked well with the pre-fabricated polystyrene beads in the aforementioned 

evaluations, a set of droplets were made with beads mixed into the agarose solution in order to 

generate droplets loaded with beads. 

The experiments in the trap were conducted by loading the droplet into the trap and evaluating 

whether they were pushed into the centre of the trap or if they were pushed to the walls and 

corners of the trap.  

3.4 Diffusion experiment 
A series of diffusion experiments were conducted in order to evaluate the optimised droplet recipe 

and to see if the conditions inside the trapping chip allowed molecules to diffuse into the agarose 

droplets. The diffusion experiment used a solution containing a fluorescent dye. The dye was pushed 

though the trap chip after loading a single agarose droplet into the trap. The solution with the 

largest molecules used in the bacterial DNA extraction protocol is a lysozyme solution. The average 

molecular size of the lysozymes in that solution is approximately 400 kDa. From the dyes available in 

the lab, red and green dyes with 500 kDa sized dye-particles was chosen for the experiments. These 

particular dyes were chosen as they had a larger molecular size than that of the lysozymes in the 

solution. If the larger molecules would diffuse into the agarose droplet, one can assume that smaller 

molecules also will. The chosen dyes that were used hade two different colours, fluorescent red 

(Tetramethylrhodamine isothiocyanate-Dextran, Sigma-Aldrich, USA) and fluorescent green 

(Fluorescein isothiocyanate-Dextran, Sigma-Aldrich, USA). 

The trapping chip was placed with the glass side facing down in a confocal laser microscope (Leica 

SP8, Leica microsystems, Wetzlar, Germany). The chip was then loaded with a single droplet, the 
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flow was reversed and excess droplets flushed away using water. The dye was then flushed into the 

chip and allowed to flow around the droplet. 

A second set up of diffusion tests were performed outside of the chip using a 96 well plate. Each well 

was filled with 40 µl of agarose solution and left to set for 2 hours in the fridge at 4°C. The agarose 

solutions used in this experiment were made with 5 µm, 10 µm and 0.31 µm plastic beads, as well as 

a set without particles. All of the solutions had an agarose concentration of 2%. When the agarose 

had fully gelled, 100 µl of the 500 kDa dye solution was added in to each well. Both the fluorescent 

red and green dyes were used. The agarose was left exposed to the dye for 48 hours. After the 48-

hour incubation, dye diffusion into the agarose was analysed using the same confocal laser 

microscope as in the trapping chip diffusion test.  

4 Results 

4.1 PEG-droplets 
The generation of PEG-droplets in the PDMS-chip was successful, though several issues were 

encountered with the PEG-droplets in respect to their stability and the UV-activated polymerization. 

One of the issues being that during polymerisation of the droplets, the UV-light itself caused the 

droplets to coalesce. This caused an inconsistency in droplet size distribution, and in multiple cases 

droplet instability caused by the UV-lamp led to the droplets breaking up completely and forming a 

single laminar flow of the PEG-solution in the continuous phase. This issue was resolved by moving 

the UV-lamp away from the chip, resulting in a lower degree of coalescence. However, as the 

droplets were then being subjected to a lower degree of UV-radiation, the extent of droplet 

polymerisation of the droplets was also lowered. This resulted in less stable droplets and instead 

moved the coalescing issue forward in the system. After moving the UV-light away from the chip, 

coalescing of droplets was observed in the elbow formed by the outlet tubing and the channel, as 

well as outside of the chip after being collected at the outlet. Tests in which the droplets were 

exposed to a second dose of UV-radiation in order to increase the stability of the droplets were 

performed, but were unsuccessful.  

 

Figure 19. Microscope picture that shows the size difference of the PEG-droplets that were 

treated with a second dose of UV-light after they had left the PDMS-chip. The image contains no 

information of measurement but proves the large distribution of droplet size.  
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Optimal placement of the UV-light was found to be at a straight angle to the chip and at a distance 

of approximately 1 mm away from it. At this distance, droplets could pass the UV-lamp without 

coalescing at a higher extent and the droplets were stable enough to be collected. Worth noting is 

that the collected droplets still had a considerable size distribution as seen in figure 19, which shows 

a microscope picture of PEG-droplets and their size distribution after being subjected to a second 

dose of the UV-light after exiting the PDMS-chip. 

