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Table 3.7 XPS data of the polymers resulting of the deposition at different conditions

Pegq Atomic percentage Ratio
Cils Ols Fls N1s F/C 0O/C
50W 38.73 3431 0.15 0.29 0.004 0.88
25W 31.34 3247 225 1.56 0.07 1.04
18W 40.34 26.63 5.53 7.83 0.04 0.66
10w 5591 25.28 9.65 8.32 0.17 0.45
83W 57.31 2458 11.62 6.35 0.20 0.43
5.5W  60.42 23.68 10.45 5.46 0.17 0.39
45W  62.28 16.50 17.87 3.36 0.29 0.27
0.2W  62.76 22.24 5.02 9.01 0.08 0.35
Theoretical values 0.5 0.2

3.4.2 INFLUENCE OF THE SAMPLE POSITION

Trying to get a better polymer structure on this reactor, a new parameter was introduced in the study. The
geometry of this reactor is slightly different from system 1. The film structure was studied as a function of
sample position keeping all other conditions constant. The changes in the location of the substrate relative to
the plasma discharge zone have been shown to provide film chemistry variations.? Following the best result
of the previous study, the parameters will be fixed at 0.2 mbar monomer pressure, pulsed plasma at 50W and

a duty cycle = 10/110, getting an equivalent power of 4.5W.

The samples were placed on a 55 cm glass holder. They were placed 10 cm from each other, placing position
number 2 inside the coil, as it can be seen in Figure 3.11. The positions in the reactor were named arbitrarily

from 1 to 5, starting at the right end and going against the monomer’s flow direction.

Figure 3.11 shows also the XPS Cls peaks for the films achieved in these positions. It can be seen how the
structure develops increasing the C-F group signal in front of other functionalities. In position 1 and 2, after
and inside the coil, we can see how the structure is in concordance to the polymers gotten in the previous
polymerizations. The structure is poorly achieved, having few C-F groups retained over the film. This is easy to
be explained by the fact that the plasma is formed inside the coil. This is where it has its major power, and so
where it achieves a wide degradation of the monomer. Also, the temperature is higher than in the rest of the
reactor, and also a better degradation of the recent formed polymer occurs. Position 1 lays just after the coil,

in the direction where the flow of monomer and excited species. The plasma here is still as strong as it is
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inside the coil. Therefore the same kind of problem arises. Another important factor linked with these
positions is the monomer residence time in the vessel. Being this time longer increases the opportunity for
collision for every particle with an electron. That increases the degree of fragmentation of the monomer,

being greatest adjacent to the vacuum outlet.?®

position 1

position 2

c/s

position 3

position 4

position 5

I T T T T T T T T T T T T T T T T T T T 1
300 298 296 294 292 290 288 286 284 282 280
Binding energy / eV

Figure 3.11 Drawing detail of the sample position in the reactor and its corresponding XPS Cl1s peak

Taking a look into Table 3.8 it can be seen how the fluorine content is very low, and still far from the ideal
values. Instead of fluorine, there is a high value of oxygen and nitrogen for positions 1 and 2. This extended
presence, particularly for nitrogen, and linked to the positional study, could indicate the presence of a small
leak at this end of the reactor, leaving residual gas inside the chamber. The XPS can detect also silicon, which

means that the polymerization wasn’t successful in terms of deposition either.

As the sample was moved to positions 3 and 4, outside the coil in direction to the monomer inlet, against the
flow, the C-F peak was seen to increase till it got predominant over the other functionalities. For the sample in
position 4, a n—n* shake-up satellite signal can be observed for the first time, suggesting the presence of
aromatic rings in the polymer. For this sample, the F/C and O/C are already near to the theoretical values (see

Table 3.8), and the nitrogen presence decreases dramatically. No other species were present in the position.
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Table 3.8 XPS data of the polymers resulting of the deposition at different positions

Position Atomic percentage Ratio

Cis Ols Fis N1s Si F/C 0O/C

1 51.32 26.87 4.58 11.20 5.94 0.09 0.52

2 61.97 23.24 5.56 7.98 0.80 0.09 0.37

3 61.42 16.35 18.82 331 - 0.31 0.27

4 58.55 13.27 27.44 0.66 - 0.47 0.23

5 59.00 12.16 27.81 0.70 0.32 0.47 0.21
Theoretical values 05 0.2

In these positions the plasma got weaker as the sample was nearer from the monomer inlet. There was still
plasma present, but around the 4™ position, already the light it generates wasn’t extremely brightened
anymore. The plasma was losing power, and new monomer got in contact to be excited at this position. Hence
a better structure was achieved. There was less monomer degradation allowing low energy growth
mechanisms, as polymerization over the allyl bonds retaining the phenyl functionalities intact. It has been
reported in the literature that outside the glowing zone of the plasma, the recombination mechanisms usually
result in the incorporation of molecular fragments with lower degrees of dissociation®, leading to better
structure retention. Approaching position 5, though there was a good retention of the structure, a slightly loss
of C-F groups could be observed. Here the plasma wasn’t strong enough to get the best polymerization. The
atomic composition was close to the theory, but again the presence of a small amount of silicon indicates an
insufficient deposition rate. The film was too thin. At this position, the plasma generation core was too far and

the power wasn’t enough to polymerize the PFM properly.

The analysis of the samples showed, that by changing the sample position, it was possible to reach the desired
structure in the polymer. From now on, position 4 was fixed for the all subsequent experiments, maintaining
the other parameters fixed at 0.2 mbar monomer pressure, 50 W input power and pulsed plasma with a duty

cycle 10/110.

ToF-SIMS analysis was used to get a complementary data to the XPS. Positive and negative spectra of the

obtained polymers were studied to determine the structure of the films.
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Figure 3.12 Averaged and normalized positive ToF-SIMS spectra of PFM polymerized under different conditions:
ppPFM under 50W continuous wave in position 1 in the reactor, and pp-PFM under 4.5W equivalent power
DC=10/110, in position 4.

Figure 3.12 presents a comparison between the positive spectra of the sample polymerized under continuous
wave with a power input of 50 W and a second sample polymerized under pulsed plasma with a duty cycle of
10/110 with an equivalent power of 4.5W and the sample positioned in position 4. Under ToF-SIMS analyisis
conditions, the two samples present different behavior. The first sample presents a higher concentration of
low masses, while the second sample presents a higher concentration of high masses. This presence of high
masses indicates a better retention of the monomer’s structure, in front of the sample polymerized under
continuous wave conditions, supporting the previous gotten results. The better structure retention at lower

plasma powers determined by ToF-SIMs analysis has already been reported for other monomers.*
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Figure 3.13 Zoom over the 120-230 mass area in ToF-SIMS spectra in Figure 2.14

Figure 3.13 presents a zoom over the m/z 120-230 area, showing the most significant differences between the
two samples. This area was chosen due to the presence of some interesting masses for the characterization of
the polymer (see next page in Table 3.9). The sample polymerized under pulsed plasma conditions shows the
presence of some indicative peaks for the monomer, showing the retention of the monomeric structure. In
the same range, the sample polymerized under continuous wave conditions shows only small peaks, indicating

small structure retention.

Table 3.9 presents the possible ion structures for the found indicative peaks of the pp-PFM at high masses.
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Table 3.9 Possible structure of the secondary ions for the found
characteristic peaks of the pp-PFM under pulsed plasma conditions

Monomer Structure m/z
F
F F
0
F )
F CH,
Possible lon Structure  p, /, Possible lon Structure m/z
RF
N F
© 77 0 195.2
F +
F
F
F o
+
©+ 91 ) 210.96
F F
F
il +
o F 0. _CH,
+
Cf \ 121 T 224.94
F F
F
F F CH,
- + F j{LCH;
167.06 o 253.11
F F F F
F F
RF
. O  OCOPhF,
+ 18112 | , A A_0coPF, 33326
F CH, CH,
H
F

In comparison to the monomer structure, also drawn in Table 3.9, at high masses it is possible to find
structures that resemble the original monomer structure. The presence of benzene (CgHs, m/z=77) and cyclic
tropylium ion (C;H;", m/z=91) can be found easily in the data. These peaks have already been reported for

plasma polymers with aromatic rings in their side chains (e.g. polystyrene)®*

. The analogues of these
structures can be observed also substituted by fluorine atoms (CeFs’, m/z=167.06 and C¢FsH', m/z=181.12),
showing the retention of the fluorinated rings in the polymeric structure. Indicative ions revealing the
monomer structure have also been detected, showing the retention of the ester group at higher masses, like
m/z=210.96 and m/z=224.94. The presence of the molecular ion can be detected at M+1 , m/z=253.11,

although it is only in a small amount. At higher masses some oligomeric structures can be found, like the one
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detected at m/z=333.26 that are not shown in the presented spectra. These structures are present in small
amounts.

In the case of the negative spectrum, the presence of fluorine (F-, m/z=19) is dominating the rest of the
spectrum, showing the highest intensity. The rest of the spectrum doesn’t add any information to the already
presented information from the positive data, and therefore, it won’t be presented in further detail. The only
remarkable fact is that also this spectrum corroborates the presence of high mass peaks revealing the
presence of oligomeric particles with a high retention of the monomeric structure (e.g. m/z=308.73 and

m/z=327.9).

3.4.3 SUMMARY FOR WORK IN SYSTEM 2

After adjusting the working parameters, it was possible to polymerize PFM in a new built system. Not only the
input power and the duty cycle needed to be adjusted, but it was also demonstrated that the sample position
plays a key role in determining the subsequent structure. It has been possible to repeat the previously
achieved structure by working under very specific conditions. As in the preceding system, there is a small
range of parameters that allows reaching a polymer with high retention of the reactive groups. These results

show a repeatability success in the new built system.
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3.5 FILM STABILITY AND REACTIVITY

In the preceding sections, a PFM polymer film with high retention structure was developed. This polymer
offers a highly reactive ester group that can potentially be used to react with the amino groups on proteins,
e.g. integrins and other biological ligands.! The interaction of biological molecules with reactive surfaces
always occurs in an agueous environment and often in the presence of other, possibly competing fluid
components. In order to achieve a fundamental understanding of the chemical reactivity of the pp-PFM
surface towards proteins, we investigated the basic reaction of the perfluoroester group with a simple amine
using FTIR, XPS and Surface Plasmon Resonance Spectroscopy.

Knowing that the solvent plays an active part in any subsequent chemical reactions, there is an interest to
investigate how this affects the reactivity of the active ester towards a simple diamine and a protein in PBS
solution. This was done by reacting the surface with amine in aqueous buffer solution (PBS) after different

immersion times in pure buffer.

3.5.1 EFFECT OF THE SOLVENT ON PP-PFM: THICKNESS AND COMPOSITION

Before the reactivity of the plasma polymerized PFM film towards amines or proteins could be tested, it was
necessary to understand the reactivity towards the solvent (PBS). In a series of experiments, the effect on the
polymer of an immersion in PBS solution was studied. The samples were placed in contact with the solution
right after deposition in the plasma chamber. For the FTIR analysis, it was only possible to follow the reaction

off-line, always working on the same sample. For the SPR a reaction on-line could be observed.

The FTIR spectra in Figure 3.14 show that the plasma polymerized PFM undergoes some change in chemical
structure upon immersion. The reaction of the ester group with the water is observed as a decrease of the
band at 1730 cm™ accompanied by the appearance of a band at 1650 cm™. At the same time, a decrease in the
intensity of the band at 1000-1400 cm™ indicates a loss of the fluorinated group. After approximately 100
minutes the films appeared to be sufficiently stable. From the changes in the FTIR spectra, it is seen that with
extended immersion time in PBS the active ester group dissociates to give the free acid and the
pentafluorophenyl group (PFP). Since, however, there is still significant relative intensity at wavenumbers of
1730 and 1525 cm.it can be assumed that only the perfluorinated ester within the uppermost layers are

reacting and that functional groups deeper within the film remain intact over the time period studied here.

96 |



PFM Thin Films

| ——PFM
° —— 1minPBS
0,55 .
o Soiw 30minPBS
] Aromatic perfluorinated ring (1525¢cm™ 1hPBS
045 P 9 ( ) — 1h30'PBS
g 0,40 ‘ ——2hPBS
. |8 o] 5hPBS
g 8 0,304 CFx (1125cm™) ‘
@]
= 2 ozs-é\ﬁ ] |
@ g7 gy 0 Ketone (1730cm™
e < 0201V g g Ketoned )\‘
8 015{  Amide (1650cm™) /
5 0,10 T T T T T T T T T T T T T //V
8 0 50 100 150 200 250 300
< Time / min
M\M, ,
I L) I L) I L) I L) I L) I L)
3500 3000 2500 2000 1500 1000

-1
Wavenumbers /cm

Figure 3.14 FTIR spectra showing the change in the surface chemistry after several hours immersion in PBS

] Table 3.10 XPS data of the polymer after
] immersion in PBS

] Sample Ratio
7 F/C 0O/C
PFM 0.48 0.19

+ 30 min in PBS 0.43 0.19

cl/s (a.u.)

