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Abstract
The world ocean absorbs a third of the anthropogenic CO2 emissions, greatly reducing the greenhouse effect, but resulting in a reduction of seawater pH. This phenomenon, known as ocean
acidification, has the potential to inflict detrimental consequences to marine biology and ecology. Seawater pH data with large spatial and temporal coverage is required to better understand
the ocean acidification phenomena and their consequences. The National Oceanography Centre
develops and employs microfluidic sensors for high-quality carbonate chemistry measurements.
However, it is expected that phytoplankton biofouling accumulates in the sample inlet filters of
microfluidic sensors in surface waters, which may introduce disturbances in pH measurements and
clog the filters. Required maintenance mitigates the autonomous in-situ nature of the instruments,
obstructing the acquisition of data with good spatial and temporal coverage.
This thesis investigates the use of motile Magnetic Artificial Cilia (MAC) as an effective autonomous anti-biofouling mechanism. MAC are fabricated on the sensor inlet filter substrate, to study
how their movement affects culture growth of the microalgae Desmodesmus subspicatus, and to
investigate their effectiveness in anti-biofouling such a filter. We find that microalgae attach to the
surface of motile MAC and experience increased culture growth. Plasma treatment on the MAC’s
surface mitigates these effects. As autonomous anti-biofouling mechanism, backflow through a
plain filter substrate is more effective than through a substrate with regular motile MAC. Nevertheless, the influence of motile MAC on culture growth is promising for developments in cultivation
systems for microalgae-based fuels, feeds and chemicals.
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1. Introduction
Cilia are micrometer sized cell protrusions that are essential for many biological functions, including sensing, swimming, transport and anti-fouling. In the last decade, nature-mimicking artificial
cilia are created to perform comparable functions in man-made systems [1]. However, the study for
antifouling applications has only started very recently, especially in the field. Marine biofouling is
the accumulation of biological substances on a submerged surface. This can lead to increased drag
resistance for ships, or hamper readout accuracy of marine sensors. This research focusses on preventing biofouling inside a microfluidic-enabled sensor, developed at the National Oceanography
Centre to study oceanic carbonate dynamics [2].

1.1

Cilia in Nature

Cilia are observed for the first time, in 1674 by Antony van Leeuwenhoek and firstly described in
his ”18th Letter” to the Royal Society in which he talks about all sorts of little animals [3]. Cilia
are slender hair-like protrusions of cells with a typical length between 2 and 15µm. They have
since been found ubiquitously in nature, performing an immense diversity of functions such as
sensing and inducing movement of organisms, fluids and particles [1]. Cilia are found in almost all
human organs. In the windpipe and lungs they transport mucus and dirt, in the fallopian tube cilia
transport fertilized ovum to the uterus and in the inner ear they contribute in detection of sound
waves [4]. The Ciliate Diversity Chart in Figure 1.1 shows a collection of ciliated micro-organisms
found in rivers and lakes.

Figure 1.1: Cilia Diversity Chart, showing a wide variety of ciliated micro-organisms found in
bodies of fresh water, revealing the ubiquitous presence of cilia in natural life. [5].
Since their overall shape is simple, the effectiveness of cilia lies in something else, namely their
movement. Considering a singular cilia, its asymmetric movement consists of an effective and a
recovery stroke. In the effective stroke the effect of the cilia movement on the surrounding fluid
is maximized. In the recovery stroke this is minimized, resulting in an overall net fluid flow in
the direction of the effective stroke. A micro-organism that contains cilia is then propelled in the
direction opposite to the effective stroke. This asymmetry is necessary because flow variations
in the characteristic length scale of cilia occur under low Reynolds number conditions. Here, the
flow is dominated by viscous effects, instead of inertial effects as for larger length scales [1]. Thus
under symmetric motion, the cilia would be ineffective in generating a net fluid flow or propulsion.
When looking at a collection of cilia, an additional movement is apparent. In a collective, neighbouring cilia move somewhat out of phase, generating a wave-like motion over the surface that
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contains cilia. This is called a metachronic wave motion [1]. Through these mechanics, cilia are
able to generate fluid flow and manipulate surrounding particles. The latter functionality results
additionally in anti-fouling possibilities [6]. This monumental example of incredible versatility,
constructed by nature in millions of years, has inspired researchers all over the world. Leading to
the development and use of artificial cilia for vast range of applications and research.

1.2

Artificial Cilia

Inspired by nature, scientists have developed artificial cilia of various shapes and sizes. Logically,
artificial cilia are used for similar functions as natural cilia. For micro-fluidic lab-on-a-chip devices
they are being developed to induce fluid flow and/or mixing [1]. In addition, artificial cilia can
potentially help researchers look into how natural cilia function, what their purposes are and what
happens when they don’t function properly. For instance, researchers are manufacturing artificial
cilia resembling cilia in the embryonal node to investigate the left-right patterning asymmetry
process in embryos [4]. Research on dysfunctional cilia can shed light on diseases such as immotile
cilia syndrome [4]. The micro-organisms of Figure 1.1, have inspired researchers to develop microrobots whose locomotion is driven by artificial cilia [7]. A last notable example is their particle
manipulation capability, which made them highly interesting for research on anti-fouling applications [8].
For these purposes, artificial cilia are developed in many different ways [1]. There are cilia that
function on an electrostatic [9], pneumatic [10] or hydrogel basis [11, 12], ones that are driven by
light [13] or magnetism [14–21] and ones actuated by resonance [22].
Magnetic actuated cilia (MAC) pose to be a promising type of artificial cilia. They are untethered,
being actuated by an external magnet to which they respond instantaneous, and depending on the
used materials, are compatible with biological fluids [21]. Many effective manufacturing methods
for MAC are already developed. In one example, cilia are magnetically drawn from a thin film,
resulting in randomly scattered cilia [19]. This method is simple and fast, but difficult to control.
Another example is a more complex, but ordered and well controlled soft lithography method,
developed by Zhang et al. [21].

1.3

Marine Sensing and Carbon Chemistry

The oceans play a crucial role in the ecosystem of the earth and with that in global change.
Between 1750, around the beginning of the industrial revolution, and 2011 the oceans have taken
up approximately 30% of anthropogenic CO2 . This caused ocean acidification, which lowers
seawater pH, reduces future CO2 uptake possibilities and impacts the marine ecosystem with
detrimental consequences [2, 23]. During that time the average ocean surface water acidity has
decreased with 0.1pH units. It is currently decreasing with 0.002pH each year [2, 23]. To fully
understand the dynamics of the oceanic carbonate system and the effects ocean acidification has
on the marine environment, high quality carbonate chemistry measurements are required. It’s
particularly critical to obtain data with good spatial and temporal coverage. In order to do
so, together with satellites, autonomous miniature in-situ instruments are required that can be
deployed for long time periods on ships and platforms such as moorings, gliders and profiling floats
[2, 24, 25]. The National Oceanography Centre (NOC) (Southampton, UK) has recently developed
microfluidic pH sensors for this purpose [2, 24]. For each measurement, their sensors draw a
550µL seawater sample inwards through a syringe filter (0.45µm pore size, Millex-HP syringe
filter polyethersulfone (PES) membrane 33mm diameter, Millipore [26]) with a syringe pump.
This sample is then fed through a microfluidic system for a spectrophotometric pH measurement,
in approximately 6 minutes and with a short term precision of 0.001pH and an accuracy of 0.004pH
[2]. A schematic of the pH sensor is given in Figure B.2.
Biological activity is one of the main factors that controls the carbonate chemistry in coastal and
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marine waters [24, 27]. Phytoplankton dominate the primary production of the pelagic of the
seas and of inland waters, being the start of the marine food chain. They do so by converting
inorganic materials into new organic compounds through photosynthesis. There are over 4000
marine phytoplankton species and most likely at least as many freshwater types [27, 28].

Photosynthesis
The photosynthetic chain of chemical reactions is often simplified down to the following reaction
to create carbohydrates such as glucose and oxygen out of water and carbon dioxide molecules,
using photonic energy:
6H2 O + 6CO2 + photons → [C6 H12 O6 ] + 6O2

(1.1)

The opposite of the photosynthesis reaction is respiration. Here, the stored glucose is oxidized
to provide a source of reduced carbon and energy for metabolic processes, also creating carbon
dioxide and water. Although direct opposites, photosynthesis can only occur during day light,
whereas respiration occurs during both light and dark [27–29].
In slightly further detail it is clarified that in the light sensitive reactions of photosynthesis, adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate (NADPH) are created
from photonic energy and water. Subsequently, ATP and NADPH are used for the fixation of
carbon out of CO2 and synthesis into sugar precursors through the Calvin cycle. Because the
reactions in this cycle are not directly dependent on photon influx, they are also called the dark
reactions of photosynthesis. These sugar precursors can be used directly for further synthesis into
products necessary for the plant metabolism, such as carbohydrates, amino acids and lipids. For
this synthesis often additional elements or substances are required, primarily sources of nitrogen
and phosphorous. It is of course possible that these additional substances aren’t sufficiently available, or that there is an excess of influx from the light reactions. In such cases, the sugar precursors
are more frequently synthesized into glucose, serving as a carbon and energy storage to be used
at a later time. This is parallel to the simplification of 1.1 [27–29].

Carbon Chemistry
Important carbon chemistry parameters are pH, dissolved inorganic carbon (DIC), partial pressure
of CO2 (pCO2 ) and total alkalinity (TA).
In natural waters, carbon dioxide (CO2 ) enters the medium by diffusion from the atmosphere, respiration from organisms, or dissolution of sediments and rocks into for instance calcium carbonate
(CaCO3 ). When carbon dioxide reacts with water, it produces carbonic acid (H2 CO3 ).
CO2(aq) + H2 O ⇔ H2 CO3

K1 = 10−2.75

(1.2)

K1 is the dissociation constant of this reaction, at T = 25◦ C and ionic strength of 0.0. It shows
that in water at equilibrium with atmospheric carbon dioxide, the concentration of H2 CO3 is
0.18% of the carbon dioxide concentration (10−2.75 = 0.00178). Thus, only a small fraction of
dissolved carbon dioxide reacts with water to form carbonic acid. The carbonic acid quickly, but
again partially dissociates into bicarbonate (HCO3− ) 1.3 and subsequently carbonate ions (CO32− )
1.4. In these reactions, Hydrogen ions are released, causing a decrease in pH.
H2 CO3 ⇔ H + + HCO3−
HCO3− ⇔ H + + CO32−

K2 = 10−3.6

(1.3)

K3 = 10−10.33

(1.4)

Thus, the majority of the carbon dioxide that dissolves in water remains as CO2 , not affecting the
pH, but the dissociated products make water more acidic by releasing protons. The total amount
of dissolved inorganic carbon (DIC) is a combination of the concentrations of CO2(aq) , HCO3−
Using Magnetic Artificial Cilia for Phytoplankton Culture Growth and Anti-biofouling
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Figure 1.2: Bjerrum plot on the distribution of DIC sources in equilibrium as a function of
pH, in seawater with salinity 35 . Heavy curves T = 25◦ C, P = 0bar, narrow curves T = 0◦ C,
P = 0bar, dashed curves T = 0◦ C, P = 300bar. Copied from [30].
and CO32− . Their distribution in equilibrium is primarily dependent on pH and to lesser extent
on temperature as shown in Figure 1.2 [28, 30].
In photosynthesis, phytoplankton consume CO2 as in 1.1. Through the uptake of carbon dioxide,
the pH of the medium will rise as bicarbonate will react with hydrogen ions to form new carbon
dioxide. As the pH rises, the fraction of DIC in the form of carbon dioxide in equilibrium will
decrease. There is no carbon dioxide in water of pH above 8.3. This is problematic for some species
of algae, which rely solely on CO2 as a carbon source for photosynthesis. However, most algae
types are able to take one carbon dioxide molecule from two bicarbonate ions. In that process,
one carbonate ion is released.
2HCO3− = CO2 + CO32− + H2 O

(1.5)

The subsequent hydrolysis of carbonate converts only a part back to bicarbonate. At the same
time, hydroxyl is released. Overall, the concentration of carbonate and hydroxyl ions will increase,
increasing the pH level further.
CO32− + H2 O = HCO3− + OH −

(1.6)

When this continues, very high pH levels can be reached (e.g. 10-11)[31]. The decrease in bicarbonate concentration, makes available carbon sources for photosynthesis more scarce, limiting photosynthesis rates [27, 29]. When night falls, respiration rates will overcome photosynthesis rates,
bringing carbon dioxide back to the medium, lowering the pH. Besides limiting photosynthesis
rates, extreme pH levels often have detrimental effects on the health of organisms. Fortunately,
these changes in pH are being limited by alkalinity. Alkalinity describes the capability of a water
body to neutralize acids and bases, keeping the pH level more stable. It is often defined as the
total concentration of titratable bases expressed as mg/L calcium carbonate (CaCO3 ). Usually,
bicarbonate and carbonate are the main constituents of alkalinity. They can neutralize acids by
acting as a base,
CO32− + H + ⇔ HCO3−
(1.7)
HCO3− + H + ⇔ CO2 + H2 O

(1.8)

And neutralize bases by acting as an acid,
HCO3− ⇔ H + + CO32−
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CO32− + Ca2+ ⇔ CaCO3

(1.10)

This last reaction moderates the rise in pH by precipitating carbonate instead of letting it hydrolyze. The reverse of this reaction shows the solubility of calcium carbonate. When in equilibrium
with atmospheric carbon dioxide, calcium carbonate reacts with carbon dioxide as.
CaCO3 + CO2 + H2 O ⇔ Ca2+ + 2HCO3−

(1.11)

Thus, increasing the alkalinity by the formation of bicarbonate from both carbon dioxide and
calcium carbonate. Note that there are many more sources for alkalinity besides calcium carbonate
[29].
All these reactions are situational dependent, interlinking temperature, pH, alkalinity and carbon
dioxide, working towards different equilibrium conditions and being agitated by photosynthetic
and respiratory activities from marine life. A simplified overview of the carbon cycle is given in
Figure 1.3. Through the complexity of the carbon cycle it is logical that natural waters often
aren’t in equilibrium with atmospheric carbon dioxide or minerals contributing to alkalinity.
Broadly speaking, an increase in alkalinity will increase the steady-state pH level in a medium and
the buffer capacity for pH changes as the bicarbonate and carbonate ion concentration will increase.
Average seawater alkalinity is 116mg/L (of the combination of alkalinity sources expressed as)
CaCO3 [32]. The alkalinity for ponds that are limed is often around 40mg/L CaCO3 . For those
ponds, the pH level at its lowest point (right before sunset) is often roughly in the range of 7-7.5
[31]. Seawater pH varies between 7.6 and 8.4, with an average of 8.1 [32]. The culture medium
that is used in this project has a pH of around 6.3, indicating low alkalinity. This is logical for an
isolated culture medium for freshwater microalgae.