The droplets tended to disappear in the washing process. More precisely, after the droplet 

suspension and water had been centrifuged, the droplets could no longer be found in either the 

water or oil phase. There may be multiple reasons for this, but the main reason was assumed to be 

the lack of droplet stability, and that they simply dissolved or broke up when being subjected to 

centrifuging. 

4.2 Agarose droplets 
As a result of the PEG-droplets not working as initially expected, PEG was substituted with agarose. 

With adjustments to the droplet generation flow speed parameters, the same PDMS-chip design 

used for the generation of PEG-droplets could also be used to generate agarose droplets. In contrast 

to PEG, where the gelling process was initiated by UV-light, temperature drives the agarose gelling 

process. Therefore, consideration had to be given to the temperature during the different stages of 

the generation process so that the gelling started first after the droplets had been generated. The 

agarose used in these experiments had an ultra-low gelling temperature (8-13°C according to the 

manufacturer). When tested using 5 µL drops of 1.6 wt/vol% agarose solution, a gel was formed 

after approximately 15 min when the drops were left on a glass slide in the lab environment at 21°C. 

From the evaluation of the different agarose solution recipes it was found that the 3 wt/vol% 

agarose solution led to a high degree of clogging in the PDMS-chip and tubing. An attempt to resolve 

this was made by increasing the temperature of the heating block. This in turn led to problems with 

the stabilization of the flows inside the generator chip, meaning that it took longer for stable droplet 

generation to occur, as well as the flow destabilising faster. This left only a short time window where 

stabile droplet production could take place. The length of time before stabilization took place was 

several times longer in comparison to the 2 wt/vol% agarose solution, and the destabilization 

occurred several times faster in the 3 wt/vol% agarose. Based on this evaluation, the 3 wt/vol% 

agarose solution was rejected for use in this application. 

The droplets that were made with an agarose concentration of 1 wt/vol% and 1.6% formed droplets 

that were homogenic in sizes, but this was opted out of since the droplets were softer and therefore 

harder to handle when being washed and during pipetting. The 2 wt/vol% agarose droplets were 

chosen to be the most suitable agarose concentration as the droplets were more stable and 

therefore easier to handle than the droplets generated from the 1 wt/vol% and 1.6 wt/vol% agarose 

solutions. This as well as that the 2 wt/vol% agarose droplets did not experience the same issues 

with clogging and flow instability inside of the chip as the 3 wt/vol% agarose. 

When the agarose droplets were tested in the acoustic trap, an issue with the droplets’ contrast 

factor arose. The droplets proved to have a negative contrast factor. This meant that the agarose 

droplets were pushed into the antinode of the standing acoustic wave, resulting in the droplets 

being pushed out along the walls of the trapping chamber, as seen in figure 20a, instead of being 

focused in the centre of the trapping chamber as planned, seen in figure 20b. 
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Figure 20. a) shows a picture taken where the agarose droplets are being pushed to the walls, and in b) a picture 

where the agarose droplet had a positive contrast factor due to the addition of polystyrene beads. Note that the 

size of the droplets in the two pictures are very different, but that larger agarose droplet without the beads 

inside had the same behaviour under the influence of the acoustics.  

In order to resolve the issue with the negative contrast factor and turn the factor positive, the 

different concentrations of agarose were re-evaluated, this time inside of the trap. As well as re-

evaluating the contrast factor of the different agarose concentrations, it was also decided to 

experiment with plastic beads added to the agarose solution used for the droplet generation. This 

decision was made since the plastic beads used in the functionality testing of the trapping chip had a 

positive contrast factor. The result of the experiments with different droplets inside the trap can be 

seen in table 2.  The experiments proved that the addition of the plastic beads to the droplets 

successfully turned the contrast factor of the droplets from negative to positive. Furthermore, the 

addition of plastic beads made handling of the droplets easier as the plastic particles were 

fluorescent and therefore gave the droplets colour. This was useful both inside and outside of the 

trapping chip as it made the droplets easier to see when they were collected as a suspension from 

the generator chip. When the droplets were loaded in to the trap of the trapping chip the 

fluorescence of the plastic beads in combinations with filters in the microscope made the droplets 

more visible and therefore made the whole loading processes and experimental observations easier.  

 

 

 

 

 

a)         b)      
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Table 2. Table showing the different agarose solution recipes tested and their corresponding contrast factor 
found in the experiments to resolve the contrast factor issues. A negative contrast factor results in the 
droplets being pushed to the walls of the trapping chamber, and a positive contrast factor resulting in the 
droplets being pushed to the centre of the trapping chamber. 