T

4 30 min in PBS
+ 90 min in PBS 0.39 0.21

Theoretical values 0.5 0.2

1 90 minin PBS

298 296 294 292 290 288 286 284 282 280
Binding energy / eV

Figure 3.15 XPS spectra showing the change in the surface chemistry after immersion in PBS

Figure 3.15 presents a comparison between the XPS Cls peaks before and after exposure to a PBS solution.
There is an evident change on the curves’ profiles, showing a decrease on the C-F groups. The changes in the

C-0 groups are difficult to identify, due to the overlaped position of the peaks. The C-O peak is positioned in
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the middle of the curve (see Figure 3.8 and related Table 3.5), making any alteration in the peak area
impossible to identify. The data presented in Table 3.10 shows how the F/C ratio decreases, supporting the
profiles, while the O/C ratio shows a small increase. The immersion in PBS solution leads to a loss in fluorine,
yet only a comparatively small change in oxygen, which may suggest the loss of the fluorinated, aromatic ring
to give free carboxylic acid groups. The longer the immersion time in PBS, the more fluorine was seen to be

lost.

Complementary experiments were done using SPR, to follow the change within the polymer upon the
immersion in PBS for 14 hours.

Figure 3.16 shows the SPR kinetic curve of the polymer’s exposure to PBS. The curve of the polymer was
compared to gold reference under the same conditions. A small slope on gold curve can be observed. This is
believed to be due to the increase of the temperature of the circulating solution by exposure to the laser

beam, as work is done usually with small volumes.
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Figure 3.16 SPR kinetic study of the relation film thickness — refractive index during 14 hours of immersion in PBS

The PFM curve shows a decrease in the resonance angle (A=9°). This decrease in the resonance angle is due to
a number of effects taking place simultaneously and which cannot be distinguished in the SPR data. Firstly, the
active ester group is expected to hydrolyse in water, the PFP-group is lost and may or may not be able to
desorb from the surface. Secondly, at low duty cycle plasma deposition conditions unreacted monomer or
dimer may become trapped within the structure and may be slowly released from the film when this is

immersed in solution. Thirdly, all polymers swell in aqueous solution. This results in an increase in film
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thickness, such that the overall effect observed in the SPR experiment is merely the sum of these three basic

phenomena. Care has been taken to include this in the experimental procedure and the interpretation.

The presented data clarifies that there exists a reaction of the active ester group versus the 0.01 M PBS

solution, i.e. water. Even though the reaction isn’t as fast as that expected from the theoretical point of view.
3.5.2 SURFACE REACTIVITY VERSUS AMINE

Knowing that the solvent plays a small but measurable part in any subsequent chemical reaction, it was

interesting to investigate the reactivity of the active ester towards a simple diamine, 1,6-diaminohexane.

NH,

FEg FF
HoN ™~~~ NH2 m m
CFF NH_g NH NH_o NH_oNH O

o
iy I b S IR

W \ /
Figure 3.17 Possible reaction of the pp-PFM with the 1,6-diaminohexane used for the experiments

In order to investigate the rate at which reactivity of the active ester group was lost, a set of experiments was

performed after different immersion times in PBS.

Experiments at time 0

The polymer was allowed to react with an amine without prior immersion/stabilization in PBS in order to test

the reactivity of the fresh deposited polymer.

The relative change in chemical structure of the polymer film subjected to 10 mM diaminohexane in PBS,
could be seen in the FTIR spectra in Figure 3.18. It showed the change in relative FTIR peak intensities for the
bands at 1655 cm™ (amide formation, O=C-NH-), 1525 cm™ (the PFP group) and 1125 cm™ (C-F) with
immersion time. Similar data analysis was not performed for the ester group (1730 cm™) since this was not a
clearly defined band in all the spectra. The contribution due to the aromatic ring (at 1525 cm™) was seen not
to change significantly over the time studied. However, the C-F, bands decreased in intensity, while the amide
band (1655 cm™) increased within about 10 minutes, after which time it remained relatively stable. It was thus
assumed that the reaction between the ester groups in the film (of d = 60 nm) and the diamine was complete

after 10 minutes, suggesting that the rate of reaction of the diamine is a factor 10 faster than that of the
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solvent (PBS). With increasing immersion time in diamine/PBS, the FTIR spectrum also shows an increase in
the intensity of the hydrocarbon component (around 3000 cm™) and a decrease in the band at 2250 cm™. The
latter could suggest that there was some dissolution of unbonded dissociation products containing C=C. The

intensity increase of the hydrocarbon component probably originated from the surface attached amines.
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Figure 3.18 FTIR analysis of pp-PFM reacted with amine immediately after deposition

Table 3.11 Static contact angle values after polymer treatment

Sample Contact angle

PFM 98.6+1.5
after 1h min in PBS 925+1.2
after 1h in amine 79.4+13

The contact angle values presented in Table 3.11 show how the surface characteristics change as it reacts with
the different species. Accordingly to the previous presented data, the PBS treatment showed a small decrease
of the on the contact angle, while the reaction with the amine showed a more extended action, as it
decreased the angle in around 19° from the original polymer. That indicated that the amine reacted over a

higher amount of PFP groups that leave the surface now exhibiting a hydrocarbonated chain or amine.
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Experiments at time 30 min

The reaction of the pp-PFM films with the diamine in PBS after immersion in PBS for 30 minutes is shown in
Figure 3.19. The solvent has had time to interact with the active ester during the 30 minutes in PBS, like the
decrease of ester band at 1730 cm™ shows. But when coming on contact with the amine, the FTIR data
suggests a conversion of ester groups to the amide for the duration of the experiment. This is seen as a
decrease in the ester band at 1730 cm™ accompanied by an increase in the intensity of the amide band at
1655 cm™. At the same time, the intensity of the bands associated with the aromatic ring and the C-F bonds
also decreased. In comparison to the reaction without prior immersion in PBS (see Figure 3.18) the reaction

seems to go slower and there is less formation of amide after the exposure to the amine.
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Figure 3.19 FTIR analysis of pp-PFM reacted with amine 30min immersed in PBS

Experiments at time 90 min

The reaction of the pp-PFM films with the diamine in PBS after immersion in PBS for 90 minutes is shown in
Figure 3.20. Like in the prior experiment, after exposure to the solvent, the FTIR data suggests a conversion of
ester groups to the amide for the duration of the experiment, by the shift of the ester band to the amine zone
and the decrease of the C-F bonds. In comparison to the other experiements, the rate of reaction seems to be

much slower and the density of amides within the film after 1 hour of reaction was considerably less.
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A semi-quantitative consideration of the relative intensities observed for the amide band at 1655 cm ™ would
suggest the density of amide groups forming is least after 90 minutes of pre-treatment in PBS and highest

without any preconditioning in PBS.
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Figure 3.20 FTIR analysis of pp-PFM reacted with amine 90min immersed in PBS

Complementary experiments were done using SPR to follow the reaction of the pp-PFM with the diamine after
a short immersion time in PBS. This was done by first exposing the pp-PFM films to PBS for a few minutes to
obtain a baseline. The solution in the SPR reaction cell was then exchanged for 10 mM diaminohexane in PBS,
while a kinetic SPR scan was recorded. The initial immersion of the pp-PFM film in PBS solution led to a slow
decrease in the resonance, which is due to a number of effects taking place simultaneously that cannot be
distinguished in the SPR data. First, as demonstrated in section 3.6.1, the active ester group slowly hydrolyzes
in water, leading to some loss of the PFP group, which may or may not be able to desorb from the surface.
Second, at low duty cycle plasma deposition conditions, unreacted monomers or dimers may become trapped
within the structure and may be slowly released from the film when it is immersed in solution. Third, all
polymers swell in aqueous solution, which should result in an increase in film thickness. The overall effect
observed in the SPR experiment was merely the sum of these three basic phenomena. Care was taken to
include this in the experimental procedure and in the interpretation. A more quantitative evaluation of the
data was therefore difficult. The addition of a solution of the amine in PBS led to an increase in the surface
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plasmon resonance angle, which could be directly related to the reaction of the amine to the pp-PFM surface
(Figure 3.21). After immersion for 10 min, no further significant change was observed in the resonance angle,
suggesting that the reaction was complete. This is in agreement with the data observed by FTIR. Rinsing the
surface with PBS led to a small decrease in the resonance angle, which may be associated with the loss of

physisorbed material from the surface.
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Figure 3.21 Kinetics of the reaction of diaminohexane with pp-PFM (a) right after deposition, (b) after 35min

immersion in PBS

After 35 min in PBS, the reaction seems faster than the one done after 5min. This may be due to the loss of
material and consequent reaction of PFP groups in inner layers.
The XPS C1s spectra, in Figure 3.22, show the PFM coatings before and after reaction with the diamine. The

first one is the PFM polymer after deposition, while (b) and (c) show reacted films. The second curve presents
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the film reacted right after deposition with the 10mM diamine solution. The last peak shows the film reacted

with the amine solution after prior immersion in PBS during 30 min.

(a) PFM

(b) PFM reacted with amine
right after deposition

c/s (a.u.)

(c) PFM reacted with amine
after 30 exposure to PBS

208 206 204 202 290 288 286 284 282 280
Binding energy / eV

Figure 3.22 XPS spectra showing the chemical structure of reacted PFM

The reacted polymer curves show how the intensity of the high energy peak decreases significantly, indicating
a loss of C-F bonds, as the surface comes into contact with the amine. Any changes due to the reaction of the
ester to the amide are unfortunately hidden under the tail of the high energy peak at 288.2 eV. Comparing
these two peaks it is clear that the reaction goes further in the case of the sample without immersion in PBS.
The profile of the curve shows a higher decrease in the C-F bonds. These results support the FTIR

observations.

Table 3.12 XPS data of the polymer after reaction with amine

Sample Atomic percentage Ratio

Cls Ols Fls N1s F/C o/Cc N/C

PFM 58.97 1130 27.80 1.94 0.47 0.19 0.03
reacted vs. amine 66.12 10.38 19.20 4.29 0.29 0.16 0.07
reacted after 30 minin PBS 62,50 11.13 22.18 4.19 0.35 0.18 0.07
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From the changes in the XPS elemental composition, in Table 3.12, it can be concluded that there is a loss of
the fluorinated aromatic ring upon reaction of the pp-PFM with either of the reaction, though the F/C ratio
decreases further in the case of the surface non-exposed to PBS. The reaction of the amine led to a loss of
oxygen as well as fluorine, accompanied by a gain in nitrogen, which is in agreement with the formation of
amide groups. At this point, there was no a clear difference between the N/C ratios of both samples, even if
the ratio of the other element showed an obvious variation.

An additional study was done by taking a better look into the XPS data of the experiment of the reaction with
amine right after deposition. Further experiments showed a higher degree of reaction for the F/C and N/C

ratios, arriving at values of N/C=0.11.

The results presented in this section make clear that the kinetic of reaction between the active ester group
and the amine is much faster than the kinetic of reaction solvent. This is a great advantage to let amino-
terminated molecules react in the presence of water, without having to take into account a possible
competition between the two species.

A partial deactivation of the surface is to be seen when doing a prior immersion of the film in solvent. Even so,
the time to deactivate the surface are so high, that any performance times to get the amine in contact to the

surface are much faster, avoiding so any extended deactivation of the reactive sites.

Further studies of the reaction with amines, to try to understand completely how the polymer is responding,

were performed with the help of the microcantilever sensors technology. The results obtained will be

presented in Chapter 4.
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3.5.3 SURFACE REACTIVITY WITH THE PEPTIDE (CYs0) - LAMININ A (2091-2108)

After seeing that a reaction of amines on the surface is possible and measurable, the binding of a peptide to
the film was investigated.

