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Abstract
This study investigates and troubleshoots various factors involved in the generation of collagenbased particles, such as volume of solution, temperature, and incubation time for the purposes of
a potential colorectal cancer targeting drug vehicle. The particles were generated via loading into
a gel mold and show a 20-200 fold decrease in size compared to those created only under
chemical means.
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Introduction
Colorectal cancer is the 3rd leading cause of death in the United States, causing an
estimated 50,000 deaths per year1. Colorectal cancer cells have upregulated levels of a class of
enzymes called Matrix Metalloproteinases, or MMPs. The degree of gene activation of certain
MMPs has been correlated to the severity of cancer; specifically, MMP-1, -3, -5, -7, -9, and -13.
An increased level of these MMPs has been correlated with increased cancer proliferation,
migration and survival2. Of note is that MMP-7 is found to be upregulated in over 80% of
colorectal cancers3 through all stages. MMP-7 is responsible for the degradation of multiple
forms of collagen, a key component in the extracellular matrix, or ECM. The ECM is used by
cells for structure, support, intercellular communication and as a method of separating tissues.
Destruction of the extracellular matrix by MMPs has been shown to increase the likelihood of a
tumor becoming metastatic4, lowering one’s life expectancy.
The purpose of this project was to assist in developing an economically viable manner of
generating a drug vehicle that can specifically target colorectal cancer cells, thus avoiding the
typical negative health effects associated with chemotherapy. The idea is to use a drug vehicle
made of collagen as a method of targeting. The collagen vehicle will be selectively degraded by
the enhanced MMP profile of the cancer cells, ensuring that less systemic toxic effects occur.
The collagen particles are to be synthesized and shaped so as to display size uniformity. Size
uniformity is important for a drug as it will affect its bioavailability, aggregation properties and
its relative dose10. Also, it is a requirement for it to pass FDA testing5. The drug must be small
enough to travel through the bloodstream, simple to make and be able to be collected easily. The
three goals of this project were to generate PDMS gel mold features at the micron level, achieve
a high rate of extraction of the collagen particles, and determine the lifetime of a gel mold.
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Methodology
Two polydimethylsiloxane (PDMS) gel molds were used for the shaping of the features
described in this paper. The PDMS gel molds were generated following the protocol detailed by
Tufts University7. To make them, a silicon wafer with the desired feature patterns and sizes was
provided by Dr. Nathaniel Cady to use as a master mold. 10 grams of silanizing agent were
added to 100 grams of PDMS and mixed well. The solution was then degassed through use of
vacuum pressure for 30 minutes to remove air bubbles from the reaction. The degassed solution
was then poured onto the wafer, smoothed using a pipette, and baked for 1 hour at 70 °C. After
crosslinking, the gel mold was cut using a razor and pulled off of the silicon wafer. The PDMS
gel molds were exposed to oxygen plasma for 15 seconds to functionalize their hydrophobic
surfaces and make them more hydrophilic. They were then stored in square petri dishes until
used. Individual elements were cut from the gel mold as needed. Shown in figures 1 and 2 below
are scanning electron microscope images of the PDMS gel mold features.

A

150x B

500x

Figure 1: A) Type 1 Mold Pattern #1. B) Type 1 Mold Pattern #2
Type 1 Pattern 1 (T1P1) Mold Features consisted of a block of 32 patterns. These
patterns varied in size from 5 µm to 500 nm, and were composed by variety of lines, pillars,
5

wells and geometric shapes. Additional information about each of the 32 patterns can be found in
supplementary information A. T1P2 features were rectangular pillars.