Figure 1.3: A basic overview of the carbon cycle in oceans, revealing the complexity of carbonate
chemistry dynamics in natural waters. Copied from [28].
As this description barely scratches the surface of the oceanic carbonate system it is clear that
high quality measurements are required. However, this poses to be a significant technological and
scientific challenge. In addition to being autonomous, have low resource consumption and be of
low-cost design, these systems may not be affected by biofouling.
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1.4

Biofouling

Biofouling is defined as the colonization of organisms such as organic molecules, microorganisms,
plants, animals, and their by-products on an ocean-submerged surface [33, 34]. The enormous diversity of marine species involved in fouling and their adhesion mechanisms make it a complex and
dynamic phenomenon of which a lot remains unclear [33, 35]. Biofouling development on a surface
is governed by several physical, biological and chemical factors: conductivity, temperature, pH,
dissolved oxygen content, organic material content, location, season, light, depth, the substratum,
and factors such as competition and predation [34, 36]. There are several different descriptions of
the general fouling mechanism, to which must be noted that it is a model and its limitations and
simplifications should be considered in referring to it for analysis of in situ observations [36, 37].
The general mechanism is equal for most descriptions and is often divided in 4 steps [33–35, 37].
These steps can occur in parallel or some steps can be skipped. Other descriptions of the mechanism combine steps or distinct between them in a different manner [36]. Figure 1.4 is a schematic
of the biofouling process, indicating the variety in time and length scales.

 Adsorption of (in)organic macromolecules forming a primary film directly after immersion;
 Reversible adsorption of microbial cells to the subtratum and immobilization of bacteria on
it. This is followed by non-reversible adhesion to the microbial film, creating a microbial
biofilm or slime film;

 Colonization by uni- and multicellular species, microalgae or algae spores, debris, sediments
and tube worm larvae, creating a more complex community on the surface;
 Attachment of larger marine invertebrates such as barnacles, mussels, tube worms and macroalgae.

Figure 1.4: Schematic of the biofouling process. A clean, unprotected surface becomes fouled
with nanometer size organic molecules within seconds of submersion. Microorganisms such as
bacteria and diatoms attach within minutes and form a conditioned biofilm within hours. Macrofoulers such as spored of algae and larvae of tube worms and barnacles begin to attach within hours.
A mature fouling community forms over a time frame ranging from days to months. Illustration
was copied from Kirschner et al (2012) [33].

Logically, the problem of biofouling also affects marine sensors. It is expected that phytoplankton
biofouling accumulate in the sample inlet filters of field deployed sensors in surface waters. This
may introduce disturbances in pH measurements, and clogging of the filters. Required maintenance
apprehends their full prospect as autonomous in-situ instruments.
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1.5

Anti-biofouling

A wide range of anti-fouling technologies has already been developed and mentioned in literature.
However, each of them has their pro’s and cons, granting room for improvement. For the sensor
area, mechanical wipers and scrapers are often used. These are effective, but only when in good
condition. The mechanical complexity poses weaknesses and its design needs to be considered
from the early design phase. For long-term measurements the energy consumption also needs
to be considered. Others are a copper shutter, which is effective but complex and expensive,
and dissolving biocide with a flushing sequence, which is difficult to control for uniform delivery.
Promising but not yet properly developed and validated techniques involve controlled chlorine
evolution and techniques using irradiation (UV, laser, ultrasonic, low frequency sound, vibration).
For the latter, energy consumption is a serious challenge [36].
A novel anti-fouling technology is found in the use of artificial cilia. Here, magnetic artificial
cilia, actuated by a rotating permanent magnet will work against biofouling through their induced
movement. Experimental studies have shown that in both a ciliated area as well as in its close
proximity both algae fouling can be rejected and an already fouled area can be cleaned [8]. This
method doesn’t affect the local environment, has low cost, is adaptable to the sensor design and
is durable.

1.6

Research Approach

In this research the influence of motile magnetic artificial cilia on algae growth and its antibiofouling capabilities are explored (Figure 1.5). As a starting point for all the experiments, MAC
are fabricated on a filter substrate. The fabrication and actuation method of the MAC, together
with the chosen microalgae species and cell counting procedure are explained in chapter 2. In
chapter 3, microalgae are cultured in small wells with a variety of substrates to study the effect of
motile MAC on culture growth. Insight into the pH disturbance that algae fouling can cause for a
mircofluidic marine sensor is given in chapter 4. This is followed by testing different anti-biofouling
techniques, using a variety of substrates in a filter device. Chapter 5 recaps on the most important
conclusions and provides an outlook on for applications to our findings.
This leads to three research questions:

 How do magnetic artificial cilia influence microalgae growth?
 Does microalgae accumulation in a marine sensor inlet filter cause a significant pH change?
 Can magnetic artificial cilia be used effectively in anti-fouling a marine sensor inlet filter, to
counteract a pH disturbance?

Figure 1.5: Research approach overview. This research consists of three types of experiments,
to investigate (1) the influence of MAC on the growth of a microalgae culture, (2) the biofouling
pH disturbance in a filter and (3) the anti-fouling in a filter.
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2. Artificial Cilia and Microalgae Culture
This chapter discusses the Magnetic Artificial Cilia (MAC) and the microalgae used throughout the
entirety of the research. For the MAC, the fabrication is discussed in terms of the requirements it
must fulfil, how to fabricate them and the obtained results. The motion of the MAC is discussed in
terms of the actuation method and what this results in. For the microalgae we provide a reasoning
behind the chosen species, explain how they are cultured and explain how cell counts are done.

2.1

MAC Manufacturing Considerations

The starting point for this research is the effectiveness of MAC for anti-biofouling [8]. As discussed
in the introduction, the high-accuracy marine sensors of the National Oceanography Centre (NOC)
experience measurement-disturbing biofouling. This occurs in their sample inlet syringe filters,
when employed in coastal waters. For the intention of using the anti-biofouling capabilities of
MAC to keep these filters clean, a suitable manufacturing method has to be selected.
For this application it is important that the filter remains permeable for water. For effective longterm anti-fouling, the cilia must also be mechanically robust.
Already existing fabrication techniques involve pulling cilia out of a thin precursor layer [20], casting in different types of molds [12, 16, 17, 21], entail surface wide thin film deposition techniques
[15, 38], use etching or other dissolution techniques to remove excess material [14] or use hard
substrates such as glass [18]. While there are many more methods available than cited here, the
use of microfabrication methods as just mentioned are often needed to fabricate artificial cilia with
dimensions in the micrometer scale. However, these methods are likely to damage the filter or its
functionality.
The manufacturing method that is used in this project, is based on magnetic fibre drawing, in
which MAC are drawn from a thin layer of a liquid precursor using a permanent magnet [19]. A
first advantage of this method is low time consumption. Besides that, the effect of clogging the
filter is expected to be minimum, because material is only deposited locally on the substrate where
the cilia end up. A disadvantage is that the dimensions and location of drawn cilia are relatively
uncontrolled. Also, the method involves a relatively high degree of manual skill in positioning of
the precursor and the substrate relative to each other. This makes the result operator-dependent.
Automation of the fabrication process is possible, but not in the scope of this research.
Relevant manufacturing parameters are described as follows [19]:

 An increase in particle concentration generally leads to thicker cilia
 The length of cilia can be influenced by the concentration of iron particles, but also by
adjusting the thickness of the precursor layer.
 The average number density of drawn cilia can be controlled through the duration of cilia
drawing and distance between the precursor and the magnet.

2.2

Manufacturing Method

The magnetic precursor material in this method is a mixture of thermally curable polydimethysiloxane (PDMS, Sylgard 184, Dow Corning, Base to Curing Agent weight ratio 10:1) and magnetic
microparticles, carbonyl iron powder (CIP, 99.5%, SIGMA-ALDRICH). A thin film of this mixture is deposited on a 50x75mm glass slide, using a fixed-height doctor blade (Erichsen Quadruple
Film Applicator Model 360, gap size 100 or 150µm) (Fig 2.1a). On another glass slide, a filter
(Merck Millipore Express PLUS 0.45µm PES Membrane) is taped with the dull side up [39]. A
magnet (20x20x10mm N48 Neodymium) is taped to the other side of this glass slide. The cilia
can now be drawn from the precursor layer by bringing the two glass slides (filter facing precursor
layer) close to each other. This cilia drawing step is a manual process, controlled by changing the
distance between the glass slides and sideways movement while observing through a microscope
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(Fig 2.1b). The sideways movement is a combination of relocating to oppose the magnet to a
different location in the thin film, and more local, faster sideways or in plane motion back and
forth. This way it is mostly sideways, but technically in-plane motion. As stated before, the
thickness, length and number density are influenced by the precursor layer mixture and thickness,
and the time duration and distance. By applying sideways movement, the cilia can be drawn to
a more homogeneous distribution on the filter. Without it, a higher density of cilia would be
obtained around the edge of the magnet area, because the magnetic field gradient has the largest
magnitude there. After successful cilia drawing, the PDMS in the cilia is thermally cured (Oven,
1hr. 65◦ C), still under the magnetic field (Fig 2.1c). Lastly, the ciliated filter is carefully removed
from the glass substrate, ready to be implemented elsewhere (Fig 2.1d). A schematic overview is
provided in Figure 2.1. A step-by-step description and deeper insight are provided in Appendix
A.

Figure 2.1: Magnetic artificial cilia fabrication. (a) Preparation of the PDMS-CIP precursor
layer. (b) Fibre drawing of cilia from the precursor on to the filter substrate. (c) Thermal curing
of the PDMS. (d) Ciliated filter removed from the supporting glass slide, ready for implementation.

2.3

Manufacturing Results

As mentioned before, there is significant variation between the first manufactured artificial cilia,
but this decreases when manufacturers’ skills improve. Initially, the overall distribution of the cilia
is prioritized to be more homogeneous. A clear improvement in this regard is shown in Figures
2.2a and 2.2b. The sample of Figure 2.2a is made using a 15x15x8mm N45 Neodymium magnet.
All others are made using a 20x20x10mm N48 Neodymium magnet. The images in this section
are generated using a Keyence VHX-5000 Digital Microscope and a Scanning Electron Microscope
(SEM) in secondary electron mode.
When uncured, the PDMS surrounding the CIP particles spreads into the film under capillary
forces. In order to investigate this PDMS spread, the sample from Figure 2.2b is coated with a
20nm thick layer of gold, using a sputter coater. Consequently, images of its surface topography
are made using a scanning electron microscope. Figure 2.3 shows the topography of a clean filter,
without any PDMS. This works as reference material to SEM images which do show cilia. The
cilia for this sample are manufactured on the shiny side of the filter paper, which has slightly
tighter pores [39]
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(a) Artificial cilia with relatively inhomogeneous distribution.

(b) Artificial cilia with relatively homogeneous
distribution.

Figure 2.2: Magnetic artificial cilia on a filter substrate. 10% wt CIP, 100µm thick precursor.

Figure 2.3: Surface topography of the shiny side of an unciliated filter. Secondary electron mode
SEM image.

The filter consists of many layers of spider-web like polymer material, spun on top of each other.
This creates connected cavities, functioning as the pores. Capillary flow can spread out PDMS
through these connected pores, clogging a large surface. The vertical streak on the right of Figure
2.3 emanates from the fabrication process.
Figure 2.4a and 2.4b show the topography of the filter around respectively a cilia in the middle of
the patch and a cilia more towards the top left. Closer to the middle, less clogging of PDMS in
the filter occurs, because the cilia number density is lower there and the cilia are less thick.
Clogging of PDMS is visualised as blocked cavities. Of interest is how much cavities are blocked
and how far it spreads. In Figure 2.4a a decrease in blocking can be seen from the base of the
cilia to the far right side. The topography on the far right closely resembles that of the unciliated
filter patch. In comparison, Figure 2.4b indicates a high level of clogging. Note the difference in
image scale. Ultimately, clogging of PDMS turned out to problematic for samples similar to this
one when implemented in a filter device.
To keep the effect of clogging to a minimum, the cilia are drawn from a thin film of 100µm or
150µm with 10% wt of particles in the film. This results in thin cilia of short length. Also, either
the number density of cilia is kept relatively low or an unciliated area is realized. To further create
uniformity between samples, the cilia are made equal length by placing a spacer around the filter
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and pressing a glass slide on top of that. This makes the cilia length approximately 429µm (as
the measured average from 5 different samples). The cilia have an average width of 32µm, mostly
varying between 20µm and 45µm (as the measured average of 4 samples, with 6-10 cilia measured
per sample).