The peptide used in this work was (Cys0) - Laminin A (2091-2108). This peptide is a synthetic short peptide
chain based on laminin. Laminin is a multiadherent protein present in the extracellular matrix (see Figure
3.23). It has binding sites with a high affinity for cellular adhesion molecules present on the surface of many

cells.®

type IV callzges

A&
N Molecular structure of a basal lamina 7" plosma mombrana &
(from Molecular Biology of the Cell) tey

Figure 3.23 Structure of laminin and its distribution in the ECM within the basal lamina (laminin represented in

blue)35'36

(Cys0) - Laminin A (2091-2108) is a chain synthetic peptide from the long arm of the laminin A chain is capable
of stimulating neuronal-like process formation to almost the same extent as laminin and competes with

laminin for stimulation of neurite outgrowth.>”*

This peptide is composed by the subsequent chain of 19 aminoacids (CSRARKQAASIKVAVSADR):
Cysteine — Serine — Arginine — Alanine — Arginine — Lysine — Glutamine — Alanine - Alanine — Serine —

Isoleucine — Lysine — Valine — Alanine — Valine — Serine — Alanine -Aspartic acid — Arginine

Its primary structure is displayed in Figure 3.24 (see next page). Just looking at the primary structure, eight
primary amines can be seen; therefore eight potential binding sites to the PFP active sites on the surface are
present in this molecule. Many of these sites are possible hidden in the tertiary structure of the peptide, but

others may be exposed to the surface and react with the active groups, binding covalently to the surface.
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Another interesting character of this peptide is the content of a sulfur atom, which will be easily recognized by

the XPS analysis.

NH

Z

oo cn,
CH
NM/ 3
H
NH
HS
HO (6]
HZN NH HZN 0
H,C
Y&O NH
NH O. OH
HC

ZT
Z
I

s

Figure 3.24 Chemical structure of (Cys0) - Laminin A (2091-2108)

Figure 3.25 presents the FTIR and XPS spectra of the surfaces before and after reaction. The FTIR data did not
show a clear binding of the peptide to the polymer, even though a slight change in the ketone peak moving to

lower wavenumbers was observed.

The XPS data shows the binding of the peptide through the C-F peak of the reacted surface. This peak
decreases in comparison to the pp-PFM, as the n—mn* shake-up satellite peak corresponding to the ring

disappears, showing a loss of the perfluorinated phenyl ring.
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Figure 3.25 FTIR and XPS analysis of pp-PFM reacted with peptide immediately after deposition

The XPS data of the atomic percentage corresponding to the polymer and the polymer reacted with peptide
presented in Table 3.13 show an evident difference between the two samples. The F/C ratio decreases
dramatically as the N/C increases when reacting the peptide to the PFM surface. There is a rising in the O/C
also, easy to explain by the big amount of oxygen contained in the peptide’s structure. Also a small presence

of sulfur can be seen on the reacted surface, which indicates without a doubt the presence of the peptide.

Table 3.13 XPS data of the polymer after reaction with peptide

Sample Atomic percentage Ratio
Cis O1ls Fls N1s S2p F/C o/C N/C
PFM 59.18 10.09 2896 1.77 - 0.49 0.17 0.03

reacted vs. peptide 62.12 1490 1424 8.56 0.18 0.23 0.24 0.14

The XPS spectra prove the reaction of the peptide with the polymer. The presence of Tween 20 in the solution
discards possible undesired adhesion of the molecule to the surface, elucidating the covalent binding of the

peptide to the polymer.
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3.5.4 REPRODUCIBILITY FOR POLYMER IN SYSTEM 2

In the previous sections it was determined that the plasma polymerized film of PFM in the first system was
able to react with amines and peptides. The desired structure of the polymer was also achieved in a second
system. In this section, the reactivity of this film will be checked, in order to determine if the reaction with the

desired substances is the same as in polymer of the first system.

Effect of the solvent

Once more, the reactivity of the polymer synthesized in system 2 was tested in the solvent (PBS) before going
to the reactivity of amines or peptides. In a series of experiments, the effect on the polymer after immersion
in PBS solution was studied. The samples were placed in contact with the solution immediatly after deposition

in the plasma chamber. It was only possible to follow the reactions off-line, with XPS and ToF-SIMS analyses.

Table 3.14 XPS data of the polymer of
—— PFM

system 2 after immersion in PBS

Sample Ratio
F/C o/C

—— 5minPBS / /
PFM 0.52 0.18
+5 min in PBS 0.49 0.19
+60 min in PBS 0.37 0.21

———1hPBS -
Theoretical values 0.5 0.2

T T T T T T T T T T T T T T T T T 1
298 296 294 292 290 288 286 284 282 280
Binding energy / eV

Figure 3.26 XPS Kinetic study of the different elemental ratios for pp-PFM reacted with diamine right after deposition

Figure 3.26 and Table 3.14 present a comparison between the XPS data before and after exposure to a PBS
solution. Any changes in C-O group are very hard to identify, due to the position of the peaks. This is
positioned at 286.2 eV (see Figure 3.8 and related table 3.5), making any alteration in the peak area
impossible to identify. The data presented in table 3.14 shows how the F/C ratio decreases, while the O/C

ratio shows a small increase. These results are comparable with the ones obtained with the polymer from
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system 1, even though the films obtained in system 2 seem to present higher stability against the solvent that

the ones from system 1.
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Figure 3.27 ToF-SIMS Kinetic of immersion in PBS

Figure 3.27 presents the kinetic profile of the ToF-SIMS analyses of the immersion of the pp-PFM in PBS,
concentrating only in the previous presented groups of interest (see section 3.4.2). The masses of interest are

the ones that were lost after reaction though the ester bond.

The kinetic profile shows that there is a small loss of the characteristic groups showing the pentafluorophenyl
structure on the surface. After the exposure of the samples during one hour to the solvent, the groups are still
to be seen in a similar amount than before the exposure. The ToF-SIMS results support the previous presented

XPS analyses.
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Experiments with 1,6-diaminohexane

Once the stability was verified, the reactivity of the active ester towards a simple diamine, 1,6-diaminohexane,

was studied.

PFM Table 3.15 XPS data of the polymer of

system 2 after reaction with amine

Sample Ratio

+ 5 min in amine F/C 0O/C N/C

PFM 0.52 0.18 -

cl/s

+5 minin amine 0.38 0.21 0.02

+10 min in amine +10mininamine 039 0.20 0.03

5

+30mininamine 0.39 0.20 0.03

+90 mininamine 0.25 0.26 0.05

+30 min in amine

?

+90 min in amine

>

208 296 294 292 290 288 286 284 282 280
Binding energy / eV

Figure 3.28 XPS spectra showing the chemical structure of (a) pp-PFM, reacted with 10 mM diaminohexane (b) for 20

min and (c) 90 min

The XPS C1s spectra, in Figure 3.28, show the PFM coatings before and after reaction with the diamine. The
first peak represents the C1s narrow scan of the PFM polymer after deposition, while the other curves present

the reacted films after different times of exposure to a 10 mM diamine solution in PBS.

As the reactivity showed for polymer developed in system 1, the pp-PFM coming from the system 2 presents a
decrease of the high energy component, indicating the loss of C-F bonds, as the samples are exposed to the
amine solution. The results of the XPS elemental ratios, in Table 3.15, indicate a loss of fluorine, higher than in
the case of immersion in PBS. The nitrogen content increases at the same time.

Figure 3.29 presents a ToF-SIMS kinetic study of the same reaction. The monitoring of the representative

peaks for the pentafluorophenyl functionality show an obvious decrease with time of exposure to the amine
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solution. In comparison to the PBS kinetic, the change in the surface structures is much more evident as a

rapid loss of the characteristic groups was observed, showing a faster kinetic.
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Figure 3.29 ToF-SIMS Kinetic of reaction with amine

The peak at m/z=181.12 presents a different profile than the other one, showing an increase of this group
after 90 min in solution. The other groups show a kinetic profile similar to the ones presented in Figure 3.18.
The time scale in both cases show a fast reaction for the initial minutes, while the reaction slows down until

stability after 20 min exposure.

This study reflects that the reproducibility of the polymer was achieved on the polymer’s chemical structure,
and also in its reactivity, as expected. The kinetic of reaction of the amino terminated molecules is much faster
than the kinetic if reaction of the solvent. This is a great advantage for the funtionalization of the surface with
amino-terminated molecules in water, without any remarkable competition between the molecule of interest

and the solvent.
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Experiments with peptide

The binding of a peptide to the surface was tested. The peptide used is (Cys0) — Laminin A (2091-2108),
described in section 3.5.3.
Figure 3.30 presents the C1s narrow scans of pp-PFM films before and after reaction with the peptide solution

at different times.

Table 3.16 XPS data of the polymer of system 2

PFM after reaction with peptide

Sample Ratio

F/IC 0/C N/C  S2p

+10 min peptide PEM 0.56 0.19 0.02 -

cl/s

+10 min in peptide  0.39 0.29 0.09 0.24

+30mininpeptide 037 0.27 0.10 0.23

60 min i tid
+30 min peptide +60 min in peptide  0.18 0.30 0.17 0.22

+60 min peptide

T T T T T T T T T T T T T T T T T 1
298 296 294 292 290 288 286 284 282 280
Binding energy / eV

Figure 3.30 XPS spectra showing the chemical structure of C1s scans of PFM and PFM reacted with peptide at different

times

The XPS profiles show a loss of the C-F groups with time. On the other hand, by taking a look into the atomic
ratios, it can be observed how the nitrogen content rises as the sample reacts with the peptide. A presence of
sulfur can be tracked, indicating the presence of the peptide on the surface. The combination of nitrogen and

sulfur prove the presence of the peptide on the surface.

The ToF-SIMS kinetic profile presented in Figure 3.31 shows a kinetic of reaction with a fast change in the first
minutes. Similar results are achieved when working with the amine, as presented above, although in the case
of working with the peptide, the curves show a less stable profile, but with the same results. In comparison to

the samples from system 1, where the kinetic profile of reaction between the peptide and the polymer was
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impossible to be tracked by FTIR analyses, in this case, the ToF-SIMS analyses show a better sensibility to the

reaction, even when this happens just on the outermost layer of the film.

0.80 —

0.75—4 F o) F F " F o _cH

d. o) o
0.70 : F F F F F ' F F
1 F F F F
0.654 :
: m/z=210.96 m/z=167.06 m/z=181.12 m/z=224.94

0.60 -
0.55
0.50 -
0454
040]® .

Intensity / a.u.

0.35 - B

0304 g
0251 )
0.20 4 K N
0.15 - °

00 -——T—T7T—T T T T T T T T T

Time / min

Figure 3.31 ToF-SIMS Kinetic of reaction with peptide

These experiments have shown that the binding reaction with peptide was also equally successful with the

polymer obtained in system 2.

In this section, the reproducibility of the reaction on this second polymer has been achieved, showing the

independency of the reactor, when studying the deposition’s parameters.
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3.5.5 SUMMARY

The work presented in this section centers over the reactivity of the pp-PFM against different species.

The first big question answered was the fact of the reactivity of the ester group against the solvent, the0.01 M
PBS solution, i.e. water. It has been shown that the reaction was not as fast as that expected from the
theoretical point of view, possibly leaving an amount of reactive groups on the surface to be able to link other
molecules.

When making the solvent compete with a simple amine, the kinetic of reaction between the active ester
group and the amine was much faster than the kinetic of reaction in front of the solvent. This was a great
advantage to let amino-terminated molecules to react in the presence of water, without having to take into
account a possible competition between the two species.

A partial deactivation of the surface was to be seen when doing a prior immersion of the film in the solvent.
Even so, the times for a deactivation are high enough, that the times required for the amine to react with the

surface are much faster. Binding of a peptide to the surface was achieved.

The reactivity profile of the pp-PFM polymer was independent of the system where the polymer was
deposited. As long as the chemical structure of the polymers obtained in both systems resemble, the reactivity
shown is the same, even matching in the time scale. This is an important point, as it contributes to a certain
independency to the reactor for depositing the pp-PFM polymer, always achieving the same kind of covalent

binding with the molecules of interest.
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3.6 CELL CULTURE

The differentiation and morphogenesis of neural tissues is highly affected by the diverse interaction between
neural cells and the surrounding ECM.* The adhesion of neural cells to ECM molecules is mediated by the
interaction between cell binding domains in ECM and cell surface receptors. This can control neural cell
morphogenesis. An active promoter of neural cell attachment and differentiation is laminin®®, especially the

IKVAV domain present in the alpha chain.®®

In this section, an approach to cell culture was developed for the pp-PFM polymer reacted with the

(Cys0) - Laminin A (2091-2108).

3.6.1 STABILITY OF THE FILM AGAINST DIFFERENT STERILIZATION TECHNIQUES

The polymer that was developed in the previous section should serve as a platform for cell binding and
proliferation. Therefore, it was important to test the stability of the polymer in front of different sterilization
techniques, as it was needed a sterile polymer to be used for cell culture. This section concentrates in this
issue.

Taking a look at the structure of the polymer and its labile group, the most conventional sterilization methods
turn out to be a problem. The work with an autoclave, under conditions of moist heat, would deactivate all
the linking sites. For that reason this technique was rejected.

70% Ethanol is one of the most common ways to sterilize substrates before working with them. Exposing the
polymer to ethanol was impossible, by the fact that it dissolved the plasma polymer.

