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Abstract 
NK cells are large granular lymphocytes that patrol the body for defect or virally infected cells. 
The migration of natural killer (NK) cells is critical for the detection and elimination of aberrant 
cells such as tumor- and virally infected cells. If a NK cell stumbles upon a target, i.e. an aberrant 
or stressed cell, the NK cell has the ability to kill the target cell. Limitations in the efficiency of 
NK cells, such as limited migration speed, and the finite number of target cells that can be killed 
by one NK cell, leaves the immune system vulnerable to diseases. However it has been shown 
that NK cell populations are heterogeneous, and from one host to another the overall efficiency 
of NK cells may vary. If the most efficient NK cells could be isolated from a cell population and 
cultivated, great numbers of high performing NK cells could then possibly be reintroduced to a 
body and be used to fight maladies such as cancer and HIV.   

In an attempt to bring us closer to these possibilities, and further examine the characteristics of 
NK cells, a high quality master was manufactured and used for microcontact printing. This 
project has focused on how NK cell migration is affected by cell structure and whether NK cells 
can be directed along a pattern to provide a situation where NK cell migration speed can be 
measured rigorously. This was done by using microcontact printing to create micro patterns of 
proteins that mimics the geometry of the NK cells migrating phenotype.  

This report will give a description of the master fabrication process and it will be shown that NK 
cells can be influenced to move straighter by interacting with a microcontact printed pattern of 
proteins. Furthermore our results will conclude that NK cell migration speed is not affected 
significantly by the microcontact printed proteins. 
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Introduction 
Aberrant cells will always be present in humans. As longs as the immune system is able to 
remove or kill these cells no illness will occur. It is, however, often the case that the immune 
systems fails to keep up with, for example, cells dividing and rapidly growing, as is the case with 
tumors and cancer. Furthermore, the immune system has to find these faulty cells to 
incapacitate them, which can be difficult if the target cells are spread out all over the body. 

Recent studies have shown that NK cell populations are heterogeneous i.e. not all NK-cells 
behave exactly alike(1), which opens up a range of interesting possibilities. Some NK cells can 
move, or as we will henceforth refer to it; migrate, faster than other, and some cells can, under 
certain conditions, kill as many as seven target cells compared to one, as is more common. The 
foundation of this study is based on the fact that NK cells are able to migrate at various speeds. If 
there was a way of separating the fastest cells from a cell population it might be possible to then 
grow generations of NK cells out of them, carrying on their high migration speed features. It is 
not known whether sequential generations will carry on their predecessor’s characteristics but 
if they would and these could be reintroduced to a body, it would possibly be a powerful tool for 
fighting tumors and virally infected cells in humans. 

Microcontact printing (µCP) has shown great results in fields ranging from nano electronics to 
cell biology, which together with its simplicity made it suitable for this study, where it will be 
used to create micro patterns of proteins. This report will together with a printing protocol 
provide a description of the master fabrication process. A master is the mold in which the stamp 
used for printing is casted, and the quality of which sets the standard for the finished prints. 

Objectives 
The objective of this study has been to create a master of high quality that can be used for 
microcontact printing. This study aims to print micro patterns of two antibodies, anti-LFA-1 and 
anti-CD16, on a glass substrate to be able to determine whether certain geometrics of a print can 
influence NK-cell behavior. Furthermore it shall be examined whether it is possible to direct a 
NK cell along a given path. Focus has been on developing patterns that will encourage NK cells to 
migrate and avoid clustering or stagnation, creating a situation where migration speed can be 
measured rigorously. This report aims to determine whether a pattern mimicking the 
geometrics the NK cells migrating phenotype will stimulate migration and induce directional 
movement. Given the heterogeneity of NK cell populations, inducing migration in a specified 
direction could be an important step towards possibly isolating fast migrating cells. 
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Theory 
Next follows a brief background to this project and the processes that will come into play, to put 
the objectives of this study in context and to give the reader a wider understanding of the 
subject of immunology. An elementary description of the NK cells function will be provided, and 
relevant intercellular interactions will be explained. A general protocol for master fabrication 
will also be provided. 

