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Abstract 

Collagen is a long thin molecule and is the most abundant protein in our bodies. Collagen type I has a 

lot of uses in tissue engineering because of its excellent biocompatibility, biodegradability and weak 

antigenicity. Since the functioning of collagen is highly dependent on its macroscopic shape, it is 

important to be able to control its structure. One way to control the structure is by evaporating a 

droplet with a collagen solution, leaving a certain pattern. This is done here for various collagen 

concentrations for slow and fast evaporation. These evaporated droplets are then studied by using 

Polarized Light Microscopy (PLM) and Atomic Force Microscopy (AFM). Slowly evaporated droplets 

displayed a concentric ring pattern which got wider and clearer for higher collagen concentrations. 

Fast evaporated droplets displayed a radial pattern transitioning into a concentric ring pattern where 

the radial region was bigger for higher collagen concentrations. 

  



1 Introduction 

Collagen is a protein with long (300 nm) thin (1,5 nm diameter) molecules in a triple helix 

structure(figure 1) [1]. It is the most abundant protein in the human body and accounts for 25-30% of 

total vertebrate protein. There are at least 28 different kinds of collagen where collagen type I is the 

most common.    

    Collagen has various clinical uses such as applications in tissue engineering in skin replacement and 

bone substitution. Collagen type I is the most used since it can be extracted in large quantities, has 

excellent biocompatibility, biodegradability and weak antigenicity [2]. The ideal design of a scaffold 

for tissue engineering would be one with the structure of the target tissue in vivo, since the 

functioning of the tissue is dependent on its surface morphology. Cells cultured on scaffolds have a 

wide range of behaviors depending on its surface chemistry, geometry and topography [3]. Therefore 

it is important to be able to control the structure of collagen for use in tissue engineering. One way 

for accomplishing a certain structure is by 3D bioprinting, but that remains a difficult challenge due 

to several problems such as the low viscosity, solubility and processability of collagen solutions 

[4].That is why alternative techniques for controlling the structure of collagen are needed.     

    One of those techniques is using evaporating collagen droplets. The liquid in a droplet will 

evaporate, where the evaporation flux on the edges is higher than in the center, causing the solvent 

to flow outwards to compensate for the solvent loss near the pinned contact line [5]. This outward 

flow of the solvent will then cause the solved particle to go outwards too. These particles will then 

arrange themselves by Brownian motion if the time scale on which they arrange themselves is lower 

than the timescale on which particles arrive near the contact line [6]. Long particles such as colloidal 

rods will arrive at the contact line parallel to the flow, radially, and then arrange themselves parallel 

to the contact line, concentrically [7]. These formed patterns depend on several internal factors such 

as properties of the solved particles and external factors in the environment such as temperature 

and relative humidity [8]. 

    In this thesis we take a look at how the collagen concentration and the evaporation time of 

droplets influence the evaporation pattern formation. This will be done by letting droplets of various 

collagen concentrations evaporate on a slow and fast time scale, by controlling the relative humidity 

of the environment where the droplets evaporate. The patterns of the evaporated droplets are then 

looked at with Polarized Light Microscopy (PLM) to look at the anisotropy, Atomic Force Microscopy 

(AFM) to look at the topography and with a camera setup to look at the receding of the contact line 

in the time. This is all done to better understand the pattern formation of evaporating collagen 

droplets to be able to use it for clinical applications such as in tissue engineering. 

 

Figure 1: collagen and its triple helix structure (image taken from [9])  



2 Literature overview and theoretic background 

In order to better understand the pattern formation caused by evaporating collagen droplets, some 

background information will be treated here. First, there will be a qualitative analysis of the flow 

inside of an evaporating droplet to illustrate how the solvent and the collagen within the droplet 

move. Then a quantitative analysis is made to find out how different quantities influence the 

evaporation rate. Finally, past studies of evaporating collagen droplets will be looked at to see what 

results already exist and can be expanded on.  

2.1 Flow inside an evaporating droplet 

When a drop of coffee dries on a surface, a dense ring-like deposit can be seen along the perimeter. 