Test Agarose concentration 
[wt/vol%] 

Solvent Contrast 
factor 

13 1 PBS Negative 

14 1 PBS with 0.1% Triton X-100 Negative 

15 1.6 PBS Negative 

16 2 PBS Negative 

17 3 PBS Negative 

18 1 di-H2O Negative 

19 1 di-H2O with 0.1% Triton X-100 Negative 

20 1.6 di-H2O Negative 

21 2 di-H2O Negative 

22 3 di-H2O Negative 

23 2 di-H2O with 0,05 vol/vol%  
0.96 µm polystyrene beads 

Positive 

24 2 di-H2O with 0.1 vol/vol%  
0.96 µm polystyrene beads 

Positive 

 

The optimisation of the generation parameters for the final 2wt/vol% agarose solution containing 

plastic particles showed that droplets could be efficiently produced with an appropriate size and a 

homogeneous size distribution when the syringe pumps were set to a flow rate of 7-9 µl/min for the 

diluted phase (agarose solution), and 2-3 µl/min for the continuous phase (mineral oil). Worth 

noting is that the flow speeds were dependent on how much the PDMS-chip had previously been 

used, assumingly due to build-up of agarose residues inside the chip. This meant that the flow 

speeds had to be slightly increased each time the chip was used. Droplet generation using these 

specifics formed droplets of the size and size distribution seen in figure 21 and table 3. For the 

measurements of all droplets in figure 21, see appendix 1. 

 

Figure 21. Figure taken with the Leica SP8 microscope, used to measure the size 

distribution of droplets. Table 3 shows the largest, smallest and the average droplet size. 

The full list of droplet sizes can be seen in appendix 1. 
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Table 3. Table showing the largest and smalles droplets out of the 99 
droplets measured and seen in figure 21. The full list of droplet sizes can be 
seen as appendix 1. 

 x-axis [µm] y-axis [µm] 

Largest droplet (number 60) 70.4 69.3 

Smallest droplet (number 54) 55.7 51.1 

Average droplet size  64.2 61.8 

 

4.3 Trap evaluation - Trapping force, Function evaluation of trap, Trapping function 
Evaluation of the trap design showed that the overall trap functions worked as intended. However, it 

is worth noting that the trap was found to be inefficient. In order to work, a potential of 70 Vpp had 

to be applied over the piezo. In comparison, a more efficient trap would usually work at around 20 

Vpp. The use of a high potential caused heat formation in the piezo and chip, which was resolved 

using the cooling system applied on top of the chip. 

Frequency testing of the trap found 1.801 MHz to be the optimal trapping frequency, which was 

close to the theoretically calculated frequency of 1.851 MHz. The experiments for evaluation of the 

trapping capacities along the z-axis of the trap gave positive results, proving that a standing acoustic 

wave was formed in all three dimensions, along the x-, y- and z-axis, at the same frequency. This 

allowed for the droplets to be trapped in the centre of the trapping chamber. 

Furthermore, evaluation of the trapping force strength using an agarose droplet of the approximate 

size of 58 µm in diameter showed that the droplet was held steadily in the centre of the trap up to 

about 10 µl/min. The droplet was trapped until a flow rate of 16 µl/min, though it started to drift 

from the centre of the trap in the direction of the flow after passing the 10 µl/min flow rate. The 45 

µm polystyrene beads were trapped up to a flow rate of 2.6 µl/min, and the 9.9 µm polystyrene 

beads were trapped up to a flow rate of 0,7 µl/min. 

4.4 Diffusion of particles  
The diffusion experiments preformed in the Olympus microscope set-up gave the results seen in 

figure 22. The experiments were performed on droplets loaded with fluorescent green beads, and 

stained using a red fluorescent dye. Figure 22a shows the droplets and their green fluorescent beads 

after the droplets had been stained by the red dye inside of the trap. The picture was taken of the 

droplets after they had been extracted from the trap chip. The next picture, figure 22b, was of the 

same droplets but was taken using the TexasRed filter of the microscope. The red colour seen in the 

picture was signal given by the fluorescent dye used to stain the droplets. This picture has had its 

contrast enhanced in order to make the results more visible. The same picture, without signal 

enhancement can be seen in figure 22c. Figure 22d shows an overlay of the red and green channels. 