NK cells  
The human immune system consists of two parts; the innate and the adaptive immune system. 
Natural killer cells (NK cells) are lymphocytes that belong to the innate immune system and play 
an important role in the protection and defense against infections and cancer(2). NK cells target 
tumor-transformed or virally infected cells and kill them by the forming a cell to cell interface, a 
cytolytic synapse, and consequent deliverance of cytolytic granules directed towards the target 
cell. The cytolytic granules are small pods containing proteins. When cytolytic granules enter a 
target cell they will start a chain of events that will cause controlled cell death, or as it is 
commonly known in biology; apoptosis (3). The NK cells reside in circulating blood and 
lymphoid fluid(4). 

NK cells examine target cells through receptor mediated interactions where the outcome 
depends on the balance of activating and inhibitory signals from the receptors. There are several 
identified receptors whose signals dictate NK cell behavior (5). If the activating signals are 
dominant the NK cell will cause apoptosis via the immunological synapse mentioned above. Out 
of the receptors that have been identified so far, this report will focus on LFA-1 and CD16. These 
are both involved in activating the NK cell. 

Immunological synapse 
If the initial interaction between a NK cell and a target cell activates the NK cell, an 
immunological synapse is established. The NK cell immunological synapse (IS) is a dynamic 
interface between an NK cell and its target cell. The formation of an IS can be divided into 
several phases that, if activating signals are dominant, ends with the NK cell directing its 
cytolytic granules towards the target cell which causes apoptosis. 

When an NK cell has been activated by a target cell the first IS formation phase is firmer 
adhesion between the two cells. This is mediated by receptor-ligand interactions with higher 
affinity. LFA-1 is such a receptor ligand and is central for the adhesion. These receptor-ligand 
interactions also provide additional signals that complement the activation in the earlier phase 
(6).  

After target cell recognition and NK cell activation the formation of the IS proceeds by 
reorganization of the cytoskeleton, adhesion molecules and antigen receptors. The cytoskeleton 
provides both stability and intracellular functions to the cell and exists in all eukaryotes. 
Filamentous actin (F-actin) accumulates at the NK cell-target cell interface and assists in the 
formation of a circular bull’s eye pattern. This bull’s eye pattern is called supramolecular 
activation cluster (SMAC) and is divided into areas named central SMAC (cSMAC), peripheral 
SMAC (pSMAC) and distal SMAC (dSMAC). SMACs consist of different molecule clusters and have 
different functions (6, 7). The IS is exhibited in figure 1 where the SMACs are depicted. IS 
formations are of great importance for our research and has played a central role in the design 
of our micro patterns. 

To kill the target cell, the NK cell polarizes and positions the cytolytic granules at the cSMAC and 
release them through exocytosis. The cytolytic granules penetrate the target cell’s membrane 
and causes apoptosis(6). 
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LFA-1 and CD16 
LFA-1 and CD16 are both receptors that can be found on the NK cell membrane. While they have 
different functions in forming an immunological synapse they both play an important role.  

The leukocyte integrin LFA-1 is vital for the NK cell’s ability to kill target cells since it generates 
activating signals and mediates cell adhesion. If a large amount of LFA-1 binds to its ligand 
ICAM-1 it signals to the NK cell to rearrange its cytoskeleton and polarize the cytolytic granules 
into position at the cSMAC. While LFA-1 is associated with adhesion it also promotes migration 
and NK cell spreading.(8) 

CD16 is also expressed on the NK cell membrane and it signals the NK cell to kill the target cell. 
While the LFA-1 positions the cytolytic granules, the CD16 signals for the release of the cytolytic 
granules(9).  