Another common process is exposure of the substrates to UV light. This method was investigated by FTIR

analysis to see if the structure of the polymer is able to resist the treatment.
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Figure 3.32 FTIR analysis of pp-PFM exposed during 12 h to UV radiation

Figure 3.32 presents the FTIR spectra of the pp-PFM prior and after exposure to 12 h of UV-light. By comparing
the two spectra, it is obvious that the exposed polymer lost the labile group containing the C-F, and the ring
bands under 1600 cm™. As the other techniques, the UV-light exposure of the polymer destroys its reactivity.

Therefore it is not possible to use this sterilization method either.

As an alternative, plasma exposure is proposed as sterilization technique. The samples can be sterilized prior
to polymerization, and then be isolated in an argon atmosphere. Further treatments can be done in a laminar
flow fume hood, avoiding contamination.

Plasma sterilization mechanisms are based on synergistic effect of etching by direct plasma exposure and UV
radiation, depending on the plasma parameters, having been proved to be microbiologically safe, not only
killing virus and bacteria, but also removing them from the system, as it works in a similar way than plasma
etching.*! These have to be chosen in a compromise between plasma efficiency for sterilization and damage of
the samples.****

Based on the group’s experience, samples were exposed to an Ar/O, plasma (90/10) for 10 min. In this case
the substrates were polystyrene dishes. The power was fixed at 50W in continuous wave.

After sterilization, polymerization was performed directly on the samples, without removing them from the
reactor chamber or breaking the vacuum. Once the polymer was formed, the samples were stored under

Argon atmosphere as explained above. Experience showed that they were maintained sterile up to four

weeks.
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3.6.2 QUALITATIVE ANALYSIS OF CELL CULTURE STUDY ON PLASMA POLYMERIZED
SURFACE

The behavior of the P19 embryonic carcinoma derived neurons was analyzed in this section. The morphology
of these kinds of cells, before differentiation is presented in Figure 3.33, from the ATCC Cell Biology Collection,
which is the most comprehensive and diverse of its kind in the world, consisting of over 3,600 cell lines from

over 80 different species.”

Figure 3.33 will help us as reference to understand if our samples are developing correctly, in the first days. It

shows attached P19 cells, although it must be remarked that they are not derived neurons.

Loarcc
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High Density Scale Bar = 100um

-

Figure 3.33 P19 non differentiated cells from the ATCC collection

For these experiments, the Petri dishes were prepared as described before in section 3.2, to do the cells
seeding. The following pictures in Figures 3.34 — 3.37 show the cell behavior on the different surfaces. Pictures

were taking at different days, to see how the cells were developing in time over the different stages.

Cell attachment (Day 1)

As Figure 3.34 P19 neurons (P19N) were attached to all the surfaces. They formed larger cell colonies on the
P/LC surface, i.e. dish with PFM polymer reacted with the (Cys0) - Laminin A solution. The colonies had on
average more than 30 cells each and some of them consist of more than 1 cell layer. Dishes with the PFM
polymer but without being reacted with the laminin, P/NLC surface, has small colonies consisting of multi cell
layers attached. The reference samples without polymer and with or without laminin have small colonies

attached. Short neurite extensions were observed on all surfaces.
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Figure 3.34 Cells after 1 day culture (20x). Attachment phase. (a) with PFM polymer and reacted with laminin (P/LC),
(b)with PFM polymer without laminin coating (P/NLC), and reference samples (c) without PFM polymer and with

laminin coating (NP/LC) and (d) without PFM polymer or laminin coating (NP/NLC)

P19N proliferation and neurite formation

Figure 3.35 presents the growing of the cells in all samples after three days in culture. Large necrotic cell
aggregates were observed on the P/NLC (see Figure 3.35b). The polymerized surface alone was unable to
support P19N proliferation and neurite formation. All other three surfaces, including the reference surfaces
and the polymerized laminin coated sample, were able to support the growth of neuronal progenitors, an
increased in neurite formation was observed for all three samples by the third day. Samples seem close to

each other.
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Figure 3.36 Cells after 6 days culture (10x). Proliferation phase
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Figure 3.36 shows the cell cultures after six days. In the reference sample NP/LC, by the sixth day, there is a
monolayer of P19N growing on a homogenous underlying layer of non-neuronal cells which increased in
density until the end of the study (13 days, see Figure 3.37) on the substrates. P19N were able to form close
connecting neurites with one another, which is an indication of synaptogenesis, on these substrates, NP/LC
dishes.

Less extensive neurites were formed by the end of the 6t day on both P/LC and NP/NLC surfaces. Even so, the

cells are still forming neurites.

Figure 3.37 Cells after 13 days culture (10x). Proliferation phase. Proliferation phase. (a) P/LC, (b) P/NLC, and reference
samples (c) NP/LC and (d) NP/NLC

Taking a look at the pictures presented in Figure 3.37, For P/NLC there was widespread proliferation of flat
non-neuronal cells by day 13 in vitro.

NP/NLC (in fig 3.37 d) surfaces were not able to support further neurite formation by the 13" day, with a
sparse population of P19N growing on a monolayer of flattened non-neuronal cells. After 13" days of culture,
the developing of the neurons on the P/LC samples seemed to be reactivated and scattered pockets of P19N
were found growing on an underlying layer of non-neuronal cells on the P/LC surface even on the 13" day of

culture.

| 121



Chapter 3

The reference (non polymerized laminin coated sample, fig 3.37 c) showed the best results on neuron growth
and formation of close neurite, as expected. The other reference sample, non polymerized and non laminin
coated showed the expected results as well, as the neurite formation is impossible. Comparing these
reference samples to the ones with polymer, the evidence of cells dying on the non laminin coated dish, made
clear that the direct exposure of the cells to the polymer killed them, showing the poisoning effect of the
chemistry on the surface, probably due to the presence of the fluorine containing groups in the polymer. On
the other side, the polymerized and laminin coated surface showed to be a viable surface for cell culture, even

if the growth was slower as in the reference samples.

For additional information about the cells growth and behavior on the surfaces, further tests should be done.
In future works, it could be tested if the cell retain the own characteristics, by checking if they still express
their characteristic proteins. Another interesting study would be their growing curve. Some other tests could
be done, always trying to determine if the cells still feel comfortable on the treated surface for further

applications.

3.6.3 SUMMARY

Using the results of the reactivity study in the previous section, a new protocol for sample preparation has
been developed in this part of the work, to be completed with cells seeding and culture on modified

substrates.

Common techniques to sterilize the substrates have demonstrated the deactivation of the reactive sites or
total destruction of the PFM polymer. Therefore, a sterilization method based on plasma techniques has been
exposed as a promising way to sterilize the substrates and deposit the polymer directly on them, without
exposure to the air.

After the treatment of the modified surfaces with the peptide, (Cys0) — Laminin A, they were used for cell
seeding. The sample of interest shows its viability for the growing of neurons that lived upon to 13 days on the
surface. At this point, the test was stopped.

Cells exposed to the polymer directly, without the laminin coating, died after several days.

The order of good neuron propagation was the following:

P/NLC < NP/NLC < P/LC < NP/LC
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The fact that cells, in this case neurons, are able to grow on top of the polymerized surface after covalent

peptide attaching shows a promising platform for cell-substrate interaction.
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3.7 CONCLUDING REMARKS

This chapter presents the development of the pentafluorophenyl methacrylate films by polymerization
techniques.

It has been shown that even monomers containing reactive groups, such as pentafluorophenyl methacrylate,
can be polymerized with high functional group retention using pulsed plasma deposition conditions.
Depending on the system used polymerization parameters have been fixed, obtaining good group retention.
In the case of system 1, a maximum retention of the desired structure has been achieved by working at 50W
with a duty cycle fixed at 2/52. The electrode’s distance was fixed at 13 cm. In system 2, the parameters have
been fixed at 50W with a duty cycle at 10/100, and the sample position has been revealed as a key factor to

get a good structural retention.

The surfaces of the deposits are highly reactive and react readily in aqueous solution and with primary amines.
It has been shown, that the reaction with aqueous buffer is much slower than that with primary amines. Thus,
the reaction between an amine terminated reagent and the ester groups will always dominate reaction
pathways in a solvent environment. It has been further shown, that the reactivity of the plasma deposits is
reduced considerably if the surfaces are immersed in agueous solution prior to reaction with the amine. These
insights are of particular importance when applying these surfaces as supports for the covalent attachment of
peptides and other biomolecules containing amines or alcohols. Binding of a peptide to the surface has been

achieved, accomplishing one of the main goals of this work.
Further on, a new protocol for sample preparation has been developed to be completed with cells seeding
and culture on modified substrates. Cells seeding has been accomplished, after binding of a peptide to the

surface, by a successful growing of neurons living up to 13 days on the platform.

The fact that cells are able to grow on top of the polymerized surface after covalent peptide attaching shows a

promising platform for cell-substrate interaction.

After this platform has been achieved, and its reactivity proved, the next chapter concentrates in two possible

applications for the pp-PFM related to all that has been studied till the moment.
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CHAPTER 4

MICROCANTILEVER SENSORS

4.1 INTRODUCTION

Surface-active coatings have already found applications in many areas of technology and a number of wet
chemical and dry techniques are available for their synthesis. It has been shown, that plasma assisted
processes can be used to deposit thin films containing different densities of highly reactive groups which are
available for reaction after deposition. The chemical reactivity of the deposits depends on the density and on
the availability of the reactive groups. By careful control over the deposition conditions even monomers
containing very labile groups can be deposited successfully.!

Recently it was suggested that not only the functional groups on the surface, but also those embedded within
the matrix are in principle available for reaction. This was inferred by DNA immobilization on plasma
polymerised allylamine, for which a clear dependence of DNA immobilization on the film thickness was
observed.? A major challenge in this kind of research is finding suitable analytical methods, which not only
allow for in-situ measurements of chemical reactions of a thin film while immersed in solution, but also
enables depth profiling of this reaction.

Microcantilevers sensor technology has proved to be a valuable technique to investigate material properties
or the surface properties of thin films.** The MC sensor set-up consists of an array of cantilevers which act as
transducers, a reactive coating, and a read-out system. In the absence of external forces the deflection of the
cantilevers is related to the differential mechanical stress generated between opposite sides of the cantilever.
This offers unique possibilities to monitor small volume changes of thin films. Such volume changes could, for
example, be a result of swelling processes owing to changes in environmental conditions such as temperature
or humidity,® or they could be a result of chemical reactions within the thin functional coating.® In order to
avoid misinterpretation of MC sensor data it is generally useful to combine it with other characterization
techniques. In this section, the MC sensor technique has been used as a complementary method to FTIR to
systematically study the reactivity of a low duty cycle pp-PFM film of known chemical structure and functional
group density towards different amines. Pp-PFM is of particular interest as an active coating, since it offers a
highly reactive ester group, which can potentially be utilized for binding biomolecules and promote cell
adhesion and proliferation, as it has been presented in the precedent chapters and has already been

published.”®
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In order to understand the chemical reactivity of the pp-PFM surface towards biomolecules (i.e. proteins), we
have investigated the basic reaction of the perfluoroester with simple amines. One particular aspect of
interest was the influence of the molecular structure of the amines on their reactivity towards thin films. The
amines studied ranged from different primary amines (1°) containing different substituents, secondary (2°),

and tertiary (3°) amines.

Microcantilever sensors

The MC sensors technique was used in this work to investigate changes in stress in the thin film as a result of
chemical reactions taking place. A systematic study on the reactivity of a low duty cycle pp-PFM film of known
chemical structure and functional group density with different amines allows for some assumptions to be
made on the extent of reaction at the liquid/solid interface or reaction within the film. This enables

correlations to be made between functional group accessibility and type of reactant.

Figure 4.1 lllustration of a cantilever chemical sensor with optical lever readout. MC surfaces modified with (a)
nanobeads, (b) cavitand receptors, and (c) thin polymeric film to improve cantilever response or selectivity. (d)

Depiction of a bioaffinity interaction MC.’. SEM image of an array of eight silicon MCs, IBM *

In figure 4.1 a laser beam reflected near the end of a cantilever is displaced as the cantilever bends. This
displacement is converted into an electronic signal by projecting the reflected laser beam onto a position-

sensitive photodetector.’

In the absence of external forces the deflection of the cantilevers is related to the differential mechanical
stress generated between opposite sides of the cantilever and thus offers unique possibilities to monitor small

changes in stress at the interface between the MC and the thin film induced, for example, by a chemical
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reaction of the selective coating. The stress at the interface is calculated from the deflection of the MC and
can be used to evaluate volume changes resulting from the reaction of functional groups within the thin

functional coating,® or from swelling processes as a result of environmental changes (temperature, humidity).?