At first the overlay made it seem like there was crosstalk between the red and green channels. In 

figure 22g is a zoomed-in view of the right-most droplets from figure 22d. The same area from figure 

22a and 22b is zoomed in in figure 22e and 22f. When comparing figures 22e and 22f, the signals 

from the red dye and the green beads appear to be the strongest in the same areas. During further 

diffusion testing and analysis of the pictures it was assumed that there was no crosstalk between the 

signals given by the red and green, but it is worth noting as a source of error in the analysis. 
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Figure 22. a) shows pictures taken of the green flourecent beads after the droplets had been stained by the red dye. b) 

shows the enhanced signal given from the red fluorecent dye and c) shows the same picture without enhancment of the 

signal. d) is an overlay of a) and b). Figure e), f) and g) show a zoomed-in view of the right-most droplet from a), b) and d) 

repectively, enhancing the possibility to see crosstalk between the red and green signal.  

In figure 23, one can see a picture taken at a cross section in the middle of the agarose gel in one of 

the wells of the 96 wellplate. The sample seen in figure 23 had 5µm nonflouresent beads mixed into 

it. The gel can be seen as the black field on the left of the picture, and the beads can be seen as the 

white dots scattered troughout the picture. The green field on the right was the flouresent green 

dye. The diffusion of dye can be seen as the approximatly 60 µm overlap of green signal and white 

particles that are inside of the agarose gel, indicating the 500 kDa particles did diffuse into the gel. 

a)       

  

b)       

  

c)       

  

d)       

  

e)     

    
f)     

    

g)     
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Figure 23. A cross section of the agarose gel inside the 96 well plate taken with the confocal laser 

microscope Leica SP8. The figure shows how the fluorescent dye, seen as green in the picture, has 

diffused approximately 60 µm into the agarose gel after 48 hours. This is seen as the white dots, which 

were plastic beads in the agarose gel, had an overlap with the green signal from the dye. 

5 Discussion 

5.1 PEG-droplets 
The issues found with stability of the PEG-droplets may be due to a number of factors. One of these 

is that the droplets may not have been exposed to a suitably high dose of UV-radiation. This is due to 

the UV-lamp being moved away from the chip to avoid the droplets coalescing. The intensity of the 

UV-light drops from 1600 mW/cm2 at the tip of the light (distance 0 mm) to 650 mW/cm2 at a 

distance of 2 mm away from the tip of the lamp leading to less radiation reaching the droplets. A 

second factor may have been that the UV-radiation did not reach the droplets but was instead 

refracted away as a result of the refractive indexes between the interfaces of air/glass, glass/oil and 

oil/PEG-solution that the UV-light had to pass through on its way from the lamp to the droplets. 

Both of these theories pointed towards the conclusion that the droplets were not being exposed to a 

sufficient amount of radiation in order to activate the LAP and therefore did not allow for proper 

polymerisation of the PEG. These two theories should have been solved by exposing the droplets to 

a second dose of radiation as they had left the chip. 
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An additional factor may have had a larger contribution to the polymerization problem. Even if the 

LAP had been reached by a sufficient amount of UV-light to be activated, thus exposing the free 

radicals which initiate and drive the polymerization process, the radicals may have been subjected to 

oxygen quenching. This is a mechanism whereby oxygen molecules scavenge free radicals and 

terminate them (19). The free radical-induced chain-growth mechanism of the acrylates that takes 

place when the PEG used in these experiments was polymerised is extra vulnerable to oxygen 

quenching (12). The chip used for the droplet generation was fabricated using PDMS which is 

permeable to air, meaning the inside of the chip is exposed to a steady supply of oxygen (18). The 

mineral oil used as the continuous phase during the droplet generation was bio compatible, meaning 

that it did not contain any corrosion inhibitors hindering oxygen to be dissolved in the oil. Therefore 

the oil itself contained a degree of solute oxygen. During droplet generation, the PDMS-chip is 

placed with its glass side up and the PDMS facing down. Due to the density of the water-based PEG 

solution and the mineral oil, the PEG-droplets are presumed to sink in the channel giving the 

droplets direct contact with the PDMS, and closer access to oxygen molecules within the PDMS. 

Furthermore, if this radical is quenched by an oxygen molecule before it activates a PEG-molecule, 

the activator will not contribute to the initiation of a polymerization reaction. This means that the 

activator will have been used and will no longer be able to take part in a new reaction, making a 

reactivation of that activator molecule impossible. If this occurs to a large degree, the droplets will 

not have been polymerized to the extent needed in order to make them stable. Even if the theories 

regarding the droplets being reached by an insufficient dose of UV-radiation were wrong, and all of 

the LAP was activated when exposed to UV inside of the chip, oxygen quenching might have taken 

place. This would make the droplets unstable, and without the possibility for full polymerisation 

when exposed to a second dose of UV-radiation after leaving the chip.  