This is due to an outward flow of the coffee particles in the droplet towards the pinned contact line. 

This pinning of the contact line is initially caused by the substrate but after that the particles at the 

contact line will perpetuate the pinning. This pinning will occur until the contact angle of the droplet 

with the substrate reaches a critical value. Then, the contact line will get depinned and start to 

recede [10]. 

The existence of the outward flow can be explained by looking at how a droplet with a pinned 

contact line evaporates. In figure 2a it can be seen how a droplet evaporates if the contact line is not 

pinned. The evaporative flux 𝐽(𝑟) reduces the height ℎ(𝑟) at every point of the droplet which causes 

the shaded part to evaporate and the contact line to recede. However, if the contact line is pinned, 

the radius 𝑅 must stay the same and liquid needs to flow outwards, to prevent the receding of the 

contact line, as seen in figure 2b. This alters the height profile of the droplet and makes the droplet 

more flat. The complete flow profile can be seen in figure 2c, where the evaporative flux 𝐽(𝑟), 

volume difference 𝛥𝑉(𝑟) and the flow velocity  �̅�(𝑟) are illustrated.  

 

Figure 2: The flow profile inside of an evaporating droplet: a) The situation with a droplet without a pinned 

contact line where the grey area is the volume change and the arrow indicates the evolution of the contact line. 

b) In case of a pinned contact line liquid must flow outwards to compensate for the volume loss to keep the 

contact line fixed. c) The complete flow profile of a pinned droplet with radius 𝑅 and height ℎ, where the 

evaporative flux 𝐽(𝑟) and the flow velocity  �̅�(𝑟) at 𝑟 are illustrated with their respective arrows. The striped 

lines indicate the amount of volume lost 𝛥𝑉(𝑟) at different locations. (Image taken from [11]) 



2.2 Quantitative analysis of an evaporating droplet 

The evaporation rate, the volume change in time, of a pinned droplet can be described by the 

following equation, developed using a finite element model [12]: 

−𝑑𝑣/𝑑𝑡 = (𝜋𝑅𝐷/𝜌)(1 − 𝐻)𝑐𝑣(0.27𝛳2 + 1.30),   (1) 

where 𝑅 is the radius, 𝐷 the vapor diffusivity, 𝜌 the liquid density, 𝐻 the relative humidity, 𝑐𝑣the 

saturated vapor concentration and 𝛳 the contact angle. This equation holds for a droplet small 

enough that gravity has no influence and is therefore a spherical cap. The approximation in the last 

term involving the contact angle 𝛳 holds for 𝛳 between 0 and 90°. 

As can be seen the evaporation rate scales with the contact angle 𝛳. This means that the evaporation 

rate of a pinned droplet is the highest in the beginning where the contact angle is the biggest and is 

lowest at the point of depinning where the contact angle is small. 

    The evaporation rate does also scale with 1 minus the relative humidity 𝐻, so droplets evaporate 

slower in a more humid environment. This can be used to influence the evaporation time of a droplet. 

One way to slow down the evaporation is then to let the droplets evaporate in a closed box where 

due to the evaporated liquid of the droplets the relative humidity 𝐻 will increase and slow down the 

evaporation. By changing the size of the box and the amount of liquid in the box, the evaporation 

time can be varied in a relatively simple way. 

2.3 Past studies of evaporating collagen droplets 

There has already been some research done into the pattern formation of evaporating collagen 

droplets by Maeda [13],[14]. Maeda let collagen droplets evaporate on glass substrates and observed 

the resulting structures with polarizing light microscopy (PLM) and atomic force microscopy(AFM). 

These droplets had various collagen concentrations and evaporation times. He observed for low 

concentrations that collagen molecules were disoriented without forming ordered structures and 

that for concentrations >5mg/mL the collagen molecules form a concentric ring pattern, these 

concentric rings can be seen in figure 3. The width of these concentric rings increased with collagen 

concentration and towards the center of the droplet.  