Cytokines and Chemokines 
Cytokines are a family of signaling proteins that act through receptors and is used for 
intercellular communication.  Chemokines are a family of small cytokines.  When the NK cell 
encounters a target cell and is activated it can produce cytokines and chemokines if certain 
triggering receptors on the NK cell’s membrane is activated. It can produce several kinds of 
cytokines depending on the type of triggering receptors(5). The most prominent cytokines 
produced by the NK cell is TNF-α and IFN-γ but it is also able to produce immunoregulatory 
cytokines(10). The cytokine production plays a vital role in the immune response against both 
cancer and viruses. 

Kinapse and Migration 
NK cells can form additional kind of adhesion to target cells, a kinapse, as seen in figure 1. The 
kinapse is a moving junction that allows the NK cell to scan receptors while moving, in contrast 
to the IS that is stable. The kinapse has the same contexture as the IS regarding distinct areas of 
molecular clusters (SMACs) with the difference that the IS has a symmetrical circular shape 
while the kinapse is asymmetrical(7). The asymmetrical shape of the kinapse is critical to 
control the movability of the NK cell. The asymmetric kinapse has a leading lamellipodium, an 
intermediate lamella and a trailing uropod. The lamellipodium is highly sensitive to antigen and 
serves as sensor for the kinapse. The NK cell uses the leading lamellipodium, the force 
integrating lamella and the contracting uropod to migrate(11). The distinct areas representing 
the kinapse lamellipodium, lamella, uropod and its symmetrical SMAC counterparts are 
displayed in figure 1.  
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µCP 
The basic principles of microcontact printing are rather straightforward, like any ink soaked 
stamp. However the process of manufacturing a good stamp that can print micro patterns is 
intricate and the entire field has been dependent on advances in micromachining. µCP has a 
wide range of applications, of which the most prominent ones might be the fabrication of 
microchips for bio- and chemical sensors, nano electronics and cell biology(12). Lithography has 
been around for centuries, but µCP as we know it today was invented about 20 years ago and has 
come to play a major role in how we study interactions on a molecular level. In general terms, a 
stamp is molded from a master by pouring a mixture of silicone elastomer and a silicone 
elastomer curing agent on the master. When the stamp has hardened into a solid polymer, the 
stamp is soaked in ink, which in this study consisted of a protein solution, before it is put in 
contact with a glass substrate. The next section will provide a more detailed explanation of the 
µCP process.  

  

Figure 1: The immunological synapse (IS) to the left is described as a circular supramolecular activation 
cluster (SMAC) with areas in a bull’s eye pattern and is a stable interface between a NK cell and a target 
cell. The central SMAC (cSMAC), peripheral SMAC (pSMAC) and distal SMAC (dSMAC) are enriched with 
different microclusters. The various microcluster contains proteins providing varying function. The 
kinapse to the right is similar to the IS regarding division into distinct areas but with an asymmetrical 
appearance. The kinapse is in contrast to the IS a moving junction which enables the NK cell to migrate 
while receiving signals. When the NK cell migrates the lamellipodium is leading with the uropod following.   
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Method 
In the following section the development, manufacturing and usage of the PDMS stamps is 
explained. The live cell imaging and image analysis is explained together with a short 
introduction to confocal microscopy. 

Design 
Photolithography and other micromachining processes lies at the heart of microcontact printing 
and the field of microfluidics. The process began with designing the patterns used in this study. 
The patterns were designed in the CAD software and sent to the Ångström laboratory in Uppsala 
where the mask was manufactured. The mask defines two regions; clear and opaque i.e. exposed 
and unexposed. The mask was manufactured to let our pattern be a clear region. The design was 
inspired by the kinapse, and many variations in drop head size and tail length were 
implemented. Figure 2 shows the pattern design used in this study. The intention with this 
pattern design was to mimic a section of the pSMAC in order to stimulate the highly sensitive 
kinapse lamellipodium and consequently promote directed migration. To avoid stagnation a 
decision was made to deviate slightly from the common kinapse profile and a distinct head was 
implemented to make the patter more dissimilar to an immunological synapse. 