The experiments showed some success with crosslinking of the PEG-droplets after they had left the 

PDMS-chip, meaning that not all of the LAP was activated at the first UV exposure inside the chip. 

This points to the fact that the stability problem might be caused by a combination of the reasons 

discussed above. 

In order to further evaluate the problems with polymerization of PEG-droplets, a new droplet 

generating chip should be fabricated from silicon and glass to hinder the introduction of new oxygen 

molecules by diffusion though the PDMS. However, the potential presence of oxygen molecules in 

the oil phase still exists. To address this, an oil with a lower gas solubility should be tested, and the 

mineral oil degassed by treating it in a vacuum chamber before droplet generation.  

5.2 Agarose droplets 
The stable production of agarose droplets was obtained using the chip-design presented in section 

3.1.1. together with the settings and agarose solution recipe presented in section 4.2. The added 

polystyrene beads enabled the droplets to be loaded and focused in the centre of the acoustic trap, 

making them more visible and simplifying the handling process outside of the chip. Up until a week 

of storage in a refrigerator, there was no sign of droplets dissolving in the Eppendorf tube. The 

washing protocol optimised for the agarose droplets could efficiently wash away oil, and no oil 

residues could be seen in the Eppendorf tube used for droplet storage. 

The magnitude of the produced droplets as well as the flow speed required to reach stable 

production of droplets was found to be dependent on how often the PDMS chip had previously been 

used. As the chip grew older, a higher flow was needed in order to form stable droplet generation. A 

probable cause for the need to increase the flow rate might be due to a gradual build-up of agarose 
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residues in the channels of the generator chip. In turn this meant that the PDMS-chip had to be 

exchanged after some point of usage in order to achieve stable droplet generation.  

5.3 Function evaluation of the trap - Trapping force 
Even though there were some problems regarding the contrast factor of the agarose beads, the trap 

design itself provided stable trapping up to flows of 10 µl/min, holding the droplets in the centre of 

the trap. After 10 µl/min the droplets started drifting from the centre, but stayed trapped up to a 

flow of 16 µl/min. Testing established that the trap hade an acoustic standing wave present along 

the x-, y- and z-axis of the chamber, and that the trap was able to hold beads and droplets in the 

centre of the trapping chamber. 

The force with which the trap could hold beads in place was dependent on the size of the bead, 

though the overall holding force created by the trap could hold droplets safely in place at higher flow 

speeds than required for the experiments.  

5.4 Diffusion of particles  
In figures 22b and 22c, one can see the signal given by the red dye. These pictures show us that the 

dye seemed to have accumulated in circular shapes. Figures 22b and 22c are both proof that the red 

dye with a particle size of 500 kDa had diffused into the droplets, though at first there was some 

concern about how conclusive the results were. The main concern during the diffusion experiment 

and at first during the analysis of the results was that there seemed to be crosstalk between the 

spectrums of the red and green fluorescent colours. This was due to what appears to be an overlap 

of the signals given by the red and green channels, as seen in figures 22a to 22g. If one compares 

where the green gives the strongest signal it seems that the signal comes from the same areas of the 

droplets as the strongest red signal. This, as well as the results received from the Leica microscope, 

(as shown in section 4.4 and figure 23), is the main reason why the results were thought to be 

inconclusive. When further evaluated, multiple reasons to why there seems to be an overlap were 

discussed. One reason behind what seemed to be crosstalk was that if there is a high concentration 

of beads in one area of the droplet, the agarose around those beads might be less stable as it has 

thin connections to the rest of the droplet. These in turn might lead to these parts of the agarose gel 

breaking off and being pushed away. This would leave cavities in the droplet that were filled by the 

dye. This in turn may give a higher dye concentration in these areas as the dye is no longer as 

diffused into the gel and therefore “diluted” by the agarose. This may result in the green and red 

signal being stronger in the same areas, as the actual concentration of both the red fluorescent dye 

and the green fluorescent dye were higher in these places. 

Another reason may be that the beads inside the droplets are dislodged and detached from the 

surrounding agarose gel as the droplets enter the trap. If one observes droplets and/or particles in 

the microscope one can see that the acoustic wave causes the particles to spin as they are trapped. 