 

Figure 3: PLM image of the center of a pattern formed by an evaporated droplet with a collagen concentration 

of 19 mg/mL.  (scale bar: 0.5mm) (Image taken from [13]) 

 



For lower evaporation times radial band patterns, as seen in figure 4, were observed instead of the 

concentric ring patterns. The width of these bands again increased with collagen concentration and 

towards the center of the droplet. Zooming in on these bands, it can be seen that these bands consist 

out of branches, which can be seen even better with an AFM. 

 

Figure 4: PLM (a and b) and AFM (c) images of an evaporated droplet with a collagen concentration of               

8 mg/mL. Zooming in makes it apparent that the radial band consists out of branches. The arrow indicates the 

same location on the droplet on every image. (scale bars: a) 0.5mm, b) 0.2mm and c) 15x15μm plane) (Images 

taken from [14]) 

Maeda also made a phase diagram to show which kind of patterns occur for different collagen 

concentrations and evaporation times (figure 5). The concentrations used ranged from 5 to 16 

mg/mL. For low evaporation times, only radial patterns were observed while for high evaporation 

times concentric patterns were seen. In the intermediate region both the radial and the concentric 

pattern could be seen with the transition line shifting inwards for lower evaporation times. There 

was also a region where no pattern could be seen below certain concentrations and from certain 

evaporation times, suggesting a minimum collagen concentration a minimum evaporation rate 

(dependent on collagen concentration) for pattern formation. 

 



 

Figure 5: Morphology diagram for concentric ring patterns and radial band patterns for different collagen 

concentrations and evaporation times. In region I radial patterns are observed, in region II there is a transition 

from the radial patterns to the concentric patterns and in region III concentric patterns are observed.  

In the shaded region no pattern was observed. (Symbols: Δ: radial pattern, O: radial pattern followed by a 

concentric pattern, : concentric pattern. indicates the upper limit of the shaded region.) (Image taken 

from [14]) 

Maeda had good results but he did not really gather knowledge about how these patterns where 

exactly formed. He wasn’t aware of the flow inside of and evaporating droplet that causes the 

pattern formation. There also were not many details about the experimental protocols he used and 

how he got these results. That is why in this report we try to understand more about the cause of 

these pattern formations by doing similar experiments to replicate his results. Furthermore, we look 

at the evolution of the contact line and link that information to the pattern formation of the 

evaporated collagen droplets. 

 

 

  



3 Experimental methods 

In this part we describe the experimental methods used. First, the experimental protocol of how 

collagen droplets with various collagen concentrations were evaporated in a box with an open lid and 

in a box with a closed lid is described. The purpose of these experiments was to investigate the 

influence of collagen concentration and the evaporation time on the pattern formation of the 

evaporated collagen droplets. Then the principles behind Polarized Light Microscopy (PLM) are 

explained. PLM is used to look at the anisotropy of the evaporated droplets, since collagen structures 

are hard to see with a regular microscope due to a lack of contrast. After that the principles behind 

Atomic Force Microscopy (AFM) are explained. AFM is used to look at topographic properties of the 

evaporated droplets on a nanometer scale, which cannot be done by the PLM. Then a camera setup 

is used to make side view recordings of the droplets while they are evaporating to look at the 

evolution of the contact line in the time. An important point of using this camera setup is that it 

makes it able to study the droplet during evaporation rather than after its evaporation. 

3.1 Protocol 

3.1.1 Preparation of the collagen solution 

The collagen solutions were made by first weighing the amount of collagen (calf skin, type 1, 

lyophilized, Elastin products) needed and then adding 0.5M acetic acid solution. Acetic acid solution 

is needed to avoid fibril formation of the collagen. Since collagen does not immediately dissolve, 

especially for higher concentrations, a vortex mixer was used to stir the collagen to make it dissolve 

better and faster. Then a centrifuge was used to get rid of the air bubbles that are caused by putting 

the solution in the vortex mixer. This resulted in a viscous transparent solution. When varying 

concentrations were made, the solutions with the highest concentration were made first and acetic 

acid solution was then added to dilute the solution. The collagen concentrations of the solutions 

were 20, 16, 12, 8, 4, 1, 0.1 and 0.01 mg/mL. These concentrations were chosen to be similar to the 

one Maeda used to be better be able to compare the results. The intervals were made so it would be 

easy to calculate how much acetic acid solution would be needed to dilute to the next concentration. 