(a) MAC located close to the center of the filter
substrate.

(b) MAC located towards the top right corner
of the ciliated region.

Figure 2.4: Surface topography of magnetic artificial cilia on a filter substrate. The artificial cilia
consist of a mixture of CIP particles immersed in PDMS. Secondary electron mode SEM images
of the sample in Figure 2.2b.
Compared to Figure 2.2b, improved results are obtained with even better distribution of cilia.
Figure 2.5a and 2.5b show a sample with a relatively high number density and a sample with
low number density and central unciliated area, respectively. The high number density sample
however clogged the filter to such an extent that the filter chip in which it was implemented was
blocked and developed leakage. Proper filter function was realised using the low number density
sample, with a central unciliated area.

(a) Sample with a high number density.

(b) Sample with a low number density and
central unciliated area.

Figure 2.5: Samples of MAC on a filter substrate with uniform distribution of artificial cilia.
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2.4

Actuation of MAC

A top-view superposed image of video frames in Figure 2.6 provides a clear visual of the motion
of actuated MAC. In the effective stroke, the MAC will have a large pushing effect on their
surrounding medium, compared to a smaller effect during the recovery stroke. This motion is
induced by rotating a permanent neodymium magnet (20x20x10mm remanent magnetization 1.4T)
under the MAC, parallel to the substrate. This is shown in a schematic overview of the actuator
in Figure 2.7. When the magnet is closest to the artificial cilia, they will be straight up, rotating
towards being bend down in a conical fashion, when the magnet is furthest away. The actuator
can spin from 100 - 2500RPM providing actuation frequencies between 1.7 and 41.7Hz.
As already discussed, cilia in nature operate in low Reynolds number conditions. Here, a nonreciprocal motion is needed to generate a net fluid flow, because the fluid’s viscous effects dominate
the inertial effects. For anti-fouling with artificial cilia, local shear forces are used to overcome
microalgae adhesive forces, followed by net global flow to transport the microalgae away from the
fouling site [8]. A tilted conical motion is an effective way to do so, for MAC. For the experiments
in this research, the MAC are used in enclosed sections (wells, or a filter). This way, motile MAC
can’t transport detached cells away, making global net flow induced by a tilted conical motion
irrelevant. For convenience, multiple wells with artificial cilia are used on top of the magnetic
actuator for the experiments on growth in chapter 3. In those experiments, the MAC will perform
a tilted conical motion, because the samples are placed off-center on top of the actuator. For the
cleaning experiments of 4, only one filter can be placed on top of the actuator. When the filter
section is placed in the center of the actuator, only the centrally located MAC will perform a
regular conical motion, because of the dimensions of the actuator and the filter device. This is
visualised in Figure A.5.
Ciliated filter

r
Support plane

h

Magnet

Counterweight

Motor

Figure 2.6: MAC tilted conical cilia motion
in air. Top-view bright-field microscopy image
generated by stacking multiple frames of a 60fps
video in photoshop, where cilia were actuated at
1.67Hz in air. Vertical distance between magnet
and cilia is 8.3mm. Each ”shell” shows the complete motion of one cilia. Arrows indicating the
effective and recovery part of the motion.

Figure 2.7: Schematic representation of
the magnetic actuator setup with artificial
cilia. The vertical distance between magnet
and cilia, h, is most often 8.3mm. The magnet is placed at a distance r = 6.5mm from
the rotation axis.

Images similar to that of Figure 2.6 are generated at actuation frequencies, f , of 1.7, 8.3, 16.7,
25.0 and 33.3Hz, in water. Results show minuscule difference in cone tilting angle and cone
opening angle. An overview is provided in Figure A.6. Figure 2.6 shows that among cilia there
are some differences in motion. This is due to the course manufacturing method, resulting in
slight differences in shape and size or the artificial cilia. Averaging over 4 similar cilia of Figure
A.6 for two different frequencies, the cone circumference Ctip (2.5), induced tip velocity vtip (2.6),
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shear rate γ (2.8), shear stress τ (2.9) and the Reynolds number Re (2.10) are determined. These
parameters are calculated with the following equations, for which the meaning of the variables are
illustrated in Figure 2.8.
Viewpoint

α = sin−1 (a/l)

(2.1)

β = sin−1 ((a + b)/l)

(2.2)

θ = (β − α)/2

(2.3)

R = sin(θ)l
s
R2 +
= 2π
2

(2.4)

Ctip

c2
2

vtip = Cf
h = tan(90 − β)(a + b)
vtip
γ=
h
τ = γµ
Re =

ρvtip l
µ

β
α
θ
c
R

(2.5)
(2.6)

h

l

(2.7)
(2.8)
(2.9)
(2.10)

a

b

Figure 2.8: Schematic drawing of a
motile artificial cilia to determine the
circumference from a measurement of
a, b and c from microscope images.
Viewpoint as in Figure 2.6.

With α representing the smallest angle between the vertical and the tip. β is the largest angle
between the vertical and the tip. θ is half of the cone opening angle. R is the semi-minor axis
of the ellipse drawn by the cilia tip in [µm]. c is the semi-major axis of the ellipse. Ctip is
the circumference that the tip of a motile MAC makes, shaped as an ellipse. f is the actuation
frequency in [Hz]. vtip the tangential velocity of the cilia tip. h is the shortest height from substrate
surface to cilia tip in [µm]. γ the shear rate in [s−1 ]. τ is the shear stress in [mPa]. µ is the viscosity
of water at room temperature, for these measurements at 22◦ C, resulting in µ = 0.9544mPas. Re
is the Reynolds number, with ρ the density of water at 998kg/m3 . The characteristic length scale
is the length of the cilia l.
An example of the measurement of a, b and c is given in Figure A.7. Measurement results are
given in Table A.1. Resulting values for the parameters are provided in Table 2.1. The process of
measuring cone dimensions from the obtained superposed images is manual and therefore prone to
slight errors. Because the change in circumference is marginal over the measured frequency range,
a linear relation can be assumed between actuation frequency and hydrodynamic parameters. For
convenience, a linear ratio between the actuation frequency f and a hydrodynamic parameter i is
then stated as ξf,i . For example, the Reynolds number at 25Hz is then,
Re(f ) = f ξf,Re = 25 · 0.366 = 9.15
In Table 2.1 ξf,i is given as the average ratio from the two measured frequencies.
An important result here is the local Reynolds number, Re. From its values, it’s concluded that
for low frequencies, indeed the viscous forces slightly dominate the inertial forces. However, as
the actuation frequency increases, this is quickly no longer the case. As inertial effects play a
role, it is favorable to have a higher velocity movement during the effective stroke than during the
recovery stroke, in order to generate net fluid flow. Of course, this holds for cases where cell or
particle transport is required. The actuation setup used in this research induces a time-dependent
magnetic field on the MAC, with the same shape as used by Zhang et al. [21]. They have shown
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Table 2.1: Cilia tip circumference, induced tip velocity, shear rate and shear stress respectively,
for cilia actuation of 1.67 and 33.3Hz.
Actuation frequency
1.67Hz
33.3Hz
ξf,parameter

C
827µm
800µm
-

vtip
1.38mm/s
26.7mm/s
0.814

γ
−1

4.86s
90.0s−1
2.81

τ

Re

4.64mPa
85.9mPa
2.68

0.62
12.0
0.366

that their MAC follow the magnetic field instantaneous, with a faster motion during the effective
stroke than during the recovery stroke [21]. Since our MAC are of similar dimensions and made
using the same materials, it is safe to assume that similar results are obtained in generating net
fluid flow. Observations during the measurements have verified this assumption.

2.5

Phytoplankton Species

The Western English Channel is a frequent measurement site for the NOC. Common phytoplankton active genera in this area, are several diatom species (Skeletonema sp., Thalassiosira
sp. and Chaetoceros sp.) in spring blooms, and several dinoflagellate species (Scripsiella sp. and
Prorocentrum sp.) in summer blooms [40]. One or multiple of these species are thought to be
significantly contributing to measurement disturbances of NOC microfluidic sensors at this site.
However, the microfluidic sensors have so far been deployed in a wider area, covering European
shelf water. They are used to study effects of anthropogenic carbon emission on the marine carbonate system, aimed at a high spatial and temporal resolution [2, 24]. Therefore, the sensors must
be able to operate autonomously for a long period of time and in a wide variety of environments.
Previous research by Zhang et al. has highlighted the capabilities of magnetic artificial cilia in
anti-biofouling to make self-cleaning surfaces [8]. The MAC have proven to be effective against
surface fouling of the microalgae species Scenedesmus subspicatus. Scenedesmus is a common
freshwater genera that is present world-wide and can cope with a wide variety of climates [41, 42].
It’s shown that Scenedesmus sp. is capable of creating fouling films, making it a good candidate
for anti-fouling research [8]. Additionally, it can effectively reduce nitrogen and phosphorous
from waste water, making it an interesting research species in general. In contrast to diatoms
and dinoflagellates, Scenedesmus sp. is a type of green algae. Synonymous to Scenedesmus
sp. is the species Desmodesmus sp., which is chosen as microalgae species for this research [43].
Desmodesmus sp. is chosen because the effectiveness of anti-fouling MAC is known for this species.
Figure 2.9 shows a microscopy image of Desmodesmus sp. cells.

Figure 2.9: Microscopy image of Desmodesmus subspicatus cells, from the culture collection of
algae and protozoa, strain 276/20 [43].
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2.6

Culture Setup

Desmodesmus sp. strain 276/20 is obtained from the Culture Collection of Algae and Protozoa
(CCAP) [43]. The medium used for culturing is 3N-BBM+V, a Bold Basal Medium with 3-fold
nitrogen and added vitamins [44]. The cells were cultured in a home-built growth chamber. Consider Figure 2.10a, this consists of (1) a large box covered with aluminium foil to prevent light
leakage, (2) two Simax Erlenmeyer narrow neck flasks (1L) containing the culture, plugged with
rubber stoppers with silicon tubing through them for in-and outflow of air, (3) a controllable,
filtered airpump for gas exchange and agitation (Osaga MK-9502), (4) a light source for photosynthesis (Philips GreenPower LED flowering lamp deep red/white/far red) and (5) a thermometer
to measure the temperature in the growth chamber. The tubing was connected to a sterile syringe
filter (6) (Millipore Express PES Membrane, 0.45µm pore size). The light source and air pump
were set on a 12-12 hours light-dark cycle using a timed electrical switch (7). The actual culture
system is shown in Figure 2.10b. Before culturing or sub-culturing, all flasks, tubes and stoppers
are cleaned with 70% ethanol. The glass flasks are also placed in an oven at 200◦ C for at least
15 minutes, with their opening closed off with aluminium foil. All cell transfer and handling was
done with sterile syringes and tubes. The temperature in the chamber was roughly 20-22◦ C when
the light was off, and 24-27◦ C when the light was turned on. In subculturing, a sample of the
previous culture was mixed with nutrient medium in a ratio 1:10. Most of the time 100-200mL of
culture medium was added to 10-20mL of algae sample. The light source provides a light output
of 20 µmol/s [45]. Depending on the distance between the lamp and experiment, this provides a
light intensity as in Table 2.2. These estimated values are based on the assumption of a conical
progression of light from the source at an angle of 85◦ .
Table 2.2: Light output at distance from the Philips LED light.
Distance [cm]
Light output [µmol m

−2 −1

s

]

20

30

50

80

90

104

55

23

10

8

Air pump
3.
1.

Timed switch
Filter

7.

6.

◦

C

5.

2.

Light source

4.

(a) Schematic, including the air pump and
timed electrical switch.

(b) Image showing the erlenmeyer flasks,
light source and thermometer in the culture chamber.

Figure 2.10: Home-built algae culture system.
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2.7

Cell Counting

Cell counting is performed throughout the project for sample preparation and as quantification
at the end of some experiments. A Marienfeld Thoma counting chamber is used with an inverted
microscope set to phase contrast, to do cell counts. First of all, a sample is diluted with a known
amount to a concentration that is countable. A glass coverslip is placed over the counting chamber
such that there is 0.1mm between the counting grid and the glass slide. Then, 10µL is injected
under the coverslip with a precision pipette. The Thoma design incorporates 16 large squared
in the counting grid in which the cells are counted per large square as in Figure 2.11. The
grid is 1x1mm and with the 0.1mm height this captures a volume of 0.1µL. To obtain the cell
concentration in cellsµL−1 , take the sum of all 16 large squared in the counting grid, multiply by
10 and the dilution factor (total diluted volume/original volume). For each sample, the average of
three counts is taken. Figure 2.12 shows exemplary images of different cell concentrations in the
counting chamber.

Figure 2.11: Cell counting in a Thoma counting chamber. There are 2 equal counting grids on
the device which span a 1x1mm surface forming 16 large squares (10x magnification). The 40x
magnification shows which cells to count in each of the 16 large squares. A glass coverslip leaves
0.1mm distance between the grid and the glass slide. The total cell count in the 1x1mm grid
determines the amount of cells in 0.1µL.

Figure 2.12: Cell counting microscope image. Showing two different undiluted samples at a cell
concentration of 42 · 103 and 10 · 103 cellsµL−1 , respectively, and a diluted sample for counting,
with a cell concentration of roughly 1 · 103 cellsµL−1 .
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3. Influence of MAC on Microalgae Growth
In this chapter discusses the influence of motile magnetic artificial cilia (MAC) on phytoplankton.
We investigate how they affect individual cells and the collective culture, in terms of viability and
growth, and attachment to surfaces. This is done by comparing multi-day growth in cylindrical
wells with an additional substrate placed at the bottom. In each experiment, multiple substrates
are used in equal experimental conditions. Data is gathered on a daily basis. The culture growth
in the wells is tracked through images that provide an overview of the whole well, and occasionally
through cell counting. Observations on the local nature of algae accumulation are made with
microscopic imaging.