 
  

Figure 2: An example of the print pattern design with drop shaped heads and tail lengths of 20µm, 35µm 
and 50µm. The software CAD was used to design the print patterns. The intention with the design is to 
trigger the NK cell lamellipodium to lead the NK cell migration. The intended migration direction is 
rightward in the picture.  
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Master fabrication 
The masters, which consist of standard 10 inch silicon crystal wafers, were manufactured 
through the process of photolithography. The process began by spin coating the masters with 
photoresist. The masters were then subjected to high intensity UV light through the mask in a 
mask aligner. The UV light cannot penetrate the opaque regions of the mask, which means only 
photoresist under clear regions of the mask would be exposed. The photoresist consists of long 
polymer chains that decompose into shorter, less cohesive chains when it is exposed to the high 
intensity UV light. The photoresist is therefore weakened wherever our pattern should be. The 
short polymer chains in the photoresist were washed away after the masters were agitated in a 
solution of developer, leaving the regions exposed to UV light i.e. our pattern completely 
uncovered.  

The Bosch process was chosen to etch relief structures in the master. The Bosch process is a 
pulsed etching technique where a silicon wafer is subjected to vertical Sulfur Hexaflourid (SF6) 
plasma and subsequent deposition of a Teflon layer. This etching technique was chosen to create 
vertical walls in the relief structure. Finally the wafers were coated with a thin layer of teflon. 
This was done in order to ensure that the polydimethylsiloxane (PDMS) would not attach to the 
master when it was peeled off, and cause defects in the stamp.  

 

Figure 3: The PDMS stamp manufacturing process starts with coating the silicon wafer with photoresist. 
The silicon wafer coated with photoresist is then exposed to high intensity UV light through a photomask 
and subsequent developer washing. Left is a photoresist coating with negative pattern design. The silicon 
wafer is etched, washed in plasma and layered with Teflon. The silicon wafer is now a master with relief 
structures matching the print design. Liquid PDMS is poured over the master, hardened and peeled off to 
create the PDMS stamp.    

 

PDMS molding 
Liquid PDMS was mixed with hardener and poured over the teflon coated silicon master to 
create a 5mm thick layer. The PDMS covered masters were put in a vacuum chamber to remove 
all air bubbles from the PDMS and left to harden at 60 degrees Celsius for 24h. The PDMS sips in 
to the relief structures of the master and will maintain that structure after hardening to a solid. 
The solid PDMS was removed and cut into 5mm x 5mm x 5mm cubes that were later used for 
printing. 

There are several reasons why PDMS is used as stamps, the most prominent being it’s low 
interfacial free energy, and its chemical stability. This allows for drops of protein solution to rest 
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on the PDMS surface and will prevent the proteins placed on the stamp to stick irreversibly or 
react with the PDMS(13). The proteins will therefore transfer from the PDMS stamp to the glass 
substrate and create micro patterns. Furthermore the hygroscopicity of PDMS is low, thus it will 
not swell significantly in a humid environment and hence preserve the intended pattern shape 
and size after incubation. There is however some restrictions to the print size due to swelling of 
the stamp. It should be noted that improvements in printing conditions has made printing at 
nano scale possible.  

Inking and stamping 
In order to produce a good print it is important to take into account the specific characteristics 
of PDMS, and the fragility of antigens. A drop of protein and antigen solution was placed on the 
patterned side of the PDMS stamp and left to incubate for one hour. The protein and antigen 
solution used consisted of fluorescent colored BSA proteins, phosphate buffered saline (PBS) 
and the antibodies against LFA-1 and CD16. As the drop rests on the PDMS stamp, some 
antibodies and proteins attach to the PDMS surface. After the drop was removed, the stamps 
were cleaned with PBS, distilled water and let dry. This was done in order to remove excess 
protein and antigen solution from the PDMS stamp. Finally the stamps were put in direct contact 
with a glass substrate. To facilitate a satisfying transfer of antigens onto the glass substrate a 
weight was placed on the stamp. 