There are different approaches to understand how different coatings generate different responses on MC
sensors. Among these models, one of big interest for this work is the one where an analyte is able to interact
with a film thicker than a monolayer. The analyte is able to diffuse into the bulk of the film and interact with
this, causing swelling of the coating, and by this, bending of the cantilever. This kind of mechanisms is
presented in Figure 4.2.°

Further, it can reveal unique information about single binding events of molecules at interfaces. The MCS

technique has, for example, been successfully used to detect the hybridization of DNA.™

AR

ANV

v

Figure 4.2 Mechanism of stress by the swelling of a thin film on a surface due to analyte absorption9

Working with thin films implies that the measurement of physical and chemical properties is often non trivial
and only a limited number of current analytical tools are available. Several groups work to understand which
parameters dominate the deflection of thin cantilevers. Godin and coworkers have combined the MCS
technique with ellipsometry to compare in-situ the surface stress and thickness change of a alkanethiols which
self assemble on gold.™ Previous work in the MPIP group has shown that MCS data can easily be correlated to

Surface Plasmon Resonance Spectroscopic data and FTIR data.>®
The deflection of each of the 8 MCs was monitored with a Scentris™ platform (Veeco, USA) based on the

beam deflection detection principle (Figure 4.3). This technique allows for the sequential measurement of the

deflection of 8 MC at a resolution <1 nm, over a range of several um.
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optical beam deflectiona 6 6%8 6 6

Figure 4.3 Schematic of the MCS array

4.1.1 EXPERIMENTAL SECTION

Materials

Isopropylamine (99%), diethylamine (99%), triethylamine (99%), 1,6-diaminohexane (99%) and hexylamine
(99%) were purchased from Sigma-Aldrich and used as received.

OCTOSENSIS silicon micromechanical cantilever arrays (Micromotive, Germany) were used as transducers.
Each chip consists of eight rectangular cantilevers, with a length of 500 um, width of 90 um and thickness of 2
um arranged at a pitch of 250 um. Typical variations of resonance frequencies within one array are less than

1%, indicating similar mechanical characteristics.

Sample preparation

Since most of the tests were to be performed under aqueous environment, the Si cantilever arrays need to be
surface modified to ensure optimum adhesion between the functional coating and the Si surface. In addition,
MCS data was compared to FTIR data on samples prepared by identical procedures. Thus the MCS were
prepared in the same way as the glass slides used for IRRAS. The preparation involved the deposition of an
adhesion layer of 1.5 nm of chromium to assist adhesion, subsequently a gold coating was evaporated (20 nm
on the MCS, 80 nm on the glass substrate) followed by a modification of the gold with a self-assembled
monolayer (SAM) of hexanethiol. The SAM was prepared by immersion of the one-side gold coated MC array
into the 2mM hexanethiol ethanolic solution overnight. After thoroughly rinsing with absolute ethanol, the
MC arrays were dried in atmosphere and subject to plasma polymerization. In order to avoid the deposition of
pp-PFM on the bottom part of the cantilevers, a glass cover was located beneath cantilevers.

After the polymer deposition, reference MCs were prepared by exposing 4 MC within an array of 8 to
concentrated isopropylamine for half an hour. The isopropylamine reacted with the active perfluorophenyl

ester and deactivated the active ester groups. This deactivation procedure was performed within a cantilever
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treatment station, a precise apparatus that allows the perfect alignment of the reference cantilever inside a
capillar which contains the amine. In this way part of the MC sensor array could be used as a reference, while
the other part served as the test sample. The functionalised MC arrays were stored under argon until MCS

measurements.

Plasma Polymerization and Surface Analysis

Plasma polymerization was carried out in system 1 as explained in the previous chapter in section 3.2. The

typical plasma film thickness was 40 nm + 4 nm.

Surface analysis was based on FTIR and profiler measurements as explained in section 3.2

Deflection measurements

The position of each cantilever was monitored for the simultaneous recording of deflection of all eight MC.
Since the deflections of the cantilevers were determined independently, it was possible to calculate the
differential deflection between a pp-PFM-coated MC and a reference MC, whereby drift temperature and
unspecific absorption effects could be compensated.>*® The low concentration of amine in the PBS did not
induce noticeable changes in the refractive index of the PBS solution, such that we assume the absolute value

of the deflection was not affected by exchanging the PBS solution with the amine solution.

Any influence due to the flow on the absolute deflection of the MC was avoided by working in quasi-stationary
regime. The PEEK reaction cell was equipped with a glass window and had a volume was 30 pL. An inlet and
an outlet equipped with valves allowed for the exchange of the liquid. After injection of each solution, the
inlet and the outlet valves of the reaction cell were closed such that there was no flow during measurements.
The surface reactivity of the pp-PFM film could thus be monitored in real time and in-situ. This was done for

different amines using a concentration of 1% amine in PBS buffer solution.
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4.1.2 Pp-PFM REACTIVITY ON MICROCANTILEVER SENSORS

Pp-PFM structure and deactivation

Film films achieved in chapter 3 with system 1 were used in this chapter for the Microcantilever Sensor

studies.

pp-PFM

+ 1h diaminohexane

Absorbance [a.u.]

—

| | | | | | | |
3600 3200 2800 2400 2000 1600 1200 800
Wavenumbers / cm™

Figure 4.4 FTIR spectrum of pp-PFM deposited on the MCS and its deactivation reaction against of isopropylamine

The deactivation procedure of the MC sensor was optimised in a series of test in which an Au/SAM/pp-PFM
substrate was exposed to concentrated isopropylamine for various periods of time.

IRRAS spectra presented in Figure 4.4 showed that after half an hour treatment with isopropylamine all the
characteristic bands of the perfluorophenyl ester disappeared and a new band, characteristic of amide groups,
appeared. The isopropylamine reacted with the active perfluorophenyl ester and deactivated the active ester
group. Longer periods of time didn’t show any improvement in the deactivation process, but showed a
damage of the film. The later exposure of the deactivated film to 1,6-diaminohexane showed that the amine
was not linking to the polymer. Therefore the success of the deactivation process was established. In this way
part of the MC sensor array could be used as a reference, while the other part served as the test sample. The

functionalised MC arrays were stored under argon until MCS measurements.
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Reaction of the amines with pp-PFM on MCS™

After the deactivation of half of the Microcantilever Sensors, the array of microncantilevers was exposed to
different amines. The reaction of the active ester with different amines will theoretically lead to different

reaction products depending on the chemical structure of the amine used as is shown in Figure 4.5.
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Figure 4.5 Schematic of the possible reactions occurring between pp-PFM and amines

Figure 4.6 presents the IRRAS and XPS spectra for pp-PFM films after 1h reaction with different amines. In this

case, the amines used present different degree of substitution, having a primary, a secondary and a tertiary

amine in each reaction.

Table 4.1 XPS data of the polymer after reaction with amines with various degree of substitution

Sample Atomic percentage Ratio

Cls O1s Fls N1s F/C o/C N/C

PFM 5897 11.30 2780 1.94 0.47 0.19 0.03
reacted hexylamine 71.20 8.15 1259 8.07 0.18 0.11 0.11
reacted diethylamine 60.48 17.61 10.07 11.84 0.17 0.29 0.20

reacted triethylamine 56.51 19.50 9.18 14.81 0.16 0.35 0.26
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The chemical structures of the different reaction products cannot be clearly differentiated by FTIR such that
the spectra of all reacted surfaces show a trend towards the formation of amides as seen by the peak shift

from 1735 cm™ to 1654 cm™. Even so, subtle changes in the spectra can be observed.

/ M M
pp-PFM

+ 1h hexylamine

+ 1h hexylamine

c/s (a.u.)

Absorbance [a.u.]

+ 1h diethylamine

+ 1h triethylamine

PJ\}
+1h triethylamini/
T 208 296 294 292 290 288 286 284 282 280

T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800
Wavenumbers / cm™ Binding energy / eV

Figure 4.6 FTIR and XPS spectra of pp-PFM films after 1h exposure to amines with various degree of substitution

However, the shape of the IR spectra and the relative intensities of the bands after 1 hour exposure to
different amine solutions allows for some predictions to be made about the reaction occurring. When
comparing the relative intensities of the ester peak (1735 cm™) and the amide peak (1654 cm™) with respect
to the chemical structure of the amine we observe a clear trend in going from the 1° to the 2° to the 3° amine
reaction.

It can be seen that the relative intensity of the ester peak to the amide peak (lester/lamige) decreases in the order
3° > 2°>1° suggesting a better conversion for the lower order amines. The FTIR spectra in Figure 4.6 hint
almost complete transformation of the ester to the amide when using a 1° chain amine. Also the intensity
decrease of the band at 1524 cm™ (fluorinated ring) is the greatest for the reaction of the 1° amine, suggesting
a significant loss of this group from the film surface. Higher order amines seem to be less reactive towards the
PFM ester. This result is equivalent to the results presented by Eberhardt et al. on conventional
pentafluorophenyl methacrylate polymers.”® We assume that this is a result of steric hindrance and thus a
slower rate of diffusion of the 2° and 3° amine into the pp-PFM polymer network, which also prevents the
amine to react with functional groups deeper within the polymer film.

The shape of the XPS curves shows how the degree of funtionalization is higher when exposing the film to a

primary amine, regarding the intensity of the C-F peak in front of the C-C peak. The atomic compositions

134 |



Microcantilever sensors

presented in Table 4.1 indicate that while working with the secondary and tertiary amine a damage of the
films could be occurring, as the oxygen presence rises while also the nitrogen presence does. This indicates
that not only the amine functionalities are being incorporated, but also oxygen groups are forming the
superficial film, destroying the functionalities of the developed film. This fact can also be observed in the
shape of the XPS curves, as the profiles for the secondary and tertiary amines present an involving curve, with
less definition that the others, indicating the presence of a larger amount of groups in the XPS analysis.

With these two results, it has been concluded that the primary amine is the amine that achieves better

conversion of the ester groups in amide, linking the amine to the polymer.

pp-PFM

\

+ 1h hexylamine ‘/

+1h isopropylamin‘e/
) v ) v ) v ) v ) v ) v ) v ) v ) '
2400 2200 2000 1800 1600 1400 1200 1000 800 298 206 204 292 290 288 286 284 282 280
-1 . .
Wavenumbers / cm Binding energy / eV

pp-PFM

+ 1h hexylamine

c/s (a.u.)

+ 1h 1.6-diaminohexane

Absorbance [a.u.]

+ 1h isopropylamine

Figure 4.7 FTIR and XPS spectra of pp-PFM films after 1h exposure to various primary amines

Figure 4.7 shows the FTIR spectra of the pp-PFM film after reaction (1 hour) with three primary amines of
different chemical structure: one branched and two linear molecules with either one or two amino-groups.

Hexylamine and 1,6-diaminohexane appear to undergo similar reactions such that the IRRAS spectra obtained
are very similar. The XPS data, presented in Figure 4.7 and Table 4.2, suggest that the degree of
funtionalization for the hexylamine is higher than for the diaminohexane. After reaction with isopropylamine
in PBS the presence of the peak at 1654 cm™ suggests significant conversion from the ester to the amide, yet
the high relative intensity of the band at 1525 cm™ still suggests a significant amount of fluorinated phenyl
groups. In this case, for the isopropylamine, the XPS data shows a rise of oxygen and nitrogen in front of the

other elements.
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Table 4.2 XPS data of the polymer after reaction with various primary amines

Sample Atomic percentage Ratio

Cls Ols Fls N1s F/C o/Cc N/C

PFM 58.97 1130 27.80 1.94 0.47 0.19 0.03

reacted vs. hexylamine 71.20 8.15 1259 8.07 0.18 0.11 0.11
reacted vs. diaminohexane  66.12 10.38 19.20 4.29 0.29 0.16 0.07
reacted vs. isopropylamine  61.77 15.89 9.80 12.54 0.16 0.26 0.20

Chemical analyses have shown the reaction of the primary amines with the polymer, as well as a reaction in
some extent for the secondary amines. More precise information cannot be obtained and it still remains

unclear if the amines are able to diffuse into the polymer.

During the conversion of the ester to the amide, a large pentafluorphenyl group is replaced by a smaller alkyl
chain. Assuming that the bulky pentafluorphenyl group is able to diffuse out of the polymer network and into
solution, this would lead to differences in the 3 dimensional arrangements of the polymer molecules and thus
the film volume. This can lead to a change in the internal stress of the film and therefore to a bending of a
microcantilever sensor, see Figure 4.8. Depending on the type of stress induced within the film, the film may
either contract (compressive stress) leading to an upward bending, or it may expand (tensile stress) leading to
a negative deflection or a downward bending of the cantilever, attributed to a volume increase within the

film.*616

ami m‘/

- rl

+d

Figure 4.8 Representation of MC deflection during the reaction
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Experiment against different primary amines
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Figure 4.9 Summary of the relative bending of the MC sensor coated with pp-PFM and reacted with 3 different

primary amines for 1 hour

Figure 4.9 shows the relative bending of the modified MC arrays as a function of exposure time to different
primary amines. The plot presents the average differential bending of the pp-PFM coated versus the reference
MC sensors within one array after 1 hour exposure to the amine followed by the rinsing in PBS.