3.1.2 Evaporating droplets 

Six droplets of 50μl per concentration were deposited on glass microscope slides. These slides laid on 

pipets in a box to make them easier to pick off after the droplets have evaporated. The box had a 

closed lid if a slower evaporation time was desired. These droplets were evaporated in ambient 

conditions where it took about 2 hours with the box without a lid and about 7 hours with the box 

with a closed lid. 

 

Figure 6: The experimental setup for droplet evaporation: the droplets are deposited on glass microscopic 

slides that lay on pipets in a box, where in this case the box is open.  



3.2 PLM 

A polarized light microscope(PLM) is a tool to look at specimen that have an optically anisotropic 

character. In order to see changes in anisotropy, a PLM is equipped with a polarizer and an analyzer, 

which is a second polarizer. The polarizer is placed between the light source and the sample and only 

lets light through that vibrate along its polarizing axis. The analyzer is placed in between the sample 

and the objective or camera and has a polarizing axis rotated 90 degrees to the axis of the polarizer, 

meaning all the light passing through the sample is blocked [15]. With an anisotropic sample 

however, light passing through the sample will be divided into two light waves due to birefringence. 

One is called the ordinary wave and travels through with the same velocity in every direction through 

the crystal while the other is called the extra ordinary wave and has a velocity that depends on the 

propagation direction through the crystal [16]. These wave fronts then are recombined at the 

analyzer with constructive and destructive interference to create an image [17].  The PLM that is 

used is the Zeiss Axio Observer Z1. 

 

Figure 7: Working principle of a PLM: first light gets linearly polarized before passing through a birefringent 

sample that divides the light into ordinary and extraordinary wave fronts, these wave fronts are then combined 

at the analyzer to make an image. (Image taken from [17]) 

 

3.3 AFM 

An atomic force microscope (AFM) is a tool that can be used to scan the topography of a surface with 

a resolution on the nanometer scale. A tip scans the surface by moving over the surface at a constant 

distance from it. A deflection of the tip indicates changes in the topography of the sample surface. 

This deflection can be measured with a laser that is reflected by the tip onto a quadrant position 

sensitive photodetector (PSPD). By recording the position of the laser on the PSPD an image can be 

created of the topography of the sample surface [18]. The AFM used is the Park XE-70. 



 

Figure 8: Working principle of an AFM: a laser is reflected via the tip onto a quadrant photodetector. (Image 

taken from [18]) 

 

3.4 Camera setup 

A camera setup was used to make videos of the side view of the evaporating droplets. This was done 

to look at the evolution of the contact line for different times. The droplets are put onto a 

microscopic slide that is pinched on a stage. There is light coming red high power LEDs from behind 

the stage, with a diffuser plate inbetween, so the droplet can be seen on the camera(Basler ace 

aca1600-60gc) with a 2x, 40mm telecentric lens (Edmund optics) and a frame rate of 29 fps. The 

camera can be moved in 3 directions by turning the knobs. 

 

Figure 9: A camera setup to make recording of the evaporating droplets. There is a light source with red light 

behind a diffuser plate to make the droplet visible and a camera (Basler ace aca1600-60gc) with a telecentric 

lens (Edmund optics) to capture it. The camera can be moved in 3 directions to have a good view of the 

evaporating droplet. 

 



4. Results 

In this section all the results gained from the experiments with evaporating droplets are shown. 

Every time six droplets of the same conditions were evaporated. In general the pattern formation of 

those six droplets was similar so the results are reproducible. First the evaporation time is varied 

where distinction is made between slow and fast evaporation. Then for both slow and fast 

evaporation, the concentration of the collagen solution is varied. Then the pattern formation of the 

fast evaporated droplets is looked upon further by analyzing the transition radius from a radial to a 

concentric pattern. Finally, AFM is used to look at the topography of the evaporated droplets on a 

smaller scale. 