A

10000x

300x

Figure 2 A) Type 2 Mold Pattern #1 B) Type 2 Mold Pattern #2
T2P1 features consisted of a 2,500 x 2,500 array of 2.5 um pillars; each even row was
staggered from the odd ones, forming a zigzag pattern. This was the feature used extensively in
the project for the generation of collagen particles. T2P2 was a crest with the college’s
department found underneath it. The crest was found under the peaks of the wave pattern that ran
along parallel sides of the main feature.
Collagen solution was made by diluting 20 µL of stock bovine collagen solution with
2980 µL of PBS. The mixture was spun for 5 minutes and incubated at 37°C for 20 minutes and
repeated three times. This step was also completed prior to loading of collagen solution.
Collagen particles were made by using a glass slide or silicon wafer piece, placing 5 µL
of solution if using a block of 6 T1 molds or 10 µL if using a single T2 mold, onto the glass slide
then incubating them in a covered petri dish at 37°C for two hours. The glass slides were used as
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a substrate if the sample was to undergo optical imaging, and silicon wafers if the sample was to
undergo SEM imaging.
Analysis of gel mold lifetime was done with ImageJ software. Images were taken using
optical microscopy at 20x. Afterwards, the software’s threshold function was used to turn the
image into a binary format. By manipulating the threshold limits, only the pillars would appear
black, while the background would appear white. Then, the pillars could be counted using
ImageJ’s built in cell counter function. The numbers were corrected by taking an image of just
the light source to account for any variation in brightness intensity or dust on the camera lens
system.
XPS imaging was done for confirmation of collagen particles on a Hitachi TM3000
tabletop SEM microscope. Images were taken in the range of 1000 – 4000x magnification, at an
electron beam power of 15Kev and angle of incidence of approximately 90 degrees. Images were
considered taken after a total of 20 raster cycles. Elements of interest were Silicon, as a measure
of background; Carbon, Oxygen, Nitrogen for their abundance in organic material such as
collagen, and the elements Sodium, and Chlorine for their abundance in the composition of PBS
solution. Ideally, maps could be formed from the background with silicon, collagen with the
carbon, nitrogen and oxygen, and salts could be identified with sodium and chlorine.

Troubleshooting
Multiple factors were analyzed to determine ideal conditions for the generation of
collagen particles, including volume of solution used, length of incubation, and method of
generation. Experiments were also done to see the effects of incubation at different temperatures
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and the difference between chemically synthesized collagen and that of the molded particles.
Lastly, the PDMS gel mold was imaged to determine its resolution limits.
Using more than 25 µL of collagen solution will negatively impact the formation of
collagen particles. Rather than forming larger individual particles, they will pull tend to
agglomerate into much larger bundles, oftentimes paired with large salt crystals as the PBS dries
out. This can be seen in figure 3. Additionally, it should be noted that excess solution will pool at
the edges of the features, leading to large salt crystal formations along the perimeter of the
sample. In severe cases, the salt may creep into the features and cause portions of the sides to
lose functionality in formation of particles.

A

40x B

40x C

4x

Figure 3: A) 5 µL of collagen solution in mold leads to excellent feature deposition. B)
Slight overloading of collagen solution at 25 µL. Collagen agglomerates are visible, sticking
out from the array of particles. C) Major overloading of collagen at 100 µL; collagen and
salt agglomerates dominate.
Early experiments were left to incubate overnight at 37°C. This has proven to be a
mistake, as the ideal incubation time has proven to be 2 hours, with additional time beginning to
warp and disrupt the generated features. This can be clearly seen in Figure 4. Incubation for 1
hour leads to poor liftoff of features, with much of the collagen still in solution and forming
agglomerations. Very little can be seen that adheres to the glass slide. 2 hours of incubation in a
covered dish has shown the best features thus far, with the collagen particles coming out circular
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and intact. Lastly, 3 hours of incubation has shown a reduced proportion of large collagen
agglomerates, but the generated features are no longer circular as designed but instead will be
crescent-shaped. Further work will need to be done to find the incubation sweet spot for best
results.