The data show clear differences for the reactions of the three 1° amines. Isopropylamine is the smallest of the
three 1° amines with only three carbon atoms and clearly leads to the highest swelling and bending of the
cantilever. Hexylamine is a linear molecule with six carbons which, after reaction also shows considerable
swelling of the film leading to a bending of the MC. The absolute swelling is, however, lower than that
observed for isopropylamine. This is believed to indicate that hexylamine does not diffuse into the polymer
network as readily as isopropylamine. The reaction of diaminohexane, however, resulted in no significant
overall bending. This may be because both functional groups of the molecule are able to react with the
pp-PFM leading to a cross linking of the surface, which may lead to a “shielding” layer of reacted
diaminohexane at the polymer-liquid interface preventing any further molecules to diffuse deeper into the

polymer network.

These results are coherent with the chemical analyses results. The linkage on the polymer bulk is explored.
With the small branched amine, isopropylamine. The isopropylamine appeared to show a higher penetration
into the polymer structure and a bigger swelling of the film, and therefore a bigger degradation of the surface

and higher loss of the C-F groups, as was already implied by the XPS and FTIR.

| 137



Chapter 4

Experiment with different film thicknesses

The influence of the film thickness was studied against the most reactive amine, isopropylamine, on the
deflection keeping all other conditions constant. The thicknesses were tuned by changing the plasma

treatment time from 1 min to 5 min giving thicknesses of 40 nm and 120 nm respectively.
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Figure 4.10 Evolution of the average differential deflection of a MC array functionalised with pp-PFM of different

thickness during the treatment with 1 mM buffer solution of isopropylamine

When isopropylamine was reacted with the thicker film, a higher decrease in deflection (Ad=-900 nm) was
found. Isopropylamine doesn’t remain on the surface, but penetrates deeper inside the film and reacts within
the bulk ester groups. If the reaction would occur only on the surface, no difference in the deflection would
have been observed, as presented in Figure 4.10. Increasing the film thickness from 40 nm to approximately
120 nm led to an almost threefold change in the deflection over the duration of the experiment. The initial
spike in the data is followed by a slow decrease in Ad, which did not reach a minimum after two and a half
hours. Rinsing, followed by another immersion in the amine solution seemed to lead to a stabilization, such
that after about three and a half hours no further change in the Ad was observed. Thus, while the reaction of
the 40 nm thick film seemed to be complete within about one hour, the 120 nm thick film required

approximately 3 hours.

In all the MCS experiments an initial sharp increase in Ad was observed, which can probably be associated
with the initial approach and the reaction of the amines with perfluoroester groups at the pp-PFM solid/liquid

interface. The subsequent slower decrease in Ad (for isopropylamine, hexylamine and diethylamine) is
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thought to be related to a number of different processes taking place: (i) the diffusion of the amine into the
polymer film, (ii) the reaction of the amine with the perfluoroester groups and (iii) the desorption of the latter.
While a clear dependence on the size of the reagent was observed, the cantilever deflection also clearly

showed a dependence on the film thickness.

4.1.3 SUMMARY

In this section the reaction of different amines on plasma polymerized PFM surfaces using IRRAS, XPS and MC
sensors has been investigated. All the different techniques, XPS, IRRAS and the MCS indicated that the
reaction of the pp-PFM was fastest for the 1° amine. The deflection of the pp-PFM functionalized MCS allows
for some predictions on whether the reactions occur at the liquid/solid interface or within the matrix of the
polymer. Each of the amines tested in this work has shown a unique response to the microcantilever sensor,
which may give insights into the reaction mechanisms taking place. The largest difference was observed
between the bi-functional amine and isopropylamine, the former showing tensile, the latter showing

compressive stress on the pp-PFM film.

The combination of MC sensors and other surface sensitive techniques is believed to be a promising approach
to study reactions and reaction mechanisms occurring in the bulk of thin films as well as on the polymer liquid
interface.

Interesting experiments to be performed related to the present work, would be the reactivity of the pp-PFM

films towards of peptides to corroborate the hypothesis of the pure surface reaction in this case.
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CHAPTER 5

APPLICATIONS

The main goal of the work is to achieve a platform for covalent binding of biomolecules in an easy and fast
way. This surface should then be able to support cell attachment and growing. The precedent chapters have
been centered in the development of a plasma polymerized coating that would fulfill these parameters. The
use of pentafluorophenyl methacrylate as monomer for the polymerization of the polymerization by pulsed
plasma techniques, has been revealed as a possible way to achieve this platform and attach desired

molecules, as amines or peptides. Cell culture on this surface was successfully achieved.

In this chapter an application is based on multi-sensor micro-devices for neuronal growth, where an

enhancement of the cell attachment in needed.

5.1 CELL SIGNALLING PLATFORM THROUGH PEPTIDE ADHESION ON MODIFIED

OXIDE SURFACES - APPLICATION FOR NEURONAL GROWTH

The work presented in this section is the result of a collaboration between the GEMAT group at the 1QS and
the Biomedical Application Group at the National Centre for Microelectronics (CNM-IMB, CSIC), in particular,
Dr. Rosa Villa, Dr. Gemma Gabriel and Rodrigo Gomez.

The main idea was to improve cell attachment and growth of cells on some previously developed devices by
the CNM, in the projects Microcell and Microtrans. These devices presented some problems in the control
over the areas where neurons would grow, or in the case of the Microtrans needles, a problem of rejection for
the in vivo assays. Therefore the use of the pp-PFM polymer was suggested, by the subsequent peptide
attachment that showed promising results for cell growth presented in the third chapter, section 3.6.2. The
polymer was already developed in the previous chapters, and the use of masks would help with the control

over the growth areas.
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5.1.1 INTRODUCTION

Long-term neural interfaces, as electrically active micro-devices that are able to record and stimulate neural
signals in neurons and neural tissue, were first proposed in 1973." The common basis for these devices is a
silicon or glass substrate with deposited electrodes (typically Pt electrodes) and an associated circuit for signal
conditioning.” Different shapes, substrates and electrode materials and layouts have been assayed.
Conventional interfaces consist basically of an array of electrodes deposited in a grid layout, although there
exist multiple variations including regenerative interfaces.>* Device shapes ranges from rectangular substrates
containing arrays, such as in Micro-/Multi-Electrode Arrays (MEAs) for cell culture®” and cortical interfaces®, to
flexible cuff interfaces for nerve wrapping® and needle-shaped micro-devices for insertion into nerve or neural
tissue'®.

There have been many systems developed over the years, but long-term neural interfaces have still a series of
problems first identified years ago.™ Taking into account that the main goal behind most research proposals
on neural interfaces is to result into clinical applications, and that almost all these applications involve the
mid- or long-term placement of neural interfaces in (or in contact with) living tissue, the problem of long-term
adhesion between neurons and electrodes must be specifically targeted.

Long-term adhesion has different but closely related troubles. The first problem concerns the initial
inflammatory response towards the implanted interface. These initial inflammatory responses can easily
develop into a chronic reaction®?, creating a highly resistive layer around the interface that renders it
inoperative.”**® Related to the inflammation is the problem that targeted neurons tend to migrate away from
the immediate vicinity of the neural interface, probably because the implanted interface does not constitute
the best of environments for cell growth and adhesion.

Even those materials generally considered to be biocompatible produce some degree of tissue response.
Furthermore, once implanted the microelectrodes have to remain within the brain environment for a long
time. Therefore, these devices must not be susceptible to attack by biological fluids, proteases, macrophages
or any metabolic substances. However, although it has been reported that silicon-based shafts, silicon oxide

based surfaces and other glass based products are highly biocompatible'"***

, there are chronic inflammatory
reactions which affect both the neural tissue and the surface of the microelectrodes. These reactions often
result in damage to neurons and microelectrodes and lead to the proliferation of a glial scar around the
implanted probes, which prevents neurons to be recorded or stimulated.”

Electrode degradation does also often contribute to the failure of long-term implants. Electrodes are typically
deposited on the substrate as a homogeneous layer by sputtering or chemical vapor deposition, and this layer

is then patterned using microelectronic fabrication processes. With extended usage, and especially if higher

potentials need to be applied due to the presence of fibrotic tissue, electrode materials tend to deteriorate
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and detach from the substrate, leading to severely impoverished performances and raising concerns on their
biocompatibility'’*°.
Similar problems are also currant for MEA devices, especially when targeting long-term studies, with a long

time scale of neuron culture on the surface.

With the above presented problem, developed devices that appear to have a good behavior in vitro, uses to

be inoperative for in vivo assays. The challenge was to develop a cell friendly interface for tissue growth.

CNM-IMB has already been working on long-term interface in two projects: Microcell and Microtrans. The
Microcell project involved a Micro-/Multi-Electrode Array for in vitro cell culture and the Microtrans project
included the development of minimally invasive multi-sensor micro-probes for organ monitoring during
transplantation.”® Both devices presented the above exposed problems, and needed an interface

improvement.

Figure 5.1 presents a picture of these devices, and a scheme of the layer distribution common to both. The
substrates are based on Silicon, in this case, and have a silicon oxide layer. On top of this, a thin layer of
titanium was deposited and on top of it, the platinum electrodes. A layer of silicon nitride is deposited
avoiding the electrodes and on top of it, a second layer of silicon oxide is used to insure the SAM adhesion to
the surface for posterior treatment.

The interface improvement was proposed by the pp-PFM polymerization on top of the surfaces and
subsequent link of the peptide as used in chapter 2. In the case of the MEAs, a control over the polymerized

areas was projected by the use of masks, to try to direct the neuronal growth on the substrates.

() _ ;
Pt(1800A) ‘ in

Ti(300A)

(b)

Si 0 SiC (525 um) 1%

\/\/\/\/\/\/

Figure 5.1 Scheme of layer distribution in the devices. (a) Pictures of the microneedles belonging to the Microtrans

project and (b) cell culture microarrays of the Microell project, developed in the CNM-IMB
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In this last case, masks would leave part of the surface unmodified, and therefore protein non-covered. To get
a passivating character of the remaining surface, a PEG- like SAM was deposited. The PEG-like surface has

21-28

been reported to avoid protein adsorption by multiple groups as well as resisting the adhesion of

cells. 2%
These characteristics are of high interest for our work, as it would avoid the peptide of interest to attach to

the non-wanted areas, retaining the polymer pattern.

5.1.2 EXPERIMENTAL SECTION

Materials and substrates

The initial work was carried out on regular silicon wafers. The cellular culture microarrays and microneedles
were also a silicon based system, developed by the System Integration Department and the Biomedical
Applications Group in the National Centre for Microelectronics (CNM-IMB, CSIC) in Barcelona, Spain.

The masks for the selective polymerization were perforated silicon wafers 0,5mm thick.

Sample preparation

The substrates were coated with a silicon oxide layer to guarantee the good self assembly with a PEG-like
system. These arrays were functionalized with an 2-[methoxy(polyethyleneoxy)propylltrimethoxysilane self
assembled layer, by the next procedure, to achieve a continuous system and avoid delaminating problems.
The silicon oxide substrates coming from clean room were sonicated in a methanol, a mixture of
methanol/chloroform (1:1) and pure chloroform for 5 minutes each time. A 3mM PEG-silane solution in dry
toluene with 0.8 ml of HCl.n /L is prepared, and the samples introduced in it for 18h at room temperature.
After this the samples were sonicated again in chloroform, chloroform-methanol mixture and methanol for
5 min each.?**

To ensure optimum adhesion of the plasma polymer on the platinum electrodes a second monolayer
consisting of hexanethiol was self-assembled on the substrates before plasma polymerization. After the
methanol samples were sonicated in ethanol for another 5 min. A 10 mM 1-hexanethiol in ethanol solution
with several hours immersion was used for this second depositing the SAM. Samples were rinsed after in
ethanol and finally dried with dry N,.>*

This kind of selective funtionalization with silanes and thiols SAMS has been already been used by some

groups.”
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Masks design

The masks were designed with several patterns of different shapes, corresponding to the different zones of
electrodes of the microdispositives. This was done in order to functionalize them selectively and create guides
to enhance cell growth.

The masks were manufacture in quartz, defining in chromium the patterns that would be transferred by

lithographic methods later on.