4.1 Variation in evaporation time 

Collagen droplets with a concentration of 10 mg/mL were evaporated in a box with a lid and a box 

without a lid. This was done to study the influence of the evaporation time of the droplet on the 

pattern formation. The droplets that evaporated in the box with a lid had an evaporation time of 

about 7 hours, we will call this slow evaporation. The droplets that evaporated in the box without a 

lid had an evaporation time of about 2 hours, we will call this fast evaporation. Images made with the 

PLM of a slowly and fast evaporated droplet can be seen in figure 10. The slowly evaporated droplets 

had a concentric ring pattern while fast evaporated droplets had a radial pattern near the edge that 

transitioned into a concentric pattern.  

   

 

Figure 10: PLM images of an evaporated droplet with collagen concentration of 10 mg/mL: a) Evaporated in a 

box with a lid, a concentric pattern can be seen. b) Evaporated in a box without a lid, a radial pattern 

transitioning into a concentric pattern can be seen. 

 

  



4.2 Variation in collagen concentration for slow evaporation 

Droplets with various collagen concentrations were evaporated in a box with a closed lid to study the 

influence of the collagen concentration on the pattern formation of slowly evaporating droplets. 

Some PLM images of the evaporated droplets can be seen in figure 11. In figure 11a, for the highest 

concentration of 20 mg/mL, it can be seen that there is a pattern consisting of multiple radial bands 

near the edge transitioning into a concentric ring pattern. The concentric rings get more clear and 

wider towards the center of the droplet. For droplets with a lower concentration, the radial band 

disappears and the concentric rings get less clear until barely any pattern formation can be seen for a 

concentration of 4 mg/mL, in figure 11b. For concentrations below that, there is so little collagen that 

the droplet barely can be seen.  

 

Figure 11: PLM images of evaporated collagen droplets a) Concentration: 20mg/mL. A radial pattern 

transitioning into concentric rings getting more clear and wider towards the droplet center. b) Concentration: 

12 mg/mL. Concentric rings near the droplet center. c) Concentration: 4mg/mL. Barely any pattern formation. 

  



4.3 Variation in collagen concentration for fast evaporation  

4.3.1 PLM images 

Droplets with various collagen concentrations were evaporated in a box without a lid to study the 

influence of the collagen concentration on the pattern formation of fast evaporating droplets. Some 

PLM images of the evaporated droplets can be seen in figure 12. For the highest concentration of 20 

mg/mL, thick radial bands can be seen until about halfway of the radius of the droplet. These radial 

bands are more clear towards the contact line. For lower concentrations the radial band transitions 

to a concentric ring pattern and the region with a radial pattern is smaller. Then for an even lower 

concentration of 1 mg/mL, the radial bands are barely visible and there is mostly a concentric ring 

pattern. In both cases the concentric ring pattern is more defined towards the center. For 

concentrations below 1 mg/mL, barely any structure could be seen. Contrary to the slowly 

evaporated droplets of figure 11, these droplets all show a radial pattern. Also in general the PLM 

images of fast evaporation seem to show a lot clearer patterns.  

 

Figure 12: PLM images of evaporated collagen droplets a) Concentration: 20 mg/mL. A radial pattern 

continuing until about halfway the radius of the droplet. b) Concentration: 8 mg/mL. A smaller radial 

pattern region transitioning into a concentric ring pattern. c) Concentration: 1 mg/mL. A small radial 

pattern region that transitions into a concentric ring pattern. 

 

  



4.3.2 Transition from radial to concentric pattern 

We have seen that the transition radius from a radial band pattern to a concentric ring pattern goes 

inwards for higher concentration. It is interesting to take a look at how this transition radius, which 

we will call 𝑅_𝑐𝑟𝑖𝑡, exactly varies for different collagen concentrations. That is why in figure 13, a plot 

is made of the width of the radial region, so 1 − 𝑅_𝑐𝑟𝑖𝑡, compared to the radius 𝑅0 versus different 

collagen concentrations. It seems like indeed the width of the radial region increases with a higher 

collagen concentration. Especially in the lower concentration regime, a change of concentration 

seems to have a big impact on the length of the radial region in the droplet. 