 

Figure 5: To print a glass substrate the pattern side of the PDMS stamp is covered with the desired ink 
solution for one hour. Excess ink is removed and the PDMS stamp is washed, dried and put in contact 
with the glass substrate. A weight is put on the PDMS stamp to increase ink transfer onto the glass 
substrate. The PDMS stamp is left for incubation for an hour and then removed leaving a microcontact 
print. 

Imaging of NK cell migration on printed pattern 
To examine whether patterns of anti-LFA-1 and anti-CD16 printed on a glass substrate could 
stimulate directional migration, confocal microscopy was used to provide clear images of the 
interactions. The images were analyzed with the open source software ImageJ.  

Microscope 
Conventional wide field microscopy works by evenly illuminating the entire specimen with 
fluorescent light. Background light emitted from out of focus areas will therefore be present in 
the image, which might obscure the images clarity some. The confocal microscope was invented 
by Marvin Minsky in 1957 and the main idea is to remove the background light by directing the 
light path through a pinhole. The small pinhole screens all fluorescent light outside of focus and 
provides clearer imaging and the ability to focus a range of planes along the z-axis. The light path 
for a confocal microscope is depicted in figure 6. 
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The microscope used in this experiment is a Carl Zeiss LSM 510 and a time lapse configuration 
for the live cell imaging was implemented to study the NK cell migration. A picture was taken 
every 60s over the course of a few hours, ranging from three to eight. These photographs were 
put together creating time lapse footage of the NK cells migration. 

Image processing 
The NK cells movement was recorded manually using ImageJ software. By noting their position 
and whether they were interacting with a print at every point, we could determine how the 
patterns affected migration of NK cells. The data was then compiled in MATLAB where NK cell 
migration velocity was calculated. 

Only NK cells in full contact with the glass substrate and with a clear migrating phenotype were 
analyzed (Figure 7). To measure whether NK cells could be directed along the print, a directional 
angle was introduced. The directional angle was defined as shown in figure 8.  

 
Figure 7: Time lapse of a NK cell descending and finally comes into full contact with the glass substrate. 
The majority of the NK cells in the experimental setup levitated above the glass surface and could not 
interact with the print to full extent. In this study only NK cells in full contact with the glass surface were 
selected for analysis.  

 

Figure 8: A directional angle was introduced to the analysis to measure how straight a NK cell migrates. 
For each NK cell position measurement a vector was introduced from the last position to the current 
position. The directionality angle is the angle between the vectors in two sequent time steps and is a 
measure of how much the NK cell has changed direction. 
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Results 
In this section results from master manufacturing and the printing process will be presented 
along with NK cell tracking analysis. In total, 6936 data points were noted, while monitoring 95 
cells. 

Master 
The mask delivered from the Ångström lab was of excellent quality and features as small as 1 
micrometer were distinguishable with great definition. All areas of the mask were equally good 
and did not limit further experimentation. During the high intensity UV light exposure different 
exposure times was tested until satisfaction. A brief exposure time left the photoresist 
underexposed and the patterns became smaller than intended. When overexposed, the prints 
were smeared together and the integrity between the prints was lost. 

The etching process was successful and the intended etch depth was achieved. By inspection 
through an electron microscope we could determine that the master was of high quality with 
clear independent patterns with few imperfections. All steps in the master fabrication were 
successful. Figure 9 shows a picture from a SEM (Scanning Electron Microscope) exhibiting the 
relief structure in the master.  

 

Figure 9: A) A SEM image of the silicon master after the Bosch process etching. The etching results in 
relief structures in the silicon surface that corresponds to the intended pattern design. The design pattern 
with tail lengths 20 µm, 35µm and 50 µm is clearly visible. The depth of the relief structure is 7-8 µm and is 
slightly varied over the silicon master. The depth was measured with a sweeping probe tip.  B) A close up 
SEM picture of the relief structure wall of the silicon master. The pulse etching Bosch process leaves 
vertical relief walls and the visible layers originates from the repeated deposition of sulfur hexaflourid 
and subsequent Teflon layering.      