The spinning of the droplet can easily be seen when observing the droplets loaded with fluorescent 

particles in the trap. As the beads are what gives the droplets the right contrast factor (as seen in 

table 3), one can assume that the beads and surrounding gel are affected differently by the acoustic 

force. In this case, the plastic beads are what pulls the rest of the droplet into the centre of the trap, 

as the agarose itself wants to be pushed in the other direction. This could lead to the beads 

loosening and spinning within their individual pores inside the agarose gel. This in turn creates 

cavities around the droplets that attract a higher concentration of dye particles, resulting in crosstalk 

due to a higher signal of both the red and green channels in and around the beads in the droplets.  

When comparing the wavelengths of the light used to exite the fluorescent dyes and the wave 

length at which the fluorescence in sent out, there is some overlap of their respective spectra. 
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However, this should have been corrected with the filters used in the microscopy equipment, and 

the overlap should therefore not give any crosstalk of the signals. The spectra for excitation energy 

and emission, together with the field of which wavelengths that passes through the filter can be 

seen in figure 24. The excitation spectrum is seen as dashed lines and the emission spectrums are 

seen as solid blocks. The filtered wavelengths are marked out as a yellow block starting at 585 nm 

with a band width of 29 nm. From this, one can see that there, theoretically, should not be any 

crosstalk of the two signals as the excitation spectra do not overlap within the filtered wavelengths. 

The wavelengths that were used to excite the red fluorescence in the beads was 542 nm, at which 

the beads fluoresced with a wavelength of 612 nm. The green beads were excited by a wavelength 

of 468 nm, at which they fluoresced with a wavelength of 508 nm.  

 

Figure 24. Graph showing the emission and excitations spectrums of the red and green dyes and beads used in the diffusion experiment 

as well as the Texas Red filer used. The emission spectrums are seen as solid graphs and the excitation spectra’s as dashed lines. FITC 

was the green fluorescence and Texas Red was the red fluorescent. The yellow block shows what wavelengths reaches the detector after 

passing though the filter of the microscope. 

6 Conclusion 
From the experiments preformed, and after alterations made to the original plan, a working method 

was found. The original plan to use PEG to form droplets proved unsuccessful. A working solution 

was found by substituting the material used for the droplets with agarose, though this came with its 

own set of issues. The main issue being that the agarose droplets had a negative contrast factor 

when tested in the trapping chip. By mixing in plastic beads into the agarose solution used for 

droplet generation the contrast factor of the droplets was changed to positive. The agarose droplets 

were able to be trapped in flows of up to 16 µl/min, with the piezo being under a potential of 70 V. 

Further on, evaluation of the trap chip and its design demonstrated that the trapping chip could be 

used for the intended purpose of trapping and holding droplets steady while they were exposed to a 

flow. It could be concluded that the trap successfully generated standing acoustic waves in all 

directions of the trapping chamber. This made it possible to trap agarose droplets without them 

drifting from the centre of the trapping chamber at flow rates up to 10 µL/min. The maximum flow 

rate that the trap was able to trap the droplets at was 16 µl/min, though the droplets did drift from 

the centre of the trap at flow rates higher than 10 µl/min.   



Björn Stenestam   
Master’s Program in Chemical Engineering 
Degree Project in Chemical Engineering 30 cc  
 

29 
 

When it comes to molecular diffusion into the agarose droplets, the final conclusion is that the dyes 

with a diameter of 500 µm did diffuse into the agarose droplets. This should be a subject for further 

tests, as the analyses of the data from the diffusion experiments were hard to interpret. 

In conclusion, all the chip designs, materials and methods used in this project can be seen as a proof 

of concept for bacterial-DNA extraction on-chip. The droplet generation chip used in combination 

with the recipe for agarose droplets optimised for these experiments proved to generate droplets 

that were able to be trapped in the trap chip, as well as staying stable during handling and when 

stored for longer periods of time. As for the diffusion of molecules into the droplets, the final 

conclusion is that diffusion did take place both inside and outside of the trapping chip. However, it 

would be recommended to do further investigation of the diffusion inside the trap in order to give 

the conclusion more substance, as well as to allow for diffusion rate calculations. This would allow 

further optimization of the exposure times needed for the different chemicals used in the DNA 

extraction protocol. Another test that was planned but could not be performed due to time 

constraints was to use real bacteria in the droplets and a death stain in order to see if the method 

worked with bacteria as well as to further evaluate the diffusion of molecules into the droplets. 