 

Figure 13:  (1-R_crit)/R0 (the length of the radial region compared to the radius of the droplet) for droplets with 

different collagen concentrations. (1-R_crit)/R0 increases with the collagen concentration, especially for lower 

concentrations. The error bars are determined by adding the uncertainty of determination of the radius of the 

droplet and the uncertainty in the determination of the length of the radial region corrected for the number of 

droplets measured per concentration. 

 

 

 

 

 

 



4.3.3 Radius vs time 

A snapshot of the side view of two evaporating droplets with a collagen concentration of 12 mg/mL 

was made every few minutes to study the evolution of the contact line of the droplet versus the time. 

This is done to look at how the location of the contact line at different times compares to the 

different patterns seen in the PLM images.  

In figure 15 the dimensionless radius of the two droplets 𝑅/𝑅0 is plotted against the dimensionless 

time 𝑡/𝑡𝐷, where the first droplet is in black and the second droplet is in red. The radius is made 

dimensionless using the radius at the start 𝑅0 and the time is made dimensionless using the diffusion 

coefficient from water to air 𝐷 and 𝑅0 with: 

𝑡𝐷 = 𝐷/𝑅02.      (2) 

𝑅0 is determined by counting the pixels in the horizontal direction between the center(yellow arrow) 

and the contact line(blue arrow) of the droplet. These pixels are then converted into mm. This can be 

seen for the second droplet(red squares in figure 15) in figure 14. 

 

Figure 14: Determination of the initial droplet radius 𝑅0 by counting the pixels in the horizontal direction 

between the center(yellow arrow) and the contact line(blue arrow) of the droplet. 

 

It can be seen in figure 15 that the droplet initially spreads out a bit because the viscosity of the 

collagen solution causes the droplet to not spread out immediately but rather slowly. After that the 

contact line is pinned and the radius stays relatively the same. Around halfway of the total 

evaporation time, the droplet radius starts to shrink more indicating that the contact line is unpinned. 

This is also the point where the droplet radius reaches the transition radius 𝑅_𝑐𝑟𝑖𝑡, where the 

droplet pattern transitions from a radial pattern to a concentric pattern. The radial region is formed 

until some time after depinning, in the region where the evaporation rate is the highest.  



 

Figure 15: The dimensionless radius of  𝑅/𝑅0 plotted against the dimensionless time 𝑡/𝑡𝐷 with the black and 

red squares corresponding to the first and second evaporated droplet respectively. The radius initially increases 

and then stays relatively the same due to contact line pinning. After around the halfway point the radius 

shrinks indicating unpinning of the contact line. The error bars are determined by adding the uncertainty of 

determination of the center of the droplet and the uncertainty of determination of the contact line.  



4.4 AFM images 

Collagen droplets with a concentration of 20 mg/mL were looked at with the AFM. The AFM makes it 

possible to look at the topographic properties of the droplet on a small scale. A problem with the 

AFM however is that the location of the scanned region on the droplet isn’t exactly known. That is 

why here the indicated locations of the AFM scans are estimations rather than the precise locations. 

4.4.1 Closed lid 

There are AFM images made in the concentric region and the radial region of the evaporated droplet. 

The image in the concentric region shows some height differences but there doesn’t seem to be a 

clear ring pattern. The facts that there are some height differences indicate there is some structure 

present but it looks considerably different than a similar region on the PLM image. The image in the 

radial region looks a lot closer to a similar region in the PLM image and there are clear radial bands 

visible. 

 

Figure 16: PLM (a and b) and AFM (c and d) images of an evaporated droplet with a collagen concentration of  

20 mg/mL. c) The green concentric region indicated in figure 14b. There is some structure visible but no clear 

concentric ring structure. d) The yellow radial region indicated in figure 14b. The radial bands are clearly visible. 

  



4.4.2 Open lid 

Here the AFM image in the concentric region captures something that looks like a concentric ring. 

Looking at the PLM image however, more than one concentric ring is expected to be seen so the 

topography doesn’t exactly match a similar region in the PLM image. The AFM image of the radial 

region is a lot clearer and seems smoother than then image of the droplet in the closed lid. The 

amount of radial bands seems to match a similar region in the PLM image. 