Microcontact printing 
The printing was successful and the intended design was transferred to the glass substrate. 
Initially our prints were not satisfactory. Smeared prints and excess proteins throughout the 
glass surface made them useless for experimentation. These problems turned out to be due to 
insufficient drying of the stamps after inking. When this was observed the printing protocol was 
improved and the prints became adequate (Figure 10).  
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Figure 10: An example of a print with varying tail lengths and drop shaped heads. The pattern was printed 
on a glass substrate with ink consisting of anti-CD16, anti-LFA1, PBS and BSA infused with fluorescent 
color. The picture was taken in a confocal microscope. 

Live cell imaging of NK cells 
In this section the data and results from the live cell imaging will be displayed. All data gathered 
in ImageJ was analyzed in MATLAB.  

Directionality on and off the print 
To render information about how the printed patterns affected the migration of NK cells the 
sample group had to be divided into subgroups to get a measurement of NK cell migration speed 
along the print. NK cells had a tendency to stick to a specific part of a pattern, often the head, and 
could remain there for the duration of the experiment. Such movements were excluded from the 
main sample group. Furthermore, a decision was made to exclude NK cells oscillating over the 
print, moving back and forth between two drop heads. These exclusions were both made by only 
including NK cells with a directional angle of less than ±90º in the main sample group. With this 
constraint the mean of all the directional angles on and off the print was evaluated and the result 
is displayed in figure 12B. There is a clear distinction between the two mean directional angles 
on print groups that justifies partitioning.  

A comparison between the mean directional angle on print, with the <90º constraint, and the 
mean directional angle off print is showed more detailed in figure 12C. The median of the mean 
directional angle is 20% less for NK cells on the print than compared to NK cells off the print. 
The median of the mean directional angle of NK cells on the print is with 95 percent certainty 
less than the median of the mean directional angle.  

Speed differences 
A slight decrease in migration speed was recorded for NK cells interacting with the print. The 
data collected on migration speeds on the print is divided into two subgroups. One group for all 
NK cell migration on a print and another group for NK cells whose migration on the print meets 
the same directional angle constraint implemented to measure directionality. This partition was 
made to measure the mean migration speed of NK cells that moved along the print. A 
comparison between mean NK cell migration speed off, on and along the print is displayed in 
figure 12A. The median mean migration speed on the print is with 95% statistical significance 
lower than the median mean speed off the print and the median difference is approximately 0.1 
um per minute which is 10% of the mean overall migration velocity.  

The difference in migration speed on and off the print is also shown when the mean migration 
speed on the print and the mean migration speed off the print are compared for each individual 
NK cell. The difference in mean migration speed off and on print for each cell is displayed in 
figure 13B and the whole 30 percentile is positive. The mean migration speed for NK cells 
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moving in the prints direction was also lower compared to migration off the print but with low 
statistical significance. 

 

Interaction between cell and print 
The results show that there is a large variation in the extent NK cells interact with the print. 
Some of the NK cells were in full contact with the print the whole throughout the duration of the 
experiment, while others barely interacted with the print. The percentage of time each cell spent 
on a print is shown in figure 13A. 

When the pattern was designed the NK cells were intended to migrate in a certain direction. 
From the velocity vector we could determine if the NK cell was migrating on the print in the 
intended direction. The result shows in figure 13C and suggests that NK cells did not prefer one 
direction over the other.  

Observations 
The time lapse footage did provide insight to NK cell migration. The NK cells interacted less with 
patterns with tail lengths longer than 30 µm. The pattern with tail length 20 µm was the subject 
of most of the NK cell interaction. Instead of actually being directly over the pattern, many NK 
cells seemed to be interacting with the pattern from either side, moving adjacent to the pattern 
along the arrays.  

A majority of the NK cells were not in contact with the glass substrate during the live cell 
imaging but instead levitated in the serum fluid. These levitating NK cells were observed to 
move uniformly in the fluid due to drift. This drift could have arisen from leakage, circulation in 
the sample chamber, heat differences or that the sample chamber tilted slightly.  