3.1

Motile and Static MAC

For the first experiment, the wells had a diameter of 18mm and a height of 6mm. This set of
experiments is called ”experiment 1.3” as it is superseded by two slightly less carefully conducted
but equivalent experiments, studying the same effects. Three different substrate conditions are
investigated: a plain filter (Merck Millipore Express PLUS 0.45µm PES Membrane), a filter with
static MAC and a filter with motile MAC. The fabrication process of ciliated filters is discussed in
chapter 2. The wells are filled with 3N-BBM+V culture medium (CCAP, SAMS Limited [44]) with
Desmodesmus Subspicatus (CCAP, SAMS Limited, strain 276/20 [43]) cells at a concentration of
1 · 103 cells/µL. It is illuminated at a 12-12 hour on-off cycle for several days and monitored on
a daily basis. The light instensity is 104µmol m−2 s−1 (20cm distance between the overhanging
light source and the samples). The motile MAC samples are actuated continuously at 33.3Hz
(2000RPM) by the magnetic actuator of Figure 2.7, to perform a non-reciprocal tilted conical
motion, continuously mixing the fluid.
For every set of experiments, the light and culture conditions other than that of the substrate are
kept the same by conducting the experiments simultaneously. Therefore, results from same set of
experiments are compared to avoid slight variation between sets. Some conditions are duplicated
in different sets of experiments. Figure 3.7a shows the setup for experiment 1.3. Figure 3.1 shows
bright-field microscopy images over a period of 11 days for a well with a plain filter, static MAC
and motile MAC, respectively.
Figure 3.1 shows that the phytoplankton growth with motile MAC on the filter substrate is faster
compared to the other two conditions. Comparing static MAC to a plain filter substrate shows
no significant difference. Therefore it is clear that just the presence of cilia doesn’t significantly
promote phytoplankton growth, but that motion is required. This result coincides with the two
superseding, equivalent experiment sets, named experiment 1.1 and 1.2. Information of those two
experiments is provided in Appendix B. Their results are given in Appendix C. Figure C.1 shows
experiment 1.1, and Figures C.9 and C.10 show experiment 1.2. The experiment conditions are
given in Appendix B.
Microscopic images are shown in Figure 3.2. Algae in the plain and static MAC samples are more
evenly spread over all surfaces. Close observation of Figure 3.2b shows minor algae accumulation
on the static MAC surface. In the case of motile MAC, however, a much larger quantity of algae
have attached to the motile MAC and appeared to have grown into colonies. Active respiration
as a consequence of photosynthesis is visible in the formation of oxygen bubbles on the sides of
the motile MAC, much more pronounced than the other two situations as well. Interestingly, the
filter surface of the motile MAC 3.2d seems to be cleaner compared with the other two 3.2c and
3.2a, suggesting that cilia motion has resulted in a cleaning effect of the bottom surface, which is
in agreement with previous observations [8]. An image of the frame of Figure 3.2d, focussed on
the substrate surface is given in Figure C.11.
It is likely that the promoted growth is driven by the MAC induced fluid flow. From the perspective of a single algae cell, nutrients and carbon dioxide need to be present in the vicinity
for metabolic processes and photosynthesis. During active photosynthesis, these ingredients are
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(a) Sample 1: Plain filter

(b) Sample 4: Passive cilia

(c) Sample 5: Motile cilia

Figure 3.1: Effect of motile MAC on microalgae culture growth in experiment 1.3: Bright-field
microscopy images of wells with a plain filter substrate, static MAC and motile MAC, respectively.
The wells have a diameter of 18mm and a height of 6mm. As the cell concentration increases, the
color becomes more green. The ring of light is caused by reflection in the meniscus of the medium,
from the epi-illumination source.

consumed in the vicinity, slowing down phytoplankton growth. Global and local flow induced by
motile MAC can greatly improve nutrient availability through mixing and therefore promote algae
growth globally.
Note that the effect of flow on algae growth has been reported in literature, mostly for much
larger scales and serving multiple benefits (uniformity of light, temperature, pH, nutrients, CO2 )
[28, 46]. What we observed here is very much in line with other studies. A more quantitative
comparison will be shown later in the report.
Observing the accumulation of algae attached to the cilia over multiple days provides insights in
the fouling mechanism under cilia actuation. An overview of cilia fouling in experiment 1.3 is
provided in Figure 3.3. In an enclosed chamber with motile MAC, the fluid flow provides frequent
opportunity for the cells to come in contact with the MAC surface and attach to it. From there,
they can both grow and be caught onto by other cells that are passing by. Eventually the algae
accumulation completely surrounds the artificial cilia and can even bridge to other nearby ones.
The amount of accumulation steadily rises initially, but slows down afterwards. It doesn’t seem
to continue exponentially as healthy algae growth normally does. The difference between day 4
and day 8 in Figure 3.3 is similar or less than the difference between day 8 and 14, depending on
the particular artificial cilia. Combined with the drastic increase in filter fouling and suspended
algae, this suggests that algae detach from the colonies at some point. The algae growth is then
a combination of attached and suspended growth. Eventually, the abundance of algae creates
excessive accumulation on all surfaces.
Overall, it is strange that the algae attach to the artificial cilia in such numbers. The mechanism
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(a) Sample 4: Static MAC, substrate focus

(b) Sample 4: Static MAC, cilia focus

(c) Sample 1: Plain filter

(d) Sample 6: Motile MAC, cilia focus

Figure 3.2: Effect of motile MAC on microalgae accumulation and substrate fouling: High
magnification bright-field microscope images focussed on algae attachment. Images from day 5
of experiment 1.2, an equivalent experiment to experiment 1.3. Images taken with a Keyence
VHX-5000 digital microscope. Magnification for (a) and (b): 200x; (c) and (d): 150x.
behind anti-fouling with MAC is believed to be based on high shear forces induced by local
flow, which overcome the adhesive strength between algae and substrate. Global flow is then
successively able to transport the algae away from the anti-fouled area [8]. In this case, the cells
can’t be transported away from the ciliated area, but the induced flow should at least be able to
keep them suspended. Substrate surface anti-fouling is observed and in agreement with a previous
report on anti-fouling with motile MAC of similar dimensions [8]. The shear forces generated by
the motile MAC on the surface of the MAC are expected to be equal or higher than the shear
forces on the substrate surface. Since the MAC generate sufficient shear force to detach microalgae
from the substrate surface, one would expect that to be the same for the surface of the MAC,
which is not the case. This suggests that further study is required to reveal the true mechanisms
behind microalgae attachment and anti-fouling with MAC.
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Figure 3.3: The progression of microalgae accumulation on MAC surfaces: bright-field microscopy images at 200x Magnification. The images show a cilia section in the bottom right of sample
#6 from experiment 1.3 on multiple days. This is a motile MAC sample. Because the frames don’t
exactly overlap arrows are added. The red arrows point at the same cilia. The same holds for the
blue arrows.

3.2

Hydrophobic and Hydrophilic MAC

A different set of experiments is performed to further investigate the attachment and accumulation
of microalgae cells to the motile MAC surface. We investigate if it is possible to counteract the
attachment, and what effect that has on the culture growth.
The PDMS surface of artificial cilia in one sample is made hydrophilic through plasma treatment
using a plasma asher (Emitech K1050X). After sample treatment, the sample is immediately
immersed in medium to retain the hydrophilicity [47]. This treatment reduces non-specific protein
binding at the MAC’s PDMS surface, and therefore reduces the probability of algae attachment
[48, 49].
The plasma treated sample is compared to a regular sample of hydrophobic MAC and a plain filter
sample, in a new set of experiments, experiment 2. The MAC are no longer actuated continuously,
but actuated during the 12-12 on/off cycle of the light source. The actuation frequency is reduced
to 25Hz (1500RPM). Bright-field microscopy images of 12 days of culturing are provided in Figure
3.4. Bright-field microscopy images under high magnification on day 8 of the experiment are shown
in Figure 3.5.
Table 3.1: Cell count after 12 days of growth, with an initial concentration at day 1 of 1 · 103
cells µL−1 .
Plain filter
Motile hydrophilic cilia
Motile hydrophobic cilia

0.519 · 104 cells µL−1
1.27 · 104 cells µL−1
5.11 · 104 cells µL−1

Table 3.1 shows that in 12 days time, compared with plain substrate, the cell concentration was
1.4 times higher with motile, plasma treated MAC, and 8.8 times higher with motile, untreated
MAC. The differences in algae growth over time correspond to the large color contrast of Figure
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(a) Plain filter, without MAC

(b) Plasma treated, motile MAC

(c) Regular motile MAC

Figure 3.4: Effect of hydrophobicity of MAC on microalgae culture growth: bright-field microscopy images of algae growth experiments with (a) plain substrate, (b) plasma treated motile
MAC and (c) untreated motile MAC. The enclosure diameter is 11mm for the plain filter, and
15mm for the motile cilia samples.
3.4. Additional information on the cell counting procedure is provided in section 3.5.
The reason why plasma treated MAC are less effective in promoting cilia growth can be explained
phenomenologically with Figure 3.5, which shows bright-field microscopic images on day 8 of the
experiment. Instead of growing into colonies around the MAC after attaching to them, algae cells
appeared not to be attaching onto plasma-treated MAC, and hence no colonies were formed. As
a result, the total growth rate of algae was also lower. A comparison between the algae growth in
the well with motile plasma treated MAC in Figure 3.4, and that of the static MAC of Figure 3.1
shows the influence of MAC induced flow. In both cases there is no accumulated, attached growth,
but just a difference in local nutrient refreshment through induced mixing. The addition of flow
does seem to aid algae growth, but the combination with static attachment and accumulation has
a far greater effect. Note that the growth over time for the plain filter and regular motile MAC of
experiment 1.3 (Figure 3.1) and experiment 2 (Figure 3.4) are highly similar.
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(a) Plasma treated, motile MAC

(b) Regular motile MAC

Figure 3.5: Effect of hydrophobicity of MAC on algae attachment: bright-field microscopy images
of samples with motile (a) hydrophilic and (b) hydrophobic cilia on day 8 of the experiment.

3.3

Discussion

Findings in literature are consulted to look for correlations with our results, regarding microalgae
attachment and attached culture growth.
First of all, Wang et al. have studied the effects of shear stress on microalgae [50]. They have
found that the sensitivity to shear stress of microalgae varies greatly between species, dependent on a wide variety of factors such as cell size and morphology. In general, Green algae are
most tolerant to shear stress, followed in order by cyanobacteria, haptophytes, red algae, diatoms
and dinoflagellates. Microalgae are negatively affected by shear stress in decreased cell viability,
increased recovery time, reduced cell growth rate, reduced photosynthetic activity, or cell lysis.
Positively, they have found that the tolerance to shear stress is significantly larger for cells at rest,
compared to cells in division. Green algae that are growing have a critical shear stress in the range
of 0.45-0.9 Pa, compared to 88 Pa at rest. With the induced shear stress by our motile MAC at
1500RPM to be around 0.067 Pa, this is unlikely to be an effective reasoning behind the difference
in growth between plasma treated and regular motile MAC.
In literature aimed at biofilm growth reactors, research is conducted on the mechanisms behind
algae attachment, as well as how attachment influences growth. The attachment between algae
and substrate is hypothesized through material surface properties such as hydrophobicity, surface
energy and acid-base interactions [42, 51–53], but also on the surface texture [42, 51, 53, 54]. Some
material properties seem to play an important role for the initial attachment of algae to a substrate,
although highly dependent on substrate material and algae type. This variability is underlined by
the ability of some species to adapt its production of extracellular polymeric substances to changing
environments [51]. Surface texture can affect cell recruitment and retention on the substrate. For
some species and materials this is shown to be the case when micro-patterns are close to the cell
size or colony size, creating shelter against hydrodynamic forces [53–55]. Materials with scaffold
structures also seem to be effective [42].
The wide variety of results shows that the underlying mechanisms of initial attachment and longterm attached growth are highly dependent on the combination of material properties, texture
and algae species. While the combination hasn’t been studied extensively in unison, it is expected
that it can result in superior long-term growth [51, 53]. Some reports show that the addition of
attached growth, next to suspended growth, can lead to higher biomass productivity [55, 56].
Specifically, Deantes-Espinosa et al. have studied the attachment of Scenedesmus sp., which is
highly similar to Desmodesmus sp. [43]. Their experiments indicate that the hydrophilic and
hydrophobic properties of materials affected the attachment of Scenedesmus sp., similar to our
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results [42].
Our MAC consist of CIP particles of size 5-9µm [57]. The Desmodesmus Subspicatus cells have
an oval shape with major-axis length of around 8-14µm and minor-axis length of around 4-7µm
(2.9) [43]. However, the CIP particles are immersed in PDMS, which increases the feature size.
A good example of the surface texture of the MAC is given in Figure 2.4a. It is possible that
the rough artificial cilia surface aids in promoting algae attachment. However, it is clear from the
results of different hydrophobicity, that material properties play a large role in cell attachment of
Desmodesmus subspicatus cells to PDMS.
For future experiments, focussed on the cell attachment, extra care must be taken to work in sterile
conditions. Usually, a bacterial biofilm aids in cell attachment, by secreting extracellular polymeric
substances (EPS) [33, 34]. By being extra careful, it can be more certain that the attachment of
Desmodesmus sp. on the MAC is the true interaction of the cells and the supporting material. To
study the effect of texture, it’s possible to create cilia of the same material properties, but with a
smooth surface, using the micromolding method of Zhang et al. [21].