 

Figure 17: PLM(a and b) and AFM(c and d) images of an evaporated droplet with a collagen concentration of  20 

mg/mL. c) The green concentric region indicated in figure 15b. There seem to be a concentric ring visible but it 

still doesn’t match a similar the region indicated in figure 15b. d) The yellow radial region indicated in figure b. 

The radial bands are clearly visible and match the region indicated in figure b. 

 



5 Discussion  

In the first experiment the difference between fast and slowly evaporating droplets was studied. The 

slowly evaporating droplets had a concentric pattern except for the highest concentration where 

there was a radial pattern transitioning into a concentric pattern. The fast evaporating droplets all 

had a radial pattern that transitioned into a concentric pattern. These results are filled in the phase 

diagram of Maeda in figure 18. It appears that the results gained here are shifted downwards 

compared to the results gained by Maeda, in other words the same results are gained but for a 

longer evaporation time. This is especially apparent for the fast evaporation time of 2 hours where 

here a transition between a radial and concentric pattern is observed while for Maeda similar 

patterns occur at an evaporation time of around 1 hour. 

 
Figure 18: Phase diagram of Maeda with the result of this thesis filled in with red: O: radial pattern followed by 

a concentric pattern, : concentric pattern. 

 

    Then the difference between collagen concentrations of droplets was studied for slow evaporation. 

The fact that the concentric rings got more clear and wider towards the center and with higher 

concentrations agrees with the results obtained by Maeda but the radial pattern for the higher 

concentrations where an unexpected result. For the droplets that had a lower concentration than 

shown on the phase diagram, barely any pattern could be seen. 



    Compared to the droplets with slow evaporation, the faster evaporated droplets had a lot clearer 

pattern formation. The increase of the width of the radial band region, so the transition line from 

radial to concentric region going inwards, for increasing concentration was a new discovery that was 

not yet described by Maeda. This radial region also seemed to correspond with the radius at the 

halfway point of the evaporation time. This is just after depinning suggesting that the radial region is 

formed during the initial pinning and in a short period after. This is because the evaporation rate is 

the highest in the beginning where the contact angle is bigger and a radial band pattern corresponds 

with fast evaporation: for fast evaporation collagen molecules do not have enough time to arrange 

themselves concentrically along the contact line before new collagen molecules arrive, creating a 

radial pattern [7]. 

    Then for the AFM images, the concentric region was not captured very nicely and was a bit 

different than expected. Although there were some height differences visible, the topography did not 

look like parts of concentric rings like with the AFM images of Maeda. The scans of the radial region 

however gave much better results and looked like what you would expect based on the PLM images. 

The radial region has a lot more defined pattern formation than the concentric region, where the 

radial bands are a lot more apparent and clear to see compared to the concentric rings. This is also 

true for the PLM images, although the differences aren’t as drastic there.  

    Where most gained results where expected and explainable, some results where different 

compared to results gained with similar experiments from Maeda. One of the most important causes 

could be the difference in the used collagen. Maeda used dissolving purified proctase-solubilized 

collagen (90% type I and 10% type III) from steer skin (Nippi. Co. Ltd.) while here lyophilized collagen 

(100% type I) from calf skin (Elastin products) was used. In earlier experiments I used lyophilized 

collagen (100% type I) from calf skin from Sigma Aldrich where barely any pattern formation could be 

seen(figure 19). As can be seen, different types and brands of collagen produce different results. 

 

Figure 19: An evaporated droplet with a collagen concentration of 10mg/mL in a box with an open lid using 

collagen from Sigma Aldrich instead of Elastin products. 

 

 

 



6 Conclusion and recommendations for future work 

In this report the influence of the collagen concentration and the evaporation time on the pattern 

formation of an evaporated collagen droplet was studied. The influence of the evaporation time was 

evident, where a concentric pattern could be seen for droplets with a long evaporation time and a 

radial pattern transitioning into a concentric pattern could be seen for a short evaporation time. For 

the droplets with a long evaporation time, an increase in concentration was coupled with an increase 

in the clarity and width of the concentric rings. For the droplets with a short evaporation time, an 

increase in concentration made the transition line from a radial to a concentric pattern go inwards. In 

conclusion, the influence of the evaporation time is the type of pattern that is formed, radial, 

concentric or both, where the collagen concentration influences the finer details of these patterns 

such as the length, width and clarity of the pattern structures. 