It is also possible to re-evaluate the generation of PEG-droplets in order to find a way to hinder the 

problems encountered. As for the oxygen quenching the use of a Si and glass chip instead of a 

PDMS-chip should be evaluated. The oil used as the continuous phase in the droplet generation 

could also be exchanged for one that is either degassed or only allows for small amounts of solved 

oxygen. These examples could be tested either by themselves or in combination to see if stable PEG-

droplets can be generated.  
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Appendix 
Droplet measurements of the droplets in figure 19 XX. 

Droplet x-axis y-axis Average  Droplet x-axis y-axis Average 

1 60.303 55.675 57.989  51 62.488 61.352 61.92 

2 59.064 57.9 58.482  52 63.627 62.499 63.063 

3 56.811 52.794 54.8025  53 62.496 59.701 61.0985 

4 60.21 56.77 58.49  54 55.666 51.107 53.3865 

5 57.958 56.794 57.376  55 60.247 59.108 59.6775 

6 59.144 55.656 57.4  56 57.971 57.971 57.971 

7 67.001 62.539 64.77  57 62.496 60.831 61.6635 

8 61.311 59.047 60.179  58 65.913 63.621 64.767 

9 66.497 63.63 65.0635  59 63.627 62.499 63.063 

10 67.642 62.996 65.319  60 70.369 69.326 69.8475 

11 64.751 60.742 62.7465  61 67.024 63.62 65.322 

12 62.581 56.798 59.6895  62 63.618 63.618 63.618 

13 62.488 60.222 61.355  63 64.77 64.77 64.77 

14 61.296 57.962 59.629  64 65.865 60.276 63.0705 

15 60.82 55.648 58.234  65 55.672 53.402 54.537 

16 60.796 60.796 60.796  66 61.384 61.384 61.384 

17 57.958 56.794 57.376  67 70.428 66.423 68.4255 

18 62.488 60.222 61.355  68 65.837 62.422 64.1295 

19 64.772 62.51 63.641  69 64.695 63.625 64.16 

20 67.014 60.223 63.6185  70 68.161 64.8 66.4805 

21 65.915 60.853 63.384  71 62.979 61.316 62.1475 

22 67.001 62.539 64.77  72 63.618 63.618 63.618 

23 67.027 65.872 66.4495  73 65.913 65.913 65.913 

24 69.299 65.941 67.62  74 65.913 63.621 64.767 

25 67.087 67.087 67.087  75 59.052 59.052 59.052 

26 64.695 63.625 64.16  76 60.776 59.613 60.1945 

27 67.024 63.62 65.322  77 70.52 60.233 65.3765 

28 63.632 59.68 61.656  78 63.07 59.606 61.338 

29 65.913 63.621 64.767  79 62.485 59.094 60.7895 

30 65.913 63.621 64.767  80 63.618 63.618 63.618 

31 69.316 64.763 67.0395  81 68.764 65.88 67.322 

32 59.064 57.9 58.482  82 65.913 63.621 64.767 

33 61.296 57.962 59.629  83 69.299 65.941 67.62 

34 63.057 61.912 62.4845  84 70.458 63.62 67.039 

35 65.865 60.276 63.0705  85 69.316 64.763 67.0395 

36 64.804 61.96 63.382  86 60.247 59.108 59.6775 

37 65.881 63.004 64.4425  87 63.624 61.96 62.792 

38 67.024 63.62 65.322  88 64.77 64.77 64.77 

39 63.627 62.499 63.063  89 64.77 64.77 64.77 

40 66.426 62.474 64.45  90 63.618 63.618 63.618 

41 71.585 67.586 69.5855  91 64.767 61.348 63.0575 

42 66.993 61.345 64.169  92 62.459 62.459 62.459 

43 66.996 64.726 65.861  93 63.62 60.234 61.927 

44 63.627 62.499 63.063  94 65.906 61.384 63.645 

45 65.317 63.598 64.4575  95 63.624 61.96 62.792 

46 63.587 63.055 63.321  96 64.695 63.625 64.16 

47 65.914 64.792 65.353  97 63.632 59.68 61.656 

48 67.619 66.504 67.0615  98 60.724 60.226 60.475 

49 69.333 68.206 68.7695  99 59.064 57.9 58.482 

50 68.758 68.758 68.758  Average 64.24311 61.76285 63.00298 

 