3.4

Conclusion

Where initially hypothesized that the presence of motile MAC could prevent algae attachment
and reduce growth, the opposite has been shown to be true in a well. Mixing induced by the
actuation of MAC has a slight positive effect on culture growth. The cell concentration after 12
days was 1.4 times higher compared to the plain filter. This is most likely due to refreshment of
available nutrients in the micro environment surrounding the cells. A far stronger effect occurs
when this is combined with attachment and accumulation on the surface of the motile MAC,
resulting in rapid growth. In that case, the cell concentration after 12 days was 8.8 times higher
compared to the plain filter. Therefore, to increase phytoplankton growth rates, it can be effective
to introduce both static attachment locations in combination with fluid flow in an enclosed system.
Magnetic actuated cilia (MAC) made from a mixture of PDMS and CIP are an effective means to
accommodate this for the microalgae Desmodesmus Subspicatus.
Why exactly attachment and accumulation to the regular motile MAC occurs and promotes total
growth to the measured extent remains questionable. To pinpoint the underlying mechanism(s),
further study is required. MAC made from a PDMS-CIP mixture, are potentially an effective
means for such studies. The material properties of PDMS are adaptable, coatings can be applied
to it, and shapes, sizes and surface texture can be controlled with microfabrication methods.
For anti-biofouling with motile artificial cilia to be effective, there must be a location to transport
the detached cells towards, from which it is impossible for them to disturb the cleaned area. Besides
that, it is wise to treat the surface of the MAC in a way that decreases or prevents attachment. In
case of phytoplankton, depending on the species, plasma treatment is effective for PDMS based
artificial cilia.

3.5

Materials and Methods

The motile MAC samples are always positioned in such a way with respect to the actuator rotation
axis that there is equal actuation in the samples. The light source is measured to be 20cm above
the samples. It is held up by a box, covered with aluminium tape to reduce light leakage. There
is a small overlap between the tape and the substrates at the edge of the PMMA inserts that
create the wells. This is done to prevent the substrate from being pushed upwards by air bubbles
from underneath the substrate. Gathered data consists of images, made primarily using a Keyence
VHX-5000 digital microscope on a daily basis, and for experiment 2 a cell count at day 12. The
samples injected at day 1 of each experiment are calibrated to have 1 · 103 cells µL−1 by dilution
from the main culture with nutrient medium and cell counting. Medium slowly evaporated during
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the experiment. This was restocked with nutrient medium every day, except during the weekend.
Figure 3.6 shows a schematic of the setup. Actual images are shown in 3.7a and 3.7b.
At day 12 of experiment 2, samples for cell count were extracted in the following way. As almost
all microalgae were sedimented, the samples were first actuated at 2500RPM. This also cleared a
lot of the accumulation off from the MAC into suspension. All the medium was then withdrawn
with a sterile syringe and a sample was stored in a 0.5mL epje. To remove the remaining attached
algae as thorough as possible, 0.5mL nutrient medium was actively flushed in and out of the well
to detach the algae and suspend them in the medium. This was also stored in a 0.5mL epje. Some
images were taken of the cleaned wells after they had again been refilled, with water. These are
shown in C.12.
The average of three cell counts was determined for each of the stored, extracted samples. By
combining the cell concentration of both samples for each well and the volume that had been
extracted in total, the total amount of extracted cells was estimated. Lastly, by dividing this total
cell count by the volume of a well, the amount of cells µL−1 was determined. The cell counts are
performed according to the procedure discussed in Chapter 2. It is clear that such a cell count can
only be performed at the end of an experiment. Purely taking a daily sample of the suspended
algae isn’t representative as the amount of attached algae differs between samples. Also, slight
differences between the cell sizes were observed between samples, during the cell counts. Therefore,
measuring the biomass is thought to be a better representation of the total growth. On top of
that, the chemical composition of the biomass can be determined, relating the growth results to
yields for biomass harvest (e.g. for fuel or food production) [55].

z
Influence of MAC on microalgae growth

Plain filter

Motile cilia
Regular

Motile cilia
Plasma treated

Static cilia

Support plane

h
Magnet

Counterweight

Motor
Figure 3.6: Schematic of experimental setup for influence of MAC on growth. Wells with a
variety of substrates are placed on top of the magnetic actuator (chosen substrates depending on
the experiment). The vertical distance between the magnet and the substrate, h, is 8.3mm and
between the light source and the samples, z, is 20cm, for all experiments discussed here.
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(a) Setup for experiment 1.3. Samples (1,2): plain
filter substrate, (3,4) static cilia substrate, (5,6)
motile cilia substrate. The rotating magnet is only
close enough to sample 5 and 6 to provide effective
cilia actuation.

(b) Setup for experiment 2. Top left: plain filter substrate. #2 is the plasma treated sample,
#1 the regular motile cilia sample. #6 a trial
for a different method to create hydrophilic
cilia.

Figure 3.7: PMMA lasercut insert with double sided tape placed over substrates in (small)
petri dish. All samples placed on top of the magnetic actuator, with a vertical spacing of 8.3mm
between magnet and cilia. A light source is placed on top (from the camera position).
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4. Using MAC for Anti-biofouling in Marine Sensors
In this chapter we investigate the capability of phytoplankton cells to change pH and disturb pH
measurements when accumulated in a filter. More importantly, different methods to counteract
accumulation and pH disturbance are tested. First, the pH change from photosynthesis is measured for different cell concentrations. This is followed by several experiments to investigate the
measurement disturbance that accumulation in a filter can cause. Unfortunately, the previous
chapter has revealed that motile MAC themselves aren’t effective in reducing microalgae biofouling in a closed chamber. Therefore, we look at the effect of fluid backflow through a filter without
MAC and with motile MAC.

4.1

Effect of Algae Concentration on pH Change

Experiments are performed to investigate the disturbance phytoplankton fouling can have on
pH measurements. First of all, the pH change under photosynthesis over time is measured for
six different algae concentrations in culture medium. The sample concentrations are determined
through cell counting. The samples are placed in small petri dishes and placed under the same
overhanging light source at a vertical distance of 20cm, resulting in a light intensity of 104µmol
m−2 s−1 . Frequent pH measurements are performed, alternating between all the samples, starting
slightly before the light source was turned on. The samples are made almost a day before the
experiment and kept in darkness until right before the measurements were started. This made sure
that the samples had a stable starting pH value. The pH at this moment is the lowest it will be
when the only activity comes from photosynthesis and respiration. Figure 4.1 shows an overview
of the different samples and 4.2 the pH change over time. This image overview can also function
as a semi-quantitative indicator on how medium color change relates to a change in phytoplankton
concentration. Further details on the experiment are provided in section 4.8.
11.5
1000 cells/ L
2500 cells/ L
5000 cells/ L
7500 cells/ L
10000 cells/ L
12500 cells/ L

11
10.5
10

pH

9.5
9
8.5
8
7.5
7
6.5

Figure 4.1: Petri dishes filled with medium
containing different phytoplankton concentrations. Numbered 1 to 6 from top left to
bottom right with concentrations of 1 · 103 ,
2.5·103 , 5·103 , 7.5·103 , 10·103 and 12.5·103
cellsµL−1 , respectively.

Light: ON
0
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200
Time [min]

250

300

Figure 4.2: Algae concentration dependent pH
change over time: pH data of nutrient medium
containing algae in different cell concentrations,
under photosynthesis. The samples are visualised
in Figure 4.1.

The first data points show that even when there is no active photosynthesis, the pH in the medium
varies for different cell concentrations. To obtain these concentrations, a cultured sample is diluted
with nutrient medium in different amounts. Where the nutrient medium itself is slightly acidic (pH
approx. 6.3), the long-term culture is basic (steady-state respiration pH roughly between 8-8.5,
depending on how long since subculturing). In this case, the sample with the highest concentration
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comes directly from the long-term culture, without adding nutrient medium. When the algae
photosynthesize actively, the nutrients from the medium are consumed and carbon is sequestered
in the algae cells. This reduces the acidity set by the medium and the initial distribution in DIC.
At first sight it seems that Figure 4.2 clearly underlines that an increase in algae concentration
results in a larger pH rate of change. This is a logical result from the fact that phytoplankton cells
consume (acidic) carbon dioxide (and bicarbonate at higher pH) when they photosynthesize. With
more cells, more carbon will be consumed per unit of time, increasing the pH value more quickly.
However, when this result is looked at from a hydrogen ion (H + ) concentration perspective it
becomes clear that Figure 4.2 is not conclusive. The hydrogen ion concentration at the starting
point is largest for the sample with lowest algae concentration, as it has the lowest pH value and
pH = −log10 ([H + ]). Because pH suffices as a logarithmic scale, a tenfold decrease in H + is equal
to a raise in pH of 1. This way, it’s not directly possible to say that the sample with the highest
cell concentration was also photosynthetically the most active and was strongest in changing pH.
The change in H + concentration was largest for the sample with 1000 cellsµL−1 and lowest for
the sample with 12500 cellsµL−1 , with a 5 times difference. This is a bad comparison because
it was impossible for the high cell concentration sample to change the H + concentration 5 times
more to begin with. Besides the big difference in dissolved inorganic carbon (DIC) (Figure 1.2),
the concentration of nutrients is different and photosynthetic activity of algae depends on pH.
Although a direct comparison between the samples is difficult from this dataset, the power to
change pH by an accumulation of algae is evident.
For high values of pH, the fractional contribution of CO2 and HCO3 to the total amount of
DIC has drastically reduced, as in Figure 1.2. This effect is clearly visible in Figure 4.2 by the
decrease in pH change from around 10.5, until a plateau is reached just above a pH value of 11.
Photosynthesis is then limited by carbon availability.

4.2

Effect of Filter Fouling on pH Measurements

Experiments are conducted to investigate the effect of phytoplankton accumulation in a filter on
the pH measurement of a sample passing through that filter.
As a comparison, an estimate is made of the algae concentration in a filter at the end of a measurement cruise from the NOC. Cruise D366 lasted a month, from June 6th to July 11th 2011 and
over 5000 pH measurement were performed during that time [2]. In June 1992-2007, the average
concentration of diatoms and dinoflagellates in the Western English Channel was approximately
500 cells mL−1 (0.5 cellsµL−1 ) [58]. This is a representative location in correspondence to cruise
D366. For each measurement, the microfluidic pH sensor takes in 550µL−1 of seawater through a
syringe filter with hold-up volume of approximately 100µL [2, 26]. An estimate of the phytoplankton fouling concentration in a syringe filter, originating from the intake of 5000 measurements, at
the end of cruise D366, results in:
0.5cellsµL−1 ∗

550µL
∗ 5000measurements = 1.38 · 104 cellsµL−1
100µL

(4.1)

This is just above the highest concentration tested in Figure 4.2.
For the pH disturbance experiments, low concentration algae samples are flowed through a filter
device. Their pH value is measured before and after passing through the filter to see if and how
the contact with the fouling disturbs the pH. Several settings in filter fouling, algae concentration
in the sample and light intensity are used, on different occasions.
Right before a sample is flowed through, its pH level, or the pH of the larger storage from which it is
taken, is measured (Figure 4.3 step 1.). This data is referred to as pHin and pHstorage , respectively.
Then, a sample of 2.5mL is flowed through the filter at 310µL min1 , in 8 minutes (4.3 step 2.).
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Figure 4.3: Schematic overview of pH disturbance Figure 4.4: Algae concentration in the
measurements. pHi indicates a pH measurement.
filter during the pH disturbance experiments of Figure 4.5, 4.6 and 4.7, respectively. As reference, an estimate of the accumulated fouling during an actual measurement cruise is given as Cruise estimate.
This is done to use enough volume to measure the pH conveniently, have a flow-through duration
that is similar to that of microfluidic pH sensors of Rerolle et al. and completely flush the filter
hold-up volume (600µL) several times [2]. Lastly, 15 minutes are taken in-between measurements
(4.3 step 3.). During this time, the pH measurements of the outflow medium (pHout ) and of the
inflow medium, after flush (pHin ), are performed. Additionally, the new samples are prepared and
some time passes for photosynthesis to increase the likelihood of measuring a distinct disturbance
within the accuracy of the used pH meter. For every measurement, the filter catches the suspended
algae from the low concentration sample, increasing the fouling concentration. Figure 4.4 shows
the algae concentration during the measurements compared to that of the cruise estimate. Further
details on the experiment are provided in section 4.8.
The cell concentration and volume of the inflow samples, as well as the the filter hold-up volume,
are used to calculate the cell concentration in the filter device as,
Fouling concentration[cellsµL−1 ] = inflow sample concentration[cellsµL−1 ]∗
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Figure 4.5: pH disturbance in highly fouled filter. Light intensity: 121µmol m−2 s−1 . Inflow
sample algae concentration 2 · 103 cells µL−1 . T =22◦ C. Estimated prefouling is 10 times higher
than the end fouling of a representative cruise. Estimated end fouling is 14 times higher.
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Figure 4.6: pH disturbance under relatively low algae fouling. Light intensity: 104µmol m−2 s−1 .
Inflow sample algae concentration: 1 · 103 cells µL−1 . T =22◦ C. Prefouled with approximately
3.3 · 103 cells µL−1 . End fouling approximately 5.3 · 104 cells µL−1 . This is 4 times higher than
the end fouling of a representative cruise. Here, for every measurement the inlet sample is newly
taken from the storage. During the flush from 12:35 to 12:45 a bubble emerged in filter #1 which
was removed by withdrawing the bubble back into the syringe and injecting medium afterwards.
This affected the flushing cycle of both devices for this data point.
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Figure 4.7: pH disturbance under relatively low algae fouling and low light intensity. Light
intensity: 55µmol m−2 s−1 . Inflow sample algae concentration: 1 · 103 cells µL−1 . T = 22◦ C.
Prefouled with approximately 3.3 · 103 cells µL−1 . End fouling approximately 6.2 · 104 cells µL−1 .
This is 4.5 times higher than the end fouling of a representative cruise.