Some recommendations for further studies on this subject would be looking at the influence of the 

volume of the droplet on pattern formation or how different solvents would alter the pattern 

formation. Another interesting thing is looking at the substrate where the droplet is evaporated on 

since the substrate can have different topological and geometric properties which could alter the 

pattern formation of the droplet. For more physical information behind the pattern formation, more 

research should be done of the droplet during evaporation. Looking at the contact line and angle and 

the evaporative flux during evaporation makes it possible to understand how different collagen 

patterns are formed. There is still a lot of research to be done into collagen droplets and it will be 

interesting to see how various different parameters can alter the pattern formation. The information 

gained here is a step into the goal of making organized collagen structures to for clinical applications 

such as tissue engineering. 
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Reflectie 

De afgelopen maanden heb ik aan mijn bachelor eindproject gewerkt. Het was een leerzame ervaring 

en heel anders dan het volgen van vakken, wat ik tot nu toe heb gedaan voor mijn bachelor. Dit 

omdat er geen voorgekauwde structuur is om te volgen en omdat ik heel de tijd met één onderwerp 

bezig ben. Het vergt een boel zelfstandigheid en dat heb ik ook geleerd.  

Wat ik aan het begin moeilijk vond was het opstellen van een onderzoeksplan. Ik wist dat ik 

onderzoek ging doen naar de verdamping van collageendruppels maar moest eerst bepalen wát ik 

precies daaraan wilde onderzoeken. Uiteindelijk had ik toen gekozen om de concentratie, 

verdampingstijd en grootte van de druppels te veranderen omdat dat redelijk gaat en ik verwachtte 

dat het verschillend resultaat zou opleveren. Jammer genoeg had ik echter geen tijd om onderzoek 

naar de invloed van de grootte van de druppel op de patroonvorming. 

Het zoeken naar literatuur vond ik aan het begin ook lastig. Na de meest algemene literatuur over de 

verdamping van druppels te hebben gelezen moest ik zoeken naar wat relevant was voor de 

verdamping van collageen druppels. Aangezien er niet veel literatuur was over collageendruppels 

moest ik informatie van vergelijkbare situaties gebruiken. 

De experimenten zelf liepen aan het begin ook niet helemaal goed. Het collageen wat ik gebruikte 

bleek niet goed resultaat te geven en er moest worden gezocht naar een manier om wel goed 

resultaat te krijgen. Dit was ook nog redelijk lastig want er waren verschillende variabelen die invloed 

konden hebben op wel of geen resultaat en daar moest mee gespeeld worden om mooie 

patroonvorming te kunnen krijgen. Hier heb ik geleerd dat experimenten niet altijd gaan zoals je 

verwacht en hoe je stap voor stap kan toewerken naar een experiment waar de resultaten wel zijn 

zoals verwacht. 

Na de experimenten had ik veel resultaten waar ik op dat moment nog niet precies wist hoe ik het 

wilde gebruiken. Ik heb teruggegrepen naar de onderzoeksvraag en daarom heen bepaald wat ik 

wilde vertellen en hoe ik de resultaten wilde presenteren. Uiteindelijk ben ik redelijk tevreden over 

de volgorde en vorm waarin ik mijn resultaten presenteer en heb nu een beetje een inzicht gekregen 

in het verwerken van resultaten van een experiment. 

Al met al was deze BEP een leerzame en leuke ervaring waarin ik veel ben gegroeid. Het ging alemaal 

niet zo soepel als vooraf gedacht maar uiteindelijk ben ik blij met de resultaten. De lessen die ik de 

afgelopen maanden heb geleerd zullen goed van toepassing komen in een volgend onderzoek. Ook 

ben ik blij met de begeleiding die ik heb gekregen en wil daarvoor Hanneke, Jasper en Terry 

bedanken. 