 

 
Figure 11: A) A NK cell is interacting and migrating leftward along the periphery of the print. During the 
live cell time lapse analyze this behavior was observed more frequent than NK cells migrating above the 
print (as in figure 11B). B) A NK cell migrating with a majority of its kinapse in contact with the print. The 
NK cell spreads out over the print and is migrating leftwards. The intention with this print pattern design 
was to cause this full contact migration behavior where the drop shaped head would trigger the kinapse 
lamellipodium to induce further migration of the cell. 
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Figure 12: A) The mean NK cell migration speed results displays small differences between speed on and off the 
print. The small difference is that NK cells seem to migrate slower on the print. The spread in mean migration 
speed is preserved.  Each data point is the mean migration speed of individual cells and is given in µm per minute. 
The second, third and fourth dataset displays the difference in mean migration speed on, off and along the print for 
individual NK cells. The difference between the second (On Print) and the fourth dataset (Along Print) is that mean 
migration speed data points from NK cells oscillating between printed drop shaped heads is removed in the fourth 
dataset.  The fourth dataset only contains mean migration speed along the print. B) The mean directionality angle 
results shows that NK cells migrate straighter when on the print. The median of the mean directionality angle is 
with 95 percent certainty lower on the print. The on print dataset is divided according to directionality angle. The 
distinct gap between the on print datasets justifies the partitioning. C)  The boxplot displays a closer look on the 
second and fourth datasets in picture B.  

 

Figure 13: A) The histogram exhibit the percentage of time individual cells were in contact with the print and the 
amount of those individual cells. There is a wide spread in the results and NK cells interact with the print in various 
degrees. There are no NK cells that do not interact with the print but some NK cells interact with the print for the 
whole tracking duration. B) The difference between mean migration speeds off and on the print for individual NK 
cells is slightly positive. The majority of NK cells are slowed down when in contact with the print. C) When the NK 
cells were in contact and migrating along the print they could either migrate in the intended direction or in the 
opposite direction. The distribution of percentage of times the NK cell migrated in the intended is approximately 
centered on the 50 percentage mark. 
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Discussion 
Because of the large number of cells in every live cell time lapse there was no practical 
possibility to track each cell. The sample group was picked manually which assigns some 
unreliability to every result. The NK cells selected for analysis were required to be in full contact 
with the glass substrate and were chosen at random. Even though the analyzed NK cells were 
chosen at random the result could be biased since the selection was carried out by researchers. 
Computer generated data of all cells with the required full glass substrate contact would exclude 
bias from the results.  

The results show a great spread in time spent on print for each NK cell examined. It is therefore 
possible to regard the great spread in time spent on print as a result of the heterogeneity within 
the NK cell population. 

Initially we thought that NK cells would prefer one direction over the other as the patterns are 
asymmetrical. The results gathered from the experiments showed this was wrong. There seems 
to be no directional preference for the NK cells when interacting with the pattern used in this 
study. This could be a result of the heterogeneous NK cell population as well. It cannot be 
excluded that NK cell subpopulations prefer one pattern direction over the other since it is not 
possible to determine which subpopulation individual cells belongs to. However, one direction 
could be preferable though inhibited for some reason, possibly drift.  

The results did show a slight difference in median migration speed of NK cells on and off the 
printed pattern, but more importantly the spread of migration speeds remained the same. It 
seems interaction with the protein pattern does not affect the heterogeneity of NK cell 
populations since the spread in mean migration speed on and off the print is approximately 
equal. This could be considered the most important result of our research since in principle it 
allows separation of the fastest NK cells from the most stagnant. If a population of NK cells lost 
its heterogeneity during interaction with the prints, separation of the fastest cells by directing 
them along micro patterns of printed proteins would be impossible. 

Future work and improvements 
This project should be regarded as a preparatory study and supplementary basis for further 
research on the NK cells behavior during migration. The following section will put emphasis on 
experimental improvements and what could be of interest in future research. 