In Figure 4.7 and 4.6 two filter devices are used simultaneously in each experiment. Their results
are similar or equal. This indicates that under equal conditions, the experiment is reproducible.
When there is sufficient light intensity, there is consistently a measurable rise in pH for the
medium being flushed through the fouled filter. In case of a low light intensity as in Figure 4.7,
the disturbance was the smallest. For the highest light intensity and fouling concentration, in
Figure 4.5, the disturbance was largest and occurred in the shortest time span. Comparing all
three, shows that both an increase in fouling and light intensity will result in a larger disturbance
in pH, as expected. This pH disturbance also increases as the measurement progresses. This is
likely due to the increase in algae concentration. However, the pH value itself also affects the
photosynthetic rates of algae.
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The difference between pHin and pHout is obviously more apparent on the pH scale, but even in
terms of the hydrogen ion concentration, the lines deviate. In general it is clear that phytoplankton
fouling in the filter can be a cause of significant disturbance in pH measurements.

4.3

Improvements to Experiments and Applicability to Nature

Where nutrients, carbon, light and pH influence the photosynthesis rate, alkalinity is a big factor
in the change in pH of the medium, as discussed in the introduction. Alkalinity determines the
buffering capacity of a body of water, against a change in pH. The alkalinity of our nutrient medium is negligible in comparison to the alkalinity of seawater (116mg/L [29]). Although, since the
hold-up volume of the filter is so small, it’s possible that the buffer capacity of the medium inside
the filter is less than in the ocean. Besides alkalinity, the carbon cycle is much more versatile and
complex in the ocean and nutrients are more scarce. Therefore, the changes in pH seen in our
results are expectedly a lot larger than they will be in natural waters.
To equalize the difference in DIC and pH in the pH change experiment with different algae concentrations, some base can be added to make the starting pH equal. This has to be done with
high accuracy because the sample volumes are small and don’t have a large buffer capacity. The
base may not influence the activity of the algae in any way.
For the filter fouling experiments, it is difficult to make comparisons between the results. They
are performed throughout June to August. This results in different dilutions from the main algae
culture to make the inflow sample storage. As seen in Figure 4.2 this results in different starting
pH and possibly slightly different alkalinity levels. For the filter experiments, a similar difference
in starting pH is shown in the first datapoints between Figure 4.6 and 4.7, which have almost equal
fouling concentrations. A recommendation is then to perform experiments under different fouling
concentrations and light intensity at the same day, to study their influence while keeping the inflow
sample equal. However, the current experimental setup is not easily scalable to a large amount of
filter devices. Using two devices simultaneously was already demanding in manual labour. Three
devices would be difficult. Besides that, if not handled with care, air bubbles would easily enter the
filter devices. These affect the distribution of algae in the filter section and decrease the amount
of medium in the filter device, likely influencing the results. The devices also weren’t reusable.
With the increase of disturbance over time it seems that initially there is a constant disturbance
between pHin and pHout , already starting from the first data point. In the experiment of Figure
4.6 extra care is taken in the initial filling of the filter device, with the light source turned off. For
one chip this resulted in an equal value for pHin and pHout , for the other a slight difference. To
make sure the filter device itself doesn’t induce a disturbance, later filter devices are filled with
pure nutrient medium. An average difference of 0.02 between pHin and pHout was then obtained,
which is within the accuracy of the pH probe.
Photosynthetic active radiation (PAR) intensity at the water surface in the Western English
channel (50◦ N) ranges between 500µmol m−2 s−1 in January and 2000µmol m−2 s−1 in June [28].
The PAR in the euphotic zone decreases exponentially over increasing depth. The compensation
light intensity, at the bottom of the euphotic zone, is generally around 1 − 10µmol m−2 s−1 [28].
The average light intensity in the euphotic zone I¯D can be determined by:
I¯0
(1 − e−kD )
(4.2)
I¯D =
kD
With, I¯0 the average surface radiation, k the light extinction coefficient and D the depth over
which the light intensity is averaged. For I¯0 = 2000µmol m−2 s−1 , k = 0.07m−1 and D =100m,
I¯D becomes 285µmol m−2 s−1 [28].
We have provoked higher pH disturbances, because our pH meter is less accurate. A lower light
intensity as the representative estimate is used, but this is mirrored by higher fouling concentrations. There is most likely a large difference in alkalinity, buffering the pH disturbance. A different
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type of algae (freshwater, in isolation) is used, with nutrient medium designed for growth. But
most importantly, besides the parameters, the oceanic environment is far more variable and complex than in these lab experiments. Therefore, for a reliable quantification of the pH disturbance,
in-situ experiments are required.
Based on the results, we cannot quantitatively conclude on the severity of the pH disturbance
that can be caused by increased phytoplankton fouling in a marine sensor inlet filter. However,
the measured pH change is so significant that the measurement disturbance effect of accumulation
of algae in a filter cannot be neglected. For long-term deployment, a disturbance in pH is likely
to occur from microalgae accumulation in the inlet filter. Especially when considering that the
microfluidic pH sensors of the NOC have a short-term precision of 0.001 pH [2].
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4.4

Backflow Cleaning of a Plain Filter Substrate

As a last experiment, it is investigated how the filter device can be cleaned. Chapter 3 has
revealed that anti-fouling in an enclosed area isn’t effective in mitigating the global accumulation
of microalgae. Therefore, solely using motile MAC on the filter substrate will not be effective in
counteracting potential pH disturbances and filter clogging caused by algae accumulation.
Figure 3.2 has indicated that the MAC are initially effective in anti-fouling the filter substrate,
in correspondence with previous anti-fouling results [8]. Therefore the effectiveness in backflow of
medium from the filter outlet through to the inlet is investigated. This is applicable in microfluidic
pH sensors. They use a syringe pump in combination with two valves to first draw a measurement
sample in. Subsequently they switch the valves to close the connection from the internal syringe
pump to the sample inlet and open the connection to the designated microfluidic measurement
device [2]. A schematic of the sensor is given in Figure B.2. This way, it is also possible to withdraw
a medium sample and then eject it outwards again as backflow through the filter. Hypothetically
the microalgae accumulation is then taken outwards to the environment, cleaning the filter.
This can be combined with motile MAC, anti-fouling the filter substrate.
First of all, backflow cleaning is tested at the end of the pH disturbance experiment of Figure 4.6.
These filter chips contained a plain filter substrate. Two different flow speeds are tested, 200µL
min−1 and 400µL min−1 .

(a) Chip 1: Fouling at the end
of the experiment.

(b) Chip 1: Fouling after first
backflow cleaning.

(c) Chip 1: Fouling after
second backflow cleaning.

(d) Chip 2: Fouling at the end
of the experiment.

(e) Chip 2: Fouling after first
backflow cleaning.

(f ) Chip 2: Fouling after second
backflow cleaning.

Figure 4.8: End fouling and cleaning results after pH disturbance experiment of Figure 4.6.
Backflow cleaning of (b,e) 1.5mL water at 200µL min−1 and (c,f) 1mL water at 400µL min−1 .
The results provided in Figure 4.8 show a clear difference in cleaning. During the pH disturbance
Using Magnetic Artificial Cilia for Phytoplankton Culture Growth and Anti-biofouling

32

experiment, their results were almost equal. Some bubbles entered the filters in this experiment,
causing a slight difference. The bubbles seen in 4.8a and 4.8d, of the end fouling entered the chip
almost at the end of the pH disturbance experiment. It’s clear that the initial backflow cleaning
wasn’t effective. In 4.8c, the central air bubble was pushed out in the second run, revealing a
slightly cleaner location in its tracks. In 4.8f, the air bubble in the middle enlarged to the top side
of the filter section, moving all around the edges, scraping off microalgae fouling at the interface
between fluid and air. The locations where fouling remained were continuously in medium, so this
interface didn’t come across those locations. These observations are from a video of the process,
which is shared through a QR code in C.13.
At the liquid-air interface, the water molecules are pulled inwards through cohesive forces between
the water molecules. This could be the mechanism behind the observed cleaning. If these cohesive
forces are stronger than the adhesive forces of the microalgae to each other or the surface, they
can be dragged along with the liquid-air interface.
While this is a promising result, it’s clear that not all the algae are being removed. In case of a
thick layer, most of them can be removed, but this is more difficult for the microalgae directly at
the filter surface. For the high accuracy marine sensor, this might result in a reduction of the filter
fouling. However, to make statements on the effectivity in mitigating the pH disturbance, in-situ
experiments are required for a reliable quantification. It has to be noted that the filter in 4.8f was
placed with the shiny side up. This side has a tighter pore structure which might make it easier
to clean. However, according to the manufacturer, the dull side is supposed to be used upwards
[39]. Figure 4.9 shows the result of 2mL backflow cleaning with 400µL min−1 of another device
with a plain filter substrate on a different occasion. For this experiment, a short settling time
was used between injecting a lot of algae and the beginning of cleaning. A video of the cleaning
process is shared through a QR code in Figure C.14. Here the filter paper had the dull side up,
resulting in a clear view of microalgae fouling remaining in the texture of the filter substrate.
Most of the algae initially in the filter had been removed, but this was most likely due to the short
settling time, inhibiting the creation of a strong fouling film. Similar algae accumulation on the
dull side of the filter substrate is seen in Figure 3.5a, 3.2c and C.8. This was a common sight
in the experiments on the effect of motile MAC on growth, where the filter was always used dull
side upwards. Figure 2.3 showed the surface texture of the shiny side of the filter, with cavities
of around 1 − 3µm. The comparison in Figure 4.10 between both sides of the filter, shows a clear
difference with larger features on the dull side. The findings from literature on the effect of texture
on microalgae attachment, as discussed in 3.3, correlate to the difference in fouling between the
sides of the filter paper.
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Figure 4.9: Backflow cleaning result of a plain filter
with dull side up. Fluid flow of 2mL at 400µL min−1 .

4.5

Figure 4.10: Microscope image of the
dull and shiny side of the filter respectively. The ink spot on the shiny side is
to show that the surface is in focus.

Backflow Cleaning with Motile MAC

We’ve seen previously in 3.2 that the motile MAC can be effective in anti-fouling of the filter
substrate. For the next experiment a filter substrate with magnetic artificial cilia is implemented
in the filter device. This brought along some problems. First of all, the microalgae in the injected
medium will accumulate near the edge of the filter. Secondly, the artificial cilia clog the filter,
provoking heavy leakage when the number density is too high. To try and solve this, MAC
substrates were manufactured with very thin MAC and in a low number density. Additionally, a
central unciliated area was added for some samples, by covering a part of the substrate during the
MAC manufacturing.
One filter with motile MAC is tested for three days. Here, algae samples were flowed through
in the same way as for the pH disturbance measurements. Between days, pure culture medium
is flushed through at 400µL hr−1 to make sure the filter wouldn’t run dry and the algae had
an influx of nutrients. During day 2, multiple low concentration algae samples were injected,
measuring the pHin and pHout , alternated by backflow cleaning. On day three, after the slow
nightly injection of nutrient medium, different backflow cleaning flow settings were tested. The
MAC were continuously actuated at 33.3Hz.
The results of Figure 4.11 show that the fouling initially accumulates around the edge. Eventually
it also progresses inwards. The backflow cleaning does have some effect, but a lot of the fouling
still remains. During the experiment it is noticed that there isn’t a lot of transfer of algae. The
vertical distance between the cilia and the ceiling is quite small (roughly 100µm). Increasing this,
might allow for more transfer outwards. Also, it is observed that detached cilia, moving along
the substrate surface, were effective in cleaning the substrate. Closer analysis with a microscope
revealed that algae again accumulated on the surface of the MAC. The fluid flow from backflow
wasn’t effective in cleaning the MAC surface.
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Figure 4.11: Progression of fouling through measurement sampling and backflow cleaning in a
filter with motile MAC at 33.3Hz. Over three days, several 2.5mL medium samples with 1 · 103
cells µL−1 are added at 310µL min−1 . Over night, nutrient influx was induced at 400µL hr−1 .
Backflow cleaning on day 2 of 2.5mL at 310µL min−1 . On day 3, cleaning run 1 of 2.5mL at 310µL
min−1 . Run 2 had increasing flow speed as 310 → 600 → 900 → 1200µL min−1 . Run 3 600µL
min−1 without artificial cilia actuation.
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4.6

Discussion Filter Cleaning

Overall, the best cleaning result is obtained with backflow through a plain filter with the shiny
side up, on the locations aided by air bubbles. It has to be mentioned that this was a one time
result. The filter devices were prone to air bubbles entering the system and leakage outwards from
between the layers. The time that algae had for settling and attachment before the backflow was
induced is different between the experiments. Lastly, the degree of fouling before cleaning varies.
It is clear that in the enclosed filter device that is used here, the motile MAC are more of a
hindrance than an aid. It is likely that making the MAC hydrophilic will be an improvement,
as well as making the filter section higher. However, the MAC can only be used in low number
densities and/or with a central unciliated area, to keep clogging manageable. As an alternative,
it is possible to manufacture the MAC on the ceiling of the filter chamber. However, this most
likely makes them less effective in cleaning the filter surface. The chip can be designed to be
flow-through on the inlet side of the filter paper. This way, the pumping capacity of the MAC can
potentially transport microalgae away from the filter by themselves. The effectivity of this idea
depends on the pumping capacity of the MAC and the hydrodynamic resistance of the design. A
concept of such a device is shown in Figure 4.12. If the ceiling is removed altogether, the filter is
unprotected against damage and larger fouling constituents.
Although these results suggest that the motile MAC are an ineffective technique in counteracting
biofouling related pH disturbances, they are made using a type of green algae. The dinoflagellates
Scripsiella sp. and Prorocentrum sp. which are active the Western English channel in the summer,
are a potential cause of pH sensor filter fouling [40, 58]. The critical shear stress for dinoflagellates
is shown to go as low as < 1.6 · 10−4 Pa while growing and < 4 · 10−3 Pa at rest [50]. At 2000RPM,
the motile MAC can generate shear stresses of approximately 8.6 · 10− 2Pa. Therefore, Scripsiella
sp. and Prorocentrum sp. might be sensitive to the generated shear stress of the MAC. This poses
an alternative method to counteract pH disturbances, not necessarily focussed on anti-fouling but
on reduced growth rate, viability or cell lysis.