A

40x B

40x C

40x

Figure 4: A) 1 hr incubation. B) 2 hrs incubation. C) 3 hrs incubation.
Troubleshooting the liftoff was one of the more difficult tasks. If the collagen particles
would be attached to the mold too tightly, there would be no usable product. Collagen is one of
the principle structural components of adhesives such as glue, giving it much of its strength. The
first method used was to liftoff the collagen using the same method first described for single
layers of graphene; tape. The process could be described as overaggressive, as the tape would lift
off the top layer of material indiscriminately, damaging the gel mold. Additionally, it was
difficult to work with; often sticking to itself and picking up airborne particles at a high rate. The
idea was scrapped and replaced with one that relied on the inherent chemical properties of the
substrate, the mold, and the collagen solution. PDMS is inherently hydrophobic; the methyl
groups are nonpolar. This can be modified to an extent with surface treatment of oxygen plasma,
replacing the methyl groups with hydroxide groups instead. Collagen is a biologic material, and
thus is inherently hydrophilic. A hydrophilic substrate would then be ideal as an interface as once
the collagen has been molded it will want to stick to the substrate rather than the mold. The
breakthrough occurred when I was testing the hydrophobicity of the PDMS with a droplet test by
9

measuring its angle. Noting that a few of the droplets that had come off of the PDMS were
spreading out more onto a glass slide; I tested incubating the mold and glass together and found
that the collagen would adhere to the glass slide with minimal damage to the mold itself.
Incubating collagen at different temperatures will affect the morphology of generated
particles. The hydration of the particles themselves is also a key factor. Collagen solution kept at
room temperature (25°C) will not form any particles. Even after 24 hours; it was found that there
was nothing precipitating out of the solution, except salt from dehydration. On the other hand, it
was found that if the collagen is incubated at body temperature (37°C), the collagen will form
scattered bundles, thin strings, circular agglomerates or very small microspheres, depending on
the conditions. Examples of these morphologies are shown below in Figure 5. This unusual quirk
has been noted in the literature; collagen particles formed will range from approximately 50 to
500 µm in size12, and vary in shape and length depending on the methods used.
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A

C

10x B

10x D

10x

10x

Figure 5: A) Scattered collagen bundles. B) Collagen forming fibers. C)
Collagen in large agglomerates. D) Collagen forming microspheres.
Generated collagen particles formed via the molding method are 1-2 orders of magnitude
smaller than the chemically synthesized ones. The difference between a single chemically
synthesized particle can be seen against a gel mold generated one in figure 6. These particles are
on average 2.5±0.5 µm in size, making them viable as a potential drug delivery method through
the bloodstream, which can be as narrow as 8 µm in the capillaries. Even smaller sizes may be
possible, as PDMS has been shown to be able to generate features as small as 50 nm in size9,
showing that the technique can be further refined for future work.
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1000x

1500x B

A

Figure 6: A) Chemically synthesized particle. B) Gel mold generated particles, middle.

A

C

2000x B

4000x

10000x D

4000x

Figure 7: A-D) Lines of Width 2.5, 2, 1, and 0.5 µm respectively
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The PDMS gel was found to be stable down to approximately the 500 nm. The lines shown in
figure 8 demonstrate this, with the lines beginning to warp and touch each other in 7-D. It is
unclear whether this is due to the gel losing too much strength or if the aspect ratio of the lines is
too high; I was unable to gather information on the relative heights of any features. However,
this trend was seen in multiple other pattern sets. Features would be seen of variable depth and
other patterns of square pillars took on a cobblestone appearance as the blocks began to merge
into one another. Examples would be seen in Features 25-32 in supplementary information A.

Results

4000x

Figure 8) SEM image of gel mold particles
The target of micron-sized collagen particles was achieved. The generated particles using
a T2P1 mold are shown in Figure 8 at approximately 2.5 ±0.5 µm in size. Confirmation was
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done using XPS, shown in supplementary information B. A more comprehensive measure of the
collagen vehicle size and population variance could be done using dynamic light scattering. A
flow cytometer could be used to more accurately determine the yield of the method.