The original design consists of three zones, presented in Figure 5.2:

In zone 1, the shape corresponds to the Microtrans microneedles. In zone 2, the pattern is defined as an
equivalent of the CNM and IQS logos. In the last zone, the profiles are defined in relationship to the Microcell
microarrays:  a) pattern equivalent to the position of the electrode’s array

b) rectangle that includes all the array of electrodes

c) diagonal channels that interconnect the microelectrodes

d) chess pattern, that exposes just some of the electrodes to the plasma

Figure 5.2 Design of the masks on a silicon wafer

The next figures give details of the different shapes with their dimensions in micrometers.
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Masks’ manufacture

The process of manufacture of the masks was by perforation of a silicon wafer in a clean room from the
already designed mask in the previous step. This design as well as the manufacture of the masks was
developed by the CNM-IMB biomedical applications group.

The manufacture technique for the silicon engrave is the Silicon Deep Reactive lon Etching (DRIE). This kind of
engrave is done in a dry environment and is based in the combination of two gas mixtures that alternate in the
reactor. This technique allows an engrave ratio of 30:1 (depth:width) and angles next to the walls of 90°+2°,
The major problems with this technique were found when working with zone 2. The logos presented different
dimensions, what is one of the limitations of the DRIE technique. This technique is selective with the engrave
dimensions, giving priority to the large measurements. When the small patterns are to be done, the original
shape is deformed. For the logos in zone 2, one of the wafer sides, front side, presents better resolution than

the other one, back side, as can be observed in Figure 5.6.

Figure 5.6 Details of the final appearance of the mask in zone 2, (a) front side and (b) back side

For the other two zones, the process is finished without remarks. The appearance of the masks is presented in

Figure 5.7.

-

g (© )

\2 2\ —

Figure 5.7 Details of the different masks, (a) masks belonging to the Microtrans needles, (b) masks of the Microcells

arrays
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Different masks thicknesses have been achieved. The original wafer thickness, 500 microns wasn’t longer
treated beside the pattern. 400 microns thick masks where achieved by polishing the already engraved masks
and a last one of 150 microns was achieved by acid attack of the silicon wafer. Since all the masks where

already engraved, these post-treatments also reflected changes in the patterns.

Plasma polymerization

The plasma polymerization was done in system 2, for the first tries with the masks on silicon wafer and for the
microneedles, and in system 1 for the real microarrays samples.

For both systems, the best conditions of polymerization to achieve the desired structure of pp-PFM were
developed in chapter 2. First experiments were done with all the masks. When working with the mask of zone

2 (logos), a comparison between the front and the back side was done.

Surface analysis

The chemical characterization of the plasma polymerized coating has been discussed extensively in chapter 2,
as well as its stability and reactivity. In this section, we have concentrated in the morphology of the achieved
polymer when working with masks. The characterization has been done with a Olympus SZ-40 stereozoom
microscope, a New View 100 interferometric microscope, from Zygo; and a uSurf confocal microscope, from
Nanofocus.

The samples analyzed with the stereozoom microscope were the first tries on a silicon wafer. Therefore, these
samples weren’t treated with special consideration, and contamination by small particles can be seen on top
of them. On the other side, part of this dust is also deposited on the microscope lenses.

These same samples analyzed by the interferometric microscope present degradation by manipulation like

scratches. These belong to the manipulation and are not inherent of the polymerization.

5.1.3 POLYMERIZATION WITH MASKS: COATINGS DEVELOPED IN SYSTEM 2

The first experiments for this application were realized over simple silicon wafers in system 2. The purpose of
these experiments was to visualize the final polymer pattern on the substrates when using the masks to

induce a selective coverage of the substrate.

A polymerization was also performed on the Microtrans needles without mask. These needles had to be
tested at different stages for the in-vivo assays. At this point of the research, their main problem was due to

the rejection in the living tissue. Therefore a first try was done without taking care of the getting the pattern
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only over the electrodes, and the polymerization was done over the whole needle. These experiments with

the needles will be discussed later in section 5.1.6.

Pattern achieved with the “logos” mask, zone 2

The first mask tried was the mask in zone 2 with the two logos. As it has been explained earlier, this mask
presents two different sides, due to the engraving method. Both sides were tested for the polymerization,
exposing each of them to the plasma and comparing the results. An additional problem has to be taken in

account for this mask, as the motives engraved are the smallest in all the designed masks.

As Figure 5.8 illustrates, the patterns achieved by exposing each side to the plasma are very different. Already
comparing the stereozoom microscope images, it can be seen that the pattern gotten when exposing the back
side to the plasma (b) has no definition in comparison to the front side (a) exposed to the plasma. This sample
shows some of the letters belonging to the IQS logo, particularly the “IQ”. Even so, the CNM logo appears as a

big mass, with no definition at all. The letters of this logo can’t be recognized.

Figure 5.8 Surface obtained by polymerizing with the (a) front and the (b) back side exposed to the plasma

The “front side exposed” sample (a), has been studied with the interferometric microscope to have a better

approach to the morphology of the achieved polymer. The resulting images are presented in Figure 5.9.

As it has already been discussed above, the “IQ” letters belonging to the 1QS logo can be read, while the CNM
logo (upper side of image b) remains unreadable. When observing the cross section in the 1Q letters, it can be
seen that in the zone where the letters are close, they don’t detach, losing the original definition of the mask.
The thickness of the polymer achieved with this mask is around 17 nm.

When working with these masks, that present small motives, the definition of the pattern is lost in the

polymerization. Therefore, another method is proposed to achieve these patterns on the surface.

| 149



Chapter 5

A new study with Microcontact Printing of the molecules of interest on a previously polymer coated surface is

suggested. Due to the lack of time, this path won’t be explored in this work, but could be investigated later on.

mm

rmm

+8.82580
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Figure 5.9 Images from the interferometric microscope belonging to the sample exposed in Figure 5.8 (a) Side image,

(b) top image and (c) cross section of the 1QS logo.

Pattern achieved with the mask in zone 1, “needles”, and zone 3, “chess pattern”

The results belonging to the polymerizations with the “needles” and the “chess pattern” in zone 1 and 3 are
explained in this section.
Figure 5.10 shows the stereozoom microscope images of each polymerization. In both cases, the motives of

the masks are well defined, being easily recognizable just with this technique.

Figure 5.10 Images obtained with the stereomicroscope with the (a) needles mask and (b) “chess pattern”
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Figure 5.11 Images from the interferometric microscope belonging to the sample exposed in Figure 5.10 (a) Side image,

(b) top image and (c) cross section of the polymer.

For a better quantification of the deposits, the analysis with the interferometric microscope was performed.

Figure 5.11 shows the results for the “needles” mask, exposed in Figure 5.10 (a).

The pattern of the mask was to be recognized in the resulting polymer after the exposition to the plasma. The
cross section gives a 62 nm thickness. By enlarging the measurements of the pattern, it is easier to polymerize
thicker films than in the case of the “logos” mask. The width of the electrode’s pattern can be determined
around 550-600 microns. This width is larger than the one of the mask, which is 300 microns, making clear
that the polymer grows under the limits of the mask’s pattern. Even though, the polymer doesn’t grow all over
the surface, but in the zones near the motive, following its form.

Figure 5.12 presents the interferometric microscope images obtained from the “chess pattern” mask, exposed
in Figure 5.10 (b). The pattern is too big to be observed by the interferometric microscope as a whole.

Therefore, just one box has been picked to characterize the film.

Taking a look at the cross section, it can be seen that polymer growth has been more marked in the center of
the box. The thickness at this point is around 130 nm, while it is around 60 nm when getting near the edges of
the mask. In this case, near the edge, the thickness of the film is in the same value that the thickness obtained
with the previous mask (Figure 5.11). The width of the square is 1.4 mm. As in the previous sample, it can be
seen that as the size of the motive gets larger, the polymerization makes a bigger progress. For the same

polymerization times, the thickness of the films is higher.
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Figure 5.12 Images from the interferometric microscope belonging to the sample exposed in Figure 3.22 (a) Side image,

(b) top image and (c) cross section of the coating.

This is an indication that with smaller patterns (like in the logos mask) an accessibility problem can be
occurring for the polymerization. We think that a preferential polymerization can be occurring on the edges of

the mask, avoiding the polymer to get to the surface of the substrate.

To try to clarify this point, masks with different thickness will be used for the subsequent polymerizations.

Pattern achieved with the mask zone 3, “electrodes array”

Masks with the same pattern but with different thicknesses will be used in the set of experiments, to see the
influence of this thickness over the resulting polymeric pattern. In this case, the motive used is the “electrodes
array” in zone 3.

The original wafer thickness was 500 microns. A 400 microns thick mask was done by polishing already
engraved masks. As the polishing is a very aggressive method, it has to be noticed, that the original design of
the pattern was changed, moving the electrodes’ holes apart from each other, to avoid mechanical breakage
by the manipulation. A last mask with 150 microns thickness was achieved by acid attack of the silicon wafer
original wafer. In this last case, by the acid attack, the pattern was also slightly changed, because the
electrodes’ holes were enlarged by the procedure.

Figure 5.13 presents the resulting polymers explored with the stereozoom microscope:
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Figure 5.13 Images obtained with the stereozoom microscope with the (a) 500 microns (b) 400 microns and (c) 150

microns thick masks

Just by taking a look into the images, it is easy to recognize the difference between the polymerizations.
Comparing the resulting polymer circles, the second set (b) presents a more distant distribution in contrast to

the original mask’s set (a). In the third case, the circles even come in contact with each other.

To have a better idea of the influence of the thicknesses, the interferometric microscope was be used,

obtaining the images exposed in Figure 5.14.

Figure 5.14 Images obtained with the interferometric microscope with the (a) 500 microns (b) 400 microns and (c) 150

microns thick masks

Interferometry shows the values of height and diameter of the circles achieved in each case, presented in

Table 5.1.

Table 5.1 Height and diameter of the resulting circles obtained by polymerization of mask with different thickness

Mask thickness / um Height / nm Diameter / um
500 28 525
400 50 900
150 200 650
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When using the 500 microns thick mask, the film thickness is around 28 nm. This shows that, even if the hole’s
diameter in the mask is equivalent to the one in the square side in the “needles” mask (300 microns), the
geometry of the pattern has an influence on the thickness of the film. The film thickness in the case of the
circle is smaller than in the case of the square.

When the thickness of the mask is reduced it can be observed that the height of the circle increases, getting to
200 nm for the sample corresponding to the 150 microns thick mask. In this case, it can be seen that there is a
preferential polymerization around the edges of the pattern. In this zone, the thickness of the polymer rises
up to more than 400 microns, resulting in polymer “hole”.

When looking at the values of the circles’ diameter, it is remarkable, that in all the cases they are higher than
the mask’s diameter. This phenomenon was already observed in the previous polymerizations, where the
polymer was growing beyond the pattern’s limits. This study brings up that by reducing the mask’s thickness,
this trend seems to rise, getting a higher polymer expansion. But when observing the last mask, that was 150
microns thick, the tendency appears to stop, showing a smaller diameter. By regarding the cross sections, this
sample is the one showing a preferential polymerization around edges, which impedes the growing of the

polymer in the covered areas of the substrates, far from the mask’s holes.

This event has revealed a non-expected concept for the group over the preferential polymerization when
using the masks. This will be explored further on in the next section 5.1.4, to see if the polymerization time

has also an influence over it, in a way that it could be controllable.

Pattern achieved with the mask zone 3, “diagonals”

As in the previous case, masks with the same pattern but with different thicknesses will be used in the set of
experiments. In this case, the motive used is the “diagonals” in zone 3.
The procedure for getting the different masks is equivalent to the one described above, including the design’s

changes. The resulting masks are 500, 400 and 150 microns thick.

Figure 5.15 (next page) presents the resulting polymers explored with the stereozoom microscope.

In these images, all samples seem to be different to each other. This mask is especially fragile, so that by its
manipulation it is easy to “loose” diagonal bars. This is what happened for the first image, where the diagonal
bars where lost, except in the two corners. In the case of the 400 microns thick mask, one of the diagonals has
also been lost. This sample, due to the enlargement of the bars thickness in the design, presents a major

definition of the pattern, than the other two.
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Figure 5.15 Images obtained with the stereozoom microscope with the (a) 500 microns (b) 400 microns and (c) 150

microns thick masks

For the interferometry measurements, the first sample has been avoided, as by the loss of the diagonal bars,
its geometry is too changed from the original one, and its measurements would be confusing. Results for

samples (b) and (c) are presented in Figure 5.16.

—@. 1@EE6E —@_ 16EBE
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Figure 5.16 Images obtained with the interferometric microscope with the (a) 400 microns and (b) 150 microns thick

masks

The thickness measurements for the two samples are 70 nm for sample polymerized with the 400 microns
thick mask (a) and 110 nm for the one polymerized with the 150 microns thick mask (b).