Figure 4.12: Example of a flowthrough filter. Left side: MAC induced fluid pumping to the left
or right. Right side: Sample intake through the outlet underneath the filter.

4.7

Conclusion

We’ve strengthened the argument that phytoplankton accumulation in the inlet filters can cause a
pH measurement disturbance, considering the measurement quality and the long-term autonomous
deployment the NOC strives for with their microfluidic sensors. It remains clear that local in-situ
measurements are the only way to obtain an accurate quantification of the disturbance, because
of the wide diversity and temporal changes in natural waters. Countermeasures against algae accumulation using motile MAC on the filter substrate aren’t effective. The MAC obstruct the filter
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and although they do provide some cleaning, the disadvantages outweigh the benefits. Perhaps
for some dinoflagellate species, motile MAC can effectively counteract biofouling by inducing cell
damaging shear stresses. However, this is questionable and doesn’t nullify the disadvantages.
It is advised to first try backflow, possibly with the addition of air bubbles and the membrane
turned around, because of (i) the added complexity to the marine sensor system with integration
of MAC (added magnetic actuator, power source, control system and custom filter device), and
(ii) not-so-promising expectations in cleaning performance. It’s beneficial to do backflow cleaning
often, to reduce algae settling and time available for attachment. It might be interesting to look
for other membranes such as track etched membranes. They have a smooth surface with distinct
straight pores. The surface texture will be opportune against attachment, because the pores will
be a lot smaller than microalgae cell size (to ensure proper filtering). Also different material
properties are available such as being hydrophilic or hydrophobic. In addition, they are advertised
to have self-cleaning and reversible use functionality [59]. Long-term field tests are required to
evaluate the effectiveness of such cleaning measures, to counteract pH disturbances.

4.8

Materials and Methods

The samples of the algae concentration experiment are calibrated at a specific cell concentration
through cell counts in combination with dilution with nutrient medium. Together they are placed
in a square petri dish, to easily rotate them around for convenient measurements while making sure
light conditions remain equal. The pH of the samples is measured subsequently, in continuation.
So starting at sample 1, to sample 2, etc. And then after sample 6, back to sample 1. After each
measurement, the pH probe (VOLTCRAFT PH-410) is rinsed with Milli-Q ultrapure water. The
pH probe is calibrated right before the experiment, with a GPH 7.0 and GPH 10.0 buffer from
dissolved buffer capsules, at the room temperature. The pH probe used for our experiments has
an accuracy of 0.03pH, showing up to 0.01pH in digits. The used spectrophotometric sensor in
the cruise has a short-term precision of 0.001pH and an accuracy within 0.004pH [2]. The setup
is shown in Figure 4.13
In the pH disturbance experiments the storage medium is also made at a specific cell concentration.
The pH probe is again calibrated before the experiment. For each sample flow through, a syringe
is filled with medium from the bigger storage flask. The syringe with tubing is then attached to
the filter’s inlet and placed in a syringe pump. At all times, either the in- or outlet needs to be
connected to a closed syringe. If this is not the case, and tubing is still attached at the outlet,
there will be a pressure difference between in- and outlet from a difference in height, resulting in
fluid flow emptying the filter chip. Thus, when the syringe is attached to the inlet, the syringe at
the outlet is removed. When the syringe is filled with new medium from the storage, the pH of
the storage is measured and used as pHin . Otherwise, some medium is ejected from the syringe in
a Falcon tube and measured. This is also done after every sample flush, to measure the pHin after
flow through. The outflow medium is also caught in a Falcon tube to measure pHout . After each
pH measurement, the pH probe and the Falcon tubes are rinsed with Milli-Q ultrapure water.
The light source is positioned such that the distance to the syringes, storage and filters is about
equal. The sensitivity to measurement disturbances when not handled very carefully, the frequent
manual pH measurements and the cleaning steps, make this procedure quite labor intensive. An
example of the experiment setup is shown in Figure 4.14.
The cleaning experiments are either performed directly after a pH disturbance experiment, or on
a separate occasion with new filter devices. A syringe filled with water is connected to the outlet
of the filter device. Pumping the water with a syringe pump provides a backflow from the outlet
to the inlet. For the sample with MAC on the filter substrate, the filter device is placed on the
magnetic actuator, spinning at 33.3Hz, with h =8.3mm. Different flow speeds and volumes of
water are used.
A cell count can be performed on the medium that comes out of the backflow. If this is combined
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with the injected cell concentration, the cleaning efficiency can be determined. This is however
not done due to time constraints. When pH disturbance and cleaning experiments are combined,
the effect of cleaning on the pH disturbance can be investigated.

Figure 4.13: Setup for algae concen- Figure 4.14: Setup for pH disturbance experiment.
tration on pH change.
(1) Syringes in a syringe pump containing the inflow
sample (pHin ). (2) Storage flask (pHstorage ). (3) Light
source. (4) Filter devices. (5) Flask to catch outflow
medium (pHout ). (6) Flask for pH measurement inflow
sample. (7) Additional storage and to catch fluid from
rinsing the pH probe. Later, the light source was placed
directly above the other components, like in 4.13.
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5. Conclusion
This thesis investigated the use of motile Magnetic Artificial Cilia (MAC) as an effective autonomous anti-biofouling mechanism. MAC are fabricated on a filter substrate, to study how their movement affects culture growth of the microalgae Desmodesmus subspicatus, and to investigate their
effectiveness in anti-biofouling such a filter.
In an enclosed compartment, the presence of motile MAC is shown to promote culture growth of
Desmodesmus subspicatus. Fluid mixing induced by the actuation of plasma treated MAC has a
slight positive effect on culture growth. The cell concentration after 12 days was 1.4 times higher
compared to a sample with a plain filter as substrate. This is most likely due to refreshment
of available nutrients in the micro environment surrounding the cells. A far stronger effect occurs when mixing is combined with attachment and accumulation, on the surface of regular motile
MAC. In that case, the cell concentration after 12 days was 8.8 times higher compared to the plain
filter sample. Therefore, to increase phytoplankton growth rates, it can be effective to introduce
both static attachment locations in combination with fluid flow in an enclosed system. Attachment
and growth effects using motile MAC can be mitigated by treating the MAC’s surface with an
oxygen plasma, making the surface hydrophilic. Although these results are promising for microalgae growth applications, a lot remains unclear about the attachment and growth mechanisms of
the microalgae, as well as their anti-fouling capabilities. The versatility of PDMS-CIP-based MAC
makes them potentially an effective means to study attachment, growth and anti-fouling further.
Phytoplankton accumulation in a marine sensor inlet filter is likely to cause pH disturbances,
considering the measurement quality and long-term autonomous deployment the NOC strives for.
Although, for an accurate quantification, measurements in representative conditions are required.
As autonomous anti-biofouling mechanism, backflow through a plain filter substrate is more effective than through a substrate with regular motile MAC. Motile MAC do provide some cleaning
capability, but locally clog the filter and add significant complexity to the system. Therefore, the
disadvantages outweigh the benefits.
It is advised to use backflow cleaning often, with the addition of air bubbles. To reduce the likeliness of initial attachment, it can be beneficial to select a membrane in unison with the microalgae
species responsible for biofouling in the filter. This means that surface texture features should not
be in the range of the algae cell size or colony size, and material properties should be compatible
against the attachment of the specific algae species.
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6. Outlook
Several improvements can be made on the experiments performed in this thesis. Nevertheless, the
obtained results create prospects for a variety of applications.

6.1

Improvements

For experiments on pH disturbance and cleaning in the lab, we’ve proposed to make the filter chip
reusable, more robust and reduce manual labor intensity.
For a better understanding of the difference in microalgae culture growth, it is advised to measure
the biomass, besides or instead of cell counts, to incorporates differences in cell sizes. For the
cleaning experiments, biomass measurements and cell counts can be performed on the medium
that is ejected from backflow to quantify the cleaning efficiency. By incorporating this with pH
measurements, the effect of cleaning on pH disturbances can be investigated.
Also, the culture growth experiments can easily be extended. Testing a variety of actuation
frequencies might reveal an optimum in mixing, or a limit in attachment to the MAC. Using
artificial cilia with different material textures and properties can be used to further isolate the
effects on attachment.

6.2

Microsystems for Controlled Algae Growth Studies

Currently, large scale bioreactors for algae culture are getting a lot of attention for the creation
of biofuels, and food sources with high nutrient contents. Additionally, the combination with
wastewater provides a good source of nutrients on one side, and saves costs in expensive wastewater
treatment elsewhere [42, 53, 54, 56, 60]. Unfortunately, the main challenge currently faced is in
the domain of making the technology cost effective. For that purpose, people are looking towards
biofilm reactors to save costs in harvesting [55, 56, 60]. Another direction is to increase the growth
yield. Here, the struggle lies in the diversity of algae strains in combination with the wide range
of effects that influence photosynthesis rates. Examples are effects of mass (nutrients, gas-liquid
transfer) and heat transfer, light intensity, light-dark cycles of low and high frequency, shear stress,
attachment, and biofilm formation. A lot of these effects are very difficult to isolate and study
[50, 61]. The controllability and accuracy of microsystems can be effective for such studies, as
already shown by some research [62–64]. Perhaps, our MAC can be a valuable addition to this
list. For instance, magnetic actuated cilia, or flaps might be used to study the shear sensitivity of
microalgae cells and the effect of shear on cell growth. With such information, the design of large
scale biomass reactors can be optimized for increased growth yield.

6.3

Controlled Growth for Precise Biomass Contents

The wide variety of influencing factors on algae growth doesn’t only affect biomass, but also the
contents of that biomass [55]. By controlling the wide range of effects that influence photosynthesis
rate, it might be possible to grow algae towards specific chemical compositions and extract small
masses of organic compounds with high purity and at low cost. Such a feat might be interesting
for pharmaceuticals on natural basis or nutraceuticals.

6.4

Attachment and Growth Promotion for Other Cell Types

Besides different microalgae species, perhaps other cell types might benefit from motile MAC, in
terms of promoted growth. Perhaps, a useful application can be found in organ-on-a-chip devices,
where cells are injected in a microfluidic chip to grow and form cell layers in the chip. MAC might
aid in the cell growth or be used to induce stress on the cells.
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A. Manufacturing Details
A.1

Step-by-step Procedure

First the polydimethylsiloxane (PDMS) and carbonyl iron particle (CIP) mixture is made. A CIP
concentration of 10% weight is often used to make sure the manufactured cilia are thin and are
covered with relatively low amounts of PDMS.
For example, weigh 0.5g CIP in a cup and add 0.41g PDMS curing agent and 4.1g PDMS base.
This way you have 10% wt CIP and a 1:10 ratio of PDMS curing agent:base. This is enough to
manufacture approximately 4 samples (considering the amounts in the upcoming examples). Mix
this thoroughly using a disposable mixing stick for 5 minutes. While mixing, be sure to scrape
alongside the walls of the cup, to break up possible clusters of CIP. Afterwards, degas the mixture
in a desiccator until all air bubbles are removed. Now that the mixture is ready, place the fixed
height doctor blade on the 50x75mm glass slide close to one of the short edges, with the selected
film height facing downwards. Pour a small volume of the mixture into the doctor blade, right
behind the gap. Try to prevent mixture from going under the blade guide as this adds an uncontrollable thickness to the film. Move the fixed height doctor blade over the surface along the long
axis, smearing out the thin stripe over the majority of the surface with a selected thickness of for
example 100µm. The scraper tool can be used for a thickness of 50, 100, 150 or 200µm. The
precursor layer is now complete.
While the mixture is in the desiccator, prepare the substrate assembly. Take another thin glass
slide of 75x50mm and carefully tape the filter to its surface. Make sure to only overlap a very
small slice of tape over the edges of the filter, because the filter will be damaged there when you
take the tape off after manufacturing is complete. Tape a magnet to the other side of the glass
slide, on the opposite side of where you want to have cilia on the filter. Make sure that the tape
goes along the surface of the magnet, so that you can hold that easily later on. The substrate
assembly is now complete.
Place the precursor layer under a microscope to verify that there is no particle clustering so
that they are homogeneously distributed as in Figure A.2. You will have to zoom in for this.
Then place only the substrate assembly under a microscope so that you’re looking at the filter,
not perfectly sideways, but a small angle from that (e.g. 10 degrees). You want to zoom out for
this, so that you can see the entire filter, or most of it. Now focus on the middle of the filter. The
microscope is now set for manufacturing.
Hold both the substrate assembly and the precursor layer so that you can place them under
the microscope in a sideways view. Now quickly move both towards each other to a spacing of
4-6mm between them. Hold it there for 10-15 seconds to induce some particle migration in the
film. Now relocate the substrates sideways, so that the magnet faces a region where more particles
have collected (for instance about 10cm left or right along the glass slide long axis). You can do
this slowly to a location where you’ll see fibers coming out of the precursor layer. Because the
magnetic field gradient is higher at the edge of the magnet, there is a stronger pulling force onto
the CIP opposite to the edge and more cilia will be drawn to there. A more homogeneous distribution of cilia can be achieved by moving the substrate and precursor quickly sideways from each
other back and forth, while you see the cilia fly over to the filter. Continue these in-plane motions
while intermediately looking at the filter to see how many cilia you’ve already drawn and where.
Do this until you are satisfied or the precursor is emptied.
Once complete, place the substrate assembly in an oven at 65deg C for at least 1 hour to cure the
PDMS. Place it on a non magnetic block of material so that it doesn’t stick to the oven rack.
After curing, carefully remove the magnet away from the glass slide, in the direction perpendicular to the glass slide surface. Sideways movement with the magnet close to the cilia puts high
magnetic forces on them, possibly leading to detachment from the filter.
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A.2

Deeper Insight into the Manufacturing Method

Initially, when the thin film is deposited on a glass slide, there is a homogeneous distribution of
CIP particles as shown in Figure A.2. The CIP have a spherical shape with a typical diameter of
5 − 9µm [57]. The next step is to bring the magnet, attached to the backside of the glass slide
with filter substrate, close to the thin film. The particles will now be affected by the magnetic
field, implying forces on them based on
~ m
~
F~ = ∇(
~ · B).