10x

Figure 9: Generated Collagen particles at 10x
Generated collagen features could occur, but at a very low success rate. The success
varied from 1-5%, and what was seen was that most of the features generated were salt, not
collagen. In figure 9 above, the black dots correspond to collagen particles, which compose
approximately 10% of the features seen above. The light grey dots, which make up the majority
of features, correspond to salt. This can be seen in supplementary information C. I do not
currently understand why, but there is a tendency for collagen features to cluster together into
pockets with high success rate, while much of the remaining areas have negligible success.
Another example of this can be seen in figure 6-B, in which the collagen is sandwiched between
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salt (left) and a chunk of PDMS mold (right). The target of 50% or higher generation of features
was not reached.
The PDMS gel mold was found to be highly resilient, but also very prone to contamination.

Normalized Feature
Functionality

Degradation of Gel through use
100.00%
80.00%
60.00%
40.00%
20.00%
0.00%
0
y = -0.0564x + 0.9772
R² = 0.901

1

2

3

Number of Runs

Figure 10: Degradation of the PDMS gel mold through use
PDMS gel imprinting and loading through this method is very sensitive to surface
contamination on either substrate. Figure 10 showcases this; the gel loses 5.4% of its functional
area every use. Following the prediction curve, one can extrapolate that a gel will lose 50% of its
functionality in only 10 uses. The loss of features was generally due to dust that had fallen on the
glass slide or the gel mold, not due to damage to the gel’s features. While basic, a general
lifetime of gel mold was modeled, and thus the third target was reached. The data for this
experiment is shown in supplementary information D.
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Conclusions
The gel mold method of generating particles is possible as shown through this proof of
concept work. Two of the three goals stated were reached during the length of this project. The
areas that will need improvement in the future for this to become a commercially viable process
are primarily concerned with the loading and lift off; collagen currently competes with salts
during incubation for spaces within the wells and on pillars. The majority of particles generated
being composed of salts from the PBS solution, not collagen. These salts can be removed by
washing the glass slide. The removal of the collagen particles into a storage fluid or other
medium from the secondary substrate has not yet been explored. Possible solutions would be a
chemical rinse or scraping them off using a razor. In short, the next group that will work on this
project will need to experiment with the surface chemistries involved in loading and unloading in
order to bring up the yield of the process.
The work of my partner, Jeff Richards, will also need to be incorporated into this method.
Using collagen particles as a drug delivery system is dependent on the encapsulation of the drug
payload into the vehicle. His work was focused on generating a protocol for the loading of green
fluorescent protein (GFP) into a collagen vehicle system. Additional troubleshooting may be
necessary as the two collagen solutions are different from each other.
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Study Limitations and Recommendations for Future Research
The PDMS molds are still poorly characterized. While the general size of features as well
as whether they form pillars or wells are known, their respective heights and depths are not. I
was unable to be trained in time for a technique that could be used to elucidate this information,
such as AFM or a more sophisticated microscope, such as a FIB. Another concern with the
PDMS molds is that they are effectively the size limiter for the generation of collagen particles.
The highest possible resolution shown in the literature is 50 nm, and issues are already being
seen at 500 nm. Should the vehicle need to be in this range of 50-500nm, PDMS needs to be
strengthened. A new master mold will also need to be generated with features within this size
range. Additionally, some work can still be done in finding a more exact incubation time with an
experiment centered at 2 hours and generating data points at 15 minute intervals around this time
point. Working with less collagen solution per mold also is worth exploring.
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Supplementary Information
A) The following patterns within the T1P1 block are referred to in the following order:

1

8

9

16

17

24

25

32

Patterns 7 and 8 are in the top-right corner, and are blank. The images shown were done
by me by imaging the gel mold, the information on whether they are wells or pillars was
taken by grad student Vishal Desai using the graduate microscope by imaging the
original master wafer. The information shown here has been reverse to correspond with
the PDMS mold. Patterns 5 and 6 were not taken by Desai, so their orientation is
unknown.
Pillar
Features are
approximately
2.5 um in size

1)

19

Well
Features are
approximately
2.5 um in size

2)
Pillar
Features are
approximately
2 um in size

3)
Pillar
Features are
approximately
2 um in size

4)
20

?
Features are
approximately
2.5 um in size

5)
?
Features are
approximately
10 um in
length and 2.5
um in width

6)
N/A

7)
21

N/A

8)
Pillar
Features are
approximately
1.5 um in size

9)
Well
Features are
approximately
1.5 um in
size.