All experiments were conducted with two receptors, LFA-1 and CD16, chosen out of many. It 
would be of great interest to conduct similar experiments with different receptors and 
combinations of these. The signaling between a NK cell and a target cell is, as previously, stated a 
complex process and the combination of antigens used in the experiments will have an effect on 
the NK cells ability to interact with the prints.  Moreover, investigations on how NK cell behavior 
is affected when the patterned antigens are exchanged with cytokines or chemokines would be 
of interest.  

In this study only one pattern was investigated and it would be of importance to establish if 
other pattern configurations with the same ink would generate different results. A clear 
relationship between pattern configuration and NK cell behavior is yet to be established. This 
study was conducted on a pattern with tail lengths 20, 35 and 50 µm in arrays. When the live cell 
imaging was examined it became clear that NK cells could only follow along patterns with short 
tail lengths, especially 20 µm. This is an incentive to perform another experiment on patterns 
with shorter tails. It should be noted that as a result of difficulties with limiting the occurrence of 
diffraction patterns on the silicon wafer as it was exposed to UV light, additional dissimilarities 
between the arrays of different tail lengths occurred. The pattern with tail length 20 µm became 
one solid line with super positioned drop heads, whereas the patterns with tail length 35 and 50 
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µm consisted of independent drop shaped patterns placed in a line. This feature might have 
caused NK cells to prefer the short tailed patterns.  

The patterns used in all experiments had the same direction, which reduces the results 
reliability. With all patterns sharing the same orientation there is a possibility that drifts in the 
reservoir overlap with the patterns direction and thus exaggerating migration speed. A pattern 
with alternating directions was designed but not used due to systematic imperfections in the 
master. A thorough investigation on why systematic failure occurs on alternating direction 
patterns is needed, as those patterns could be used to eliminate the impact of drift in the fluid 
during the experiments. Whether these systematic imperfections are a diffraction phenomenon 
during the UV light exposure, or if they occur during the etching is unclear. Since these 
imperfections were only experienced with one specific design it is possible that an alternative 
alternating directing pattern design would solve the problem. 

There is data in the live cell imaging that was not extracted due to the technical difficulties it 
implied. Future research would benefit from more rigorous tracking. Position, time and whether 
the NK cell was interacting with the print is sufficient information for some results, although the 
question of how migration speed differs from a NK cell directly over a print, to a NK cell 
interacting adjacent to the print, remains unanswered due to lack of data.   

To give the data collected from the live cell imaging more significance, a negative test should be 
introduced to the procedure. A negative test to the experiment with a pattern printed to 
promote migration could be to let NK cells from the same cell culture interact with a dot pattern 
with the same ink as in the experiment. This negative test would give verification to the printed 
patterns ability to induce NK cell migration. 

To gain more generality in the results NK-cells from more than one donor should be used in the 
experiments since humans has shown difference in their NK cell sets. Sorting and subsequent 
coloring of NK cell subpopulations could be used to establish if NK cell subpopulations behave 
differently.  
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Conclusion 
The objectives of this report were to create a high quality master and further, to create protein 
patterns that would stimulate directional NK cell migration. This has all been accomplished to 
various degrees. A high quality master was made, from which PDMS stamps could be created. 
Once a printing protocol was established reproducibility was achieved. 

Our results have proven that micro patterns of printed proteins can induce directional 
movement. It has also been established that NK cells prefer arrays with tail length comparable to 
the length of a NK cell, thus strengthening the hypothesis that patterns mimicking NK cell 
geometrics will encourage migration more than patterns with more abstract structure. Since 
most NK cells examined did not follow along the pattern for more than short distances there is 
however, a need for improvements before any applications are relevant. If the patterns could be 
improved to keep the NK cells migration along the direction of the pattern for long distances, it 
would be a big step towards isolating the fastest NK cells in a cell population, and hence bringing 
us closer to a treatment for fast spreading diseases.   
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