(A.1)

~ the magnetic flux density. Thus,
With m
~ the vector of the magnetic moment of the particles and B
~
the magnetic forces are determined by the change in (m
~ · B) in the direction of the maximum
increase of that term. The magnetic flux density from the permanent magnet, acting on the the
precursor layer is shown in Figure A.1.

Figure A.1: Comsol simulation of remanent flux density magnetization model, in air. During
manufacturing of the cilia, the distance between the magnet and precursor layer is around 5mm.

Because of the shape of the magnetic field lines, particles directly opposite to the middle of the
magnet hardly move parallel to the thin film. Close to the virtual edge of the magnet, the gradient
in the magnetic flux density is largest and the particles will be pulled towards there. This location
will move towards the virtual center as the distance between magnet and thin film increases.
Virtual here meaning a projection of the square magnet on the thin film. Under presence of the
magnetic field the thin film will converge towards a distribution similar to that in Figure A.3.
When the magnetic force in direction to the magnet, out of plane from the thin film, is large
enough, the particles can be pulled out of the thin film towards the filter substrate. Large enough
here means firstly that the magnetic force overrules the viscous drag of the PDMS to pull the
particles to the film surface. Secondly, the surface tension must be overcome to detach from the
film. The particles that have been moved parallel to the film have come across other particles,
forming chains. As the surface of this collection of particles grows, so does the magnetic flux
acting on the collection. This increases the magnetic force that the collective chain experiences.
Additionally, when the chains move outwards from the film, towards the magnet, the interrelated
distance will decrease, also increasing the magnetic force.
This explanation of the interplay of physics supports the benefit of sideways movement. In the
middle, particles will not have come across a lot of other particles, making it more difficult for
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Figure A.2: Starting condition thin film
PDMS-CIP. Shows uniform particle distribution.
Specifications: 100µm thickness and
10%wt CIP particles. Transmitted Light 200x
magnification Keyence VHX-5000.

Figure A.3: End condition under magnetization of thin film PDMS-CIP. Shows distribution after placed and cured under the magnetic
field of a 20x20x10mm N48 Neodymium magnet.
Specifications: 100µm thickness and 10%wt CIP
particles. Transmitted Light 50x magnification
stitched image Keyence VHX-5000. The inner
width of the high density square is 19mm.

them to be pulled out of the film. When the magnet is initially brought close to the film, a
higher density of particles, forming chains, will emerge on each virtual side of the magnet. When
the two glass slides are then moved sideways from each other, the virtual center of the magnet
will then move to the higher density region from which cilia are easier pulled out of the film.
Additionally, under fast sideways movement it is thought to be possible to catch cilia in a slightly
different location than opposite from where they were pulled from. After a few moments, relocate
the magnet and filter substrate opposite to a different high particle density region in the film to
continue drawing cilia in a more homogeneous distribution over the filter surface.
An exemplifying video of the manufacturing process can be found through the QR-code of Figure
A.4.
When no sideways movement is induced it is still possible to draw cilia in reasonably homogeneous
distribution. However, cilia will always be more likely to appear close to the edge. Also a higher
magnetisation for the permanent magnet is required, a higher particle density in the PDMS-CIP
mixture, and or different film parameters to reduce the viscous drag and/or surface tension forces.
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Figure A.4: MAC manufacturing process video link.

A.3

Cilia Motion

Figure A.5: Superposed image showing the motion of MAC for a sample that is placed in the
center of the magnetic actuator. The ciliated area is 20mm wide. Actuation at 100RPM, in water.

Table A.1: Measurements of a, b and c for 4 different MAC at actuation of 1.67 and 33.3Hz.
1.67Hz

MAC 1

MAC 2

MAC 3

MAC 4

Average

a
b
c

107.6
207.0
274.7

101.5
218.7
286.9

100.7
215.8
273.4

110.4
224.5
255.0

105.1
216.5
272.5

33.3Hz

MAC 1

MAC 2

MAC 3

MAC 4

Average

a
b
c

104.2
203.2
262.3

102.4
208.5
285.9

103.5
209.2
269.7

95.4
214.5
251.2

101.4
208.9
267.3

Using Magnetic Artificial Cilia for Phytoplankton Culture Growth and Anti-biofouling

49

(a) 1.67Hz

(b) 33.3Hz

Figure A.6: Top-view bright-field microscopy images of cilia motion in water under an actuation
frequency of 1.67Hz and 33.3Hz respectively. Each image is a composition of frames from a video
shot at 60fps. The frames are chosen manually to comparably showcase the complete motion.

(a) Measurement of a, the top view distance from the
attachment point to the tip closest by. For measurement convenience, most of the superposed frames are
made invisible. Red underlined value = 104.22µm

(b) Measurement of b, the top view cone width in (c) Measurement of c, the top view the top view
the short axis, perpendicular to the pumping direc- cone width in the long axis, parallel to the pumping
tion. Red underlined value = 203.20µm
direction. Red underlined value = 262.28µm

Figure A.7: Images showcasing the measurement of a, b and c respectively. These measurements
are repeated for 3 other cilia in this image. From these measurements, several cone angles and the
circumference are determined.
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B. Experimental Setups and Procedures
B.1

Cilia Effect on Growth

The experiment 1.1 is performed at home in the self-made growth chamber. The vibrations
induced by the magnetic actuator were troublesome. For that reason, the plain filter and passive
cilia sample were placed besides the actuator. The vibrations slowly moved the motile cilia sample
away from the center of the actuator. The distance to the center of the light source was made
equal at 30cm (55µmol m−2 s−1 ).

(a) Setup experiment 1.1. Distance to light
source for all samples 30cm. Vertical distance
magnet to cilia 8.3mm.

(b) Setup experiment 1.2. Vertical distance
to light source 20cm. Vertical distance magnet to cilia 8.3mm.

Figure B.1: Experimental setup for MAC effect on growth experiment 1.1 and 1.2, respectively.
For 1.2, the same setup is used as for experiment 1.3. The only difference is that in the wells, the
PMMA inserts are taped to the bottom of the petri dish with a small overlap over the filter paper,
in experiment 1.3. This prevented medium from going under the PMMA insert which occurred in
experiment 1.2.
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Table B.1: The filter samples with MAC, used for the experiments on the influence of MAC on
microalgae growth.
Experiment sample

Cilia sample

Description

Exp 1.1: Passive
Exp 1.1: Motile

06-18 Fast2
06-18 normal

100µm 15% wt high density unequal length
150µm 15% wt medium density unequal length

07-02
07-09
07-09
07-02

150µm
150µm
150µm
150µm

Exp
Exp
Exp
Exp

1.2:
1.2:
1.2:
1.2:

Sample
Sample
Sample
Sample

3
4
5
6

#2
#2
#1
#1

15%
17%
17%
15%

wt
wt
wt
wt

high density unequal length
medium density equal length
high density equal length
high density unequal length

Exp 1.3: Sample 3
Exp 1.3: Sample 4

08-18 #2
08-14 #5

Exp 1.3: Sample 5

08-14 #7

Exp 1.3: Sample 6

08-14 #6

100µm 10% wt low density equal length
100µm 10% wt high density equal length 439µm
150µm 15% wt high density equal length,
possibly damaged during manufacturing
100µm 15% wt high density equal length 436µm

Exp 2: Sample 1
Exp 2: Sample 2

09-16 #2
09-16 #1

100µm 10% wt low density equal length
100µm 10% wt med density equal length

B.2

Other

Figure B.2: Schematic of NOC’s microfluidic pH sensor. A syringe pump draws in a 550µL
seawater sample, through the valve connected to the sample input. Then this valve closes, and the
other connected valve opens after which the sample is injected in the static mixer, where it mixes
with Thymol Blue, and flows through absorption cell for the pH measurement. Image copied from
[2].

Using Magnetic Artificial Cilia for Phytoplankton Culture Growth and Anti-biofouling

52

C. Additional Experimental Results
C.1
C.1.1

Cilia Effect on Growth
Experiment 1.1

At home initial trial, experiment 1.1. After 6.5 days, a manual cell count using a Marienfeld
Thoma counting chamber provided the following results from an average out of 3 measurement
for each sample:
Table C.1: Cell count after 6.5 days of growth, with an initial concentration of 1 ∗ 103 cells µL−1 .
Plain filter
Passive ciliated filter
Actuated ciliated filter

9.87 ∗ 103 cells µL−1
2.06 ∗ 104 cells µL−1
4.20 ∗ 104 cells µL−1

A visual representation is provided in Figure C.1. A larger contribution of green colour in the
image correlates to a larger algae concentration.

Figure C.1: Visual representation of growth in small petri dish over 6.5 days. From left to right
the plain filter, actuated ciliated filter and passive ciliated filter.

Although the cell count results are consistent with the visual results, the cell count is still not
a trustworthy measurement. The algae attached to a surface aren’t taken into account and the
fouling nature can be quite different between the samples. Additional microscope images show
the following differences in algae growth.

Figure C.2: Keyence microscope image top light of plain
filter.

Figure C.3: Keyence microscope image top light of unactuated filter.

Figure C.4: Keyence microscope image top light of Actuated filter.

When we look just at the actuated filter, from which the phytoplankton holding medium is removed, and the petri dish is refilled with water, we obtain the following results.
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Figure C.5: 30x Magnification, overview.

Figure C.6: 100x Magnification, ciliated area.

Figure C.7: 200x Magnification, ciliated area.

Figure C.8: 200x Magnification, just outside
ciliated area.

The motile cilia are quite capable of anti-fouling their vicinity. However, they transfer algae simply
to locations outside of the ciliated area. This is clearly visualised in Figure C.7 and C.8 by the
distance in filter surface fouling. This will increase the algae concentration outside of the ciliated
area, makes the comparison between passive and motile cilia growth of Figure C.3 and C.4 slightly
misleading.
For these reasons, the PMMA insert for use in the petri dish is used in the later experiments. It
encloses a smaller section of 18mm instead of 35mm in the petri dish, which can be completely
covered by cilia. It needs to be noted here that these Figures are taken after the medium with
suspended algae has been removed and the sample has been washed and refilled with water.
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C.1.2

Experiment 1.2

(a) Sample 1: Plain filter

(b) Sample 3: Passive cilia

(c) Sample 5: Motile cilia

(d) Sample 5: Close-up 50x Magnification bottom right on day 5.

(e) Sample 5: Close-up 50x Magnification bottom left on day 5.

Figure C.9: Overview results from phytoplankton growth experiment 2, sample 1, 3 and 5. The
circular section has a diameter of 18mm. In this experiment, fluid went under the PMMA insert,
primarily for sample 5 and 6. The close-ups clearly show the algae fouling the cilia.
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(a) Sample 2: Plain filter

(b) Sample 4: Passive cilia

(c) Sample 6: Motile cilia

(d) Sample 6: Close-up 50x Magnification bottom right on day 5.

(e) Sample 6: Close-up 50x Magnification bottom left on day 5.

Figure C.10: Overview results from phytoplankton growth experiment 2, sample 2, 4 and 6.
The circular section has a diameter of 18mm. In this experiment, fluid went under the PMMA
insert, primarily for sample 5 and 6. The close-ups clearly show the algae fouling the cilia.
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Figure C.11: Figure 3.2d in focus on the filter substrate instead of the MAC.

C.1.3

Experiment 2

(a) Plasma treated, motile MAC

(b) Regular motile MAC

(c) Plain filter, without MAC

Figure C.12: Samples of growth experiment 2 after sample extraction for cell count. Wells
refilled with pure water.
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C.2

pH Disturbance and Cleaning

Figure C.13: Backflow cleaning video link.
The results of this cleaning run are shown in
Figure 4.8c and 4.8f.

Figure C.14: Backflow cleaning video link.
The result of this cleaning run is shown in
Figure 4.9.
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