10)
22

Pillars
Features are
approximately
1 um in size

11)
Wells
Features are
approximately
1 um in size

12)
Well
Features are
approximately
1 um in size

13)
23

Pillars
Features are
approximately
6 um in length
and 1.5 um in
width.

14)
Pillars
Features are
approximately
0.75 um in
size

15)
Wells
Features are
approximately
0.75 um in
size.
PDMS is
beginning to
mechanically
fail.

16)
24

Pillars
Features are
0.75 um in
size

17)
Wells
Features are
approximately
0.75 um in
size

18)
Pillars
Features are
approximately
0.5 um in
size.

19)
25

Wells
Features are
approximately
0.5 um in
size.

20)
Wells
Features are
approximately
1 um in size.

21)
Pillars
Features are
approximately
6 um in
length, 1.2 um
in width.

22)
26

Pillars
Unknown
what the
original
pattern was,
cannot
determine
size. Tree
bark like
appearance.

23)
Wells
Larger wells
are
approximately
0.5x0.25 um,
smaller wells
x 0.25x0.25
um.

24)
Pillars
Features in
0.25 um in
size. Some
failure can be
seen as pillars
pair together.

25)
27

Wells
0.25 um in
size.

26)
Pillars

27)

Unknown
feature size
due to large
scale
irregularities
in pillar
placement and
formation. It
is believed to
be an array of
1 um pillars in
a staggered
format.
Wells
Features are
approximately
0.25 um in
size. Irregular
depths can be
seen.

28)
28

Pillars

29)

Features are
approximately
0.5 um in
size. Walls
can be seen
failing and
running into
one another.
Additionally,
there is
variation in
the thickness
of walls.
Pillars
Features are
approximately
6 um long and
0.75 um wide.

30)
Pillars
Features are
approximately
1 um size.

31)
29

Wells
Features are
approximately
1 um in size.

32)

B) XPS confirmation of Collagen Particles in Figure 6
The images shown correspond with a carbon maps for 6-a and 6-b, respectively.

XPS was done at 1500 and 4000x respectively, at 15Kev on a Hitachi TM3000
tabletop SEM. Mapping was done for a total of 20 cycles using Si, C, N, O, Na, and
CL as elements of interest. The angle of incidence is assumed to be approximately 90
degrees.
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C) 4000x SEM image and corresponding XPS confirmation of Sodium formations.

XPS was done at 4000x magnification at 15Kev on a Hitachi TM3000 tabletop
SEM. Mapping was done for a total of 20 cycles using Si, C, N, O, Na, and CL as
elements of interest. The angle of incidence is assumed to be approximately 90
degrees.
D) Figure 10 Data.

Image 1
Image 2
Image 3
Image 4
Image 5
Image 6
Image 7
Image 8
Image 9
Image 10
Image 11
Image 12
Image 13
Image 14
Image 15

Run 0
Run 1
Run 2
Run 3
9791
9490
9634
7798
11887
9333
9426
9502
9985
8697
9262
6781
9334
9188
7324
8934
10450
9038
8774
8702
9830
9516
9428
9134
10392
9412
8751
8976
10353
10000
8857
8932
9364
9590
9487
9285
10076
9042
8683
7279
11104
8650
9112
8655
9109
9143
6298
7913
10465
9069
10402
8572
9931
8936
9286
7805
11898
8831
9153
9192
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