The definition of the pattern was much higher in the case of the 400 microns mask, as was already pointed
above. In the case of the less thick mask, no preferential polymerization has been observed, and the polymer
has expanded over the covered zones of the substrate. It has to be remarked that the covered zones of the

substrate are smaller than in the case of the “electrodes” mask.

After all these experiences, a new study is proposed. This study should take into account the mask’s thickness
as well as the polymerization time, to see if there a better results in the pattern resolutions.
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5.1.4 POLYMERIZATION WITH MASKS: COATINGS DEVELOPED IN SYSTEM 1

As the final use of these polymer patterns is to be applied for biological studies with cells, the substrates
should be sterile. The definitive Microcell electrodes microarrays and the masks must be therefore aligned in
sterile conditions. This was hard to be done at this stage in the IQS laboratories. For these reason, it was
performed in the MPIP installations. Hence, the rest of the studies would be done in system 1 to achieve the
best conditions for the polymerization with the masks.

Therefore, the use of the different masks was tested with the “electrodes” and “diagonals” mask in zone 3.
From all the masks studied, this two presented the most suitable pattern for the studies with the Microcell
electrodes arrays. The thinner masks, 150 and 400 microns, presented an enhancement in the polymers
achieved above. The thicknesses of the polymers were improved in comparison to the thicker mask, for both
masks, revealing a better access to the substrate for the growing polymer. In view of that, these thinner masks

will be studied further, to determine the best polymerization conditions in system 1.

Pattern achieved with the mask zone 3, “electrodes array”

The polymerization conditions for system 1 were fixed as they were developed in chapter 2. The times of
exposure to the plasma were studied between 2 and 20 min, to see if there was any growing pattern by the

use of masks.

The mask used for this first study was the 150 microns thick mask. Polymerization times were fixed in 2, 5 and

20 min. Figure 5.17 presents the confocal microscope images obtained from these samples.

The use of this mask in system 1 reported similar shapes to the ones already observed. The first thing to be
seen is that depending on the exposure time, the thickness of the layer changes, getting to the already
observed ‘hole” shape. The shape of the film goes from a “circle” to a “hole”, as polymerization time
increases. Taking a deeper look into the thickness values (presented in Table 5.2, next page), it has to be
remarked that in this system, the film growth is much faster than the growing in system 2. Already after 2 min
of polymerization, the polymer thickness is around 200 nm, which was the thickness obtained after 20 min in
the previous study. By increasing the exposure time to the plasma, the thickness also increased, to values
around 600 nm after 5 min. When leaving the plasma on for 20 min, the “hole” shape appeared, revealing
again the preferential polymerization around the pattern edges. The thickness of the polymer film inside the
“hole” is around 600 nm also, as after the 5 min experience. The walls of the “hole”, on the other side, rise to

more than 2 microns.
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Figure 5.17 Images obtained with the confocal microscope for the polymerization with the 150 um thick electrodes

mask with (a) 2 min (b) 5 min and (c) 20 min polymerization time

The diameter of the circles or the “hole”, in the last case, are always around 600 microns, a value that was
already present in the polymer obtained in system 2 for this mask. This shows a maximal value for the pattern

diameter with this mask.

The study was repeated for the 400 microns thick mask. In this group, polymerization times were fixed in 2, 5,
10 and 20 min. Figure 5.18 presents the confocal microscope images obtained from these samples.
Table 5.2 presents the thickness values for the films obtained with the two masks, depending on the

polymerization time.

Table 5.2 Film thickness of the circles obtained by mask with different thickness and polymerization time

Mask thickness / um 150 400
Time / min Film Thickness / nm
2 min 193 -
5 min 635 77
10 min - 123
20 min = 600 240
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First thing to be observed in the values exposed above is that the 2 min polymerization for the 400 microns
mask doesn’t present any value. The polymerization did work for this exposure time, but the film was too thin
to be detected with the confocal microscope. Besides this point, the rest of the polymerizations yield the
expected circles pattern. Depending on the exposition time to the plasma, the circles were more defined, and
distinguished better from the substrate. As in the previous case, the thickness of the polymer rises to higher
values than in the precedent reactor, exceeding the values gotten for 20 min in system 2, 50 nm thickness, in

5 min of polymerization, around 80 nm. The growing of the polymer shows almost a linear trend with time,

rising up to 240 nm thickness after 20 min of plasma exposure.
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Figure 5.18 Images obtained with the confocal microscope for the polymerization with the 400 um thick electrodes

mask with (a) 5 min (b) 10 min and (c) 20 min polymerization time

By using this mask, no preferential polymerization around the pattern edges has been observed. The diameter
of the circles registered by using this mask is around 350-400 microns, that is nearer to the value of the
original design if the mask, that was 300 nm. In comparison with the experiment performed in system 2, these
values represent a real enhancement in the polymerization. In that case, the diameter was increased to 900
microns diameter, showing a big expansion of the polymer. For this system, the polymer grows up nearer the

pattern edges.

Comparing the two masks, and as expected, one can observe that the film thickness obtained for
polymerization with the thinner mask are much higher than the ones for the 400 um mask. Even though, the

polymer geometry is more regular in the second case, obtaining coatings that present sharper edges at the

158 |



Applications

borders of the mask pattern. The diameters observed for the 400 microns mask represent a better retention
of the original design. However it has to be remained that the “electrodes holes” of the 150 microns mask
presented a higher diameter due to the acid attack the masks were exposed to, to achieve the 150 microns

height. This can be a cause of the enlarging of the circles for the first set of samples.

Pattern achieved with the mask zone 3, “diagonals”

The set of experiments performed for the “electrodes” mask, will now be repeated for the “diagonals” mask.

In this case, the polymerization times will be fixed to 5, 10 and 20 min.

Figure 5.19 presents the confocal microscope results obtained for the samples polymerized with the 150
microns thick mask, while Figure 5.20 does the same for the samples polymerized with the 400 microns thick
mask. Table 5.3 shows the film thickness values obtained for both masks depending of the polymerization

time.
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Figure 5.19 Images obtained with the confocal microscope for the polymerization with the 150 um thick diagonals

mask with (a) 5 min (b) 10 min and (c) 20 min polymerization time

The results obtained when working with the “diagonals” mask are comparable to the ones obtained with the
ones obtained for the “electrodes” mask.

When taking a look into the samples polymerized with the 150 microns thick mask, the parallelism with the
previous study is obvious. The polymer grows following the diagonal bands of the mask, increasing its
thickness and definition, as the polymerization time increases. Again, the “band” shape is converted into a
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“channel” as the exposure time to the plasma is 20 min, by a preferential polymerization at the pattern edges.
The edge effects lead to these different shapes by getting changes in the e-field at the edges, with a final

result of more deposition.

Table 5.3 Film thickness of the resulting lines obtained by polymerization of mask with different thickness and
polymerization time

Mask thickness / um 150 400
Time / min Thickness / nm
5 min 240 288
10 min 684 343
20 min - 1390

The thickness of the film increases as the time rises, from 240 nm for 5 min polymers to around 680 nm for

|II

the polymer corresponding to 10 min. In the last case, the one with the “channel”, the cross section showing
the profile was impossible to determine the thickness of the polymer inside the channel, as there wasn’t any
uncovered substrate to compare with. Even though, it is possible to measure the channels walls heigh: This

was found to be 2 um, like in the case of the “hole” pattern.

In the three cases, the “band” or “channel” width is around 500 um, staying constant as exposition time to the

plasma increases.

Similar results are obtained when working with the 400 microns thick mask., in Figure 3.32. Again, the
preferential polymerization on the edges of the pattern is avoided for the 20 min polymerization, as it was in
the previous case.

Again the thickness increases with the polymerization time as it does the definition of the channels. The
thickness shows similar values to the one for the 150 um mask, around 250 nm, for this 400 um mask. Even
so, for the 10 min exposition, the growing of the film seems to stabilize, and presents values around 350 nm.
When the time raises to 20 min, the film thickness goes up to 1400 nm, showing the highest value for all the
coatings. This value is in the same order of the “channel” walls, but this time we are able to observe a whole
band, with a sharp contour on the edges, following perfectly the motives of the mask.. Again, the width of the

bands remains around 500 um, following the original design of the masks.
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Figure 5.20 Images obtained with the confocal microscope for the polymerization with the 400 um thick diagonals

mask with (a) 5 min (b) 10 min and (c) 20 min polymerization time

In all the cases, the channels between bands are to be recognized, but they get more evident as the exposition

time to the plasma grows.

The definition of the patterns is improved when the polymerization time rises, with these masks. The original
motives have a different geometry than the “electrodes” mask, presenting a bigger exposition area, what
enables an easier access of the growing polymer to the substrate surface. This is translated into fewer
differences between using a 150 um and 400 um thick mask, than in the precedent case. Even so, when
working with the thinner mask at high exposure times, the preferential polymerization at the motives edges
turns out in a “channel” shape, as it was already observed for the electrodes mask.

After these two studies, it can be concluded that system 1 presents an enhancement in the pattern of the
polymers obtained, both for the polymer thickness and for the shape’s retention. The mask and the
polymerization time will be chosen for further experiments in regard to these studies, depending on the shape
and thickness of the films requested.

The formation of “holes” and “channels” when working at high polymerization times with opens a path to
explore for the zone’s selective functionalization. Finding an easy way to selectively functionalize chosen areas
is a hot topic in the patterning of surfaces. At this point, a deeper research needs to be done over this

phenomenon to corroborate not only the obtained results, but also the possibility of having different

| 161



Chapter 5

functionalities in and outside the patterns. This topic is out of the objectives of this thesis, and will be

therefore not further studied. This way remains open for further researches.

5.1.5 EXPERIMENTS WITH THE MICROCELL ELECTRODES MICROARRAYS

Once the polymerization conditions studies have been done, the next step was to apply this knowledge to the

III

“real” substrates, the Microcell electrodes array.

These arrays were covered with the PEG-like silane SAM and the thiol SAM on the electrodes, as explained
before, to ensure the inorganic — organic phase continuity by the later polymerization by plasma. After this
step, the substrates were sterilized in 70 % ethanol and dried in laminar flow fume hood. Also the masks were
sterilized by this method.

The alignment of the electrodes on substrates and the pattern of the masks was done with the use of a Leica
MS5 stereozoom microscope, with a vacuum system attach to it, placed in a laminar fume hood. The vacuum
system holds the mask 1 mm above the sample that can be moved to achieve the alignment of the pattern
and the electrodes. Once this is done, the vacuum is stop and the mask falls down on top of the substrate. To
avoid movements of the mask and substrate as they are moved to the plasma reactor, the mask were stuck to
the substrate by small piece of very thin carbon tape that is removed after polymerization.

The final conditions of polymerization were working at 50W with a duty cycle fixed at 2/52, as explained in
chapter 3. At the end, there were two polymerizations. One with the “electrodes” motive mask, 400 um thick
during 5 min. The second one was done with the “diagonals” mask, 400 um during 10 min. These two masks
were chosen because of the higher resolution gotten in the shapes of the final polymer. The time of

polymerization was fixed as the minimum needed to have the best definition by the smaller thickness of film.

Samples are stored in Argon for further experiments.

The polymerization procedure with the Microcells arrays have been done for practicing a cell culture on these
samples. Therefore a sterilization procedure has been applied. Due to lack of time, this cell culture study was

not done.

5.1.6 IMPLANTATION OF MICROTRANS NEEDLES IN RABBIT’S CORTEX

Microtrans needles are used for their implantation in rabbit’s cortex and following chronic analysis. This study
will be performed in collaboration with the CNM and the Department of Hystology and the Institute of
Bioengineering, Faculty of Medicine, under the coordination of Dr. Eduardo Fernandez in the University

Miguel Hernandez, (Alacant, Spain).
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Before doing the implantation, Microtrans needles were coated in system 2. Prior to polymerization, the
needles where covered with the PEG-like silane in a self-assembled monolayer, as discussed above. As the
surface was already assured to be silicon oxide, the steps of oxidation of the surface were avoided, preventing
the possible damage of the platinum electrodes.

Once the needles were in the reactor, the sterilization procedure was equivalent to the one developed in
chapter two. After this step, the needles were coated under 0.2 mbar monomer pressure, 50 W input power
and pulsed plasma with a duty cycle 10/110. Polymerization time was fixed at 10 min and substrate’s position
within the reactor in position 4.

Subsequent reaction with Laminin A was done with the same conditions as the experiments in
chapter 3, by exposing them to a 10g/ml (Cys0) - Laminin A (2091-2108) solution in PBS at 37°C for 1 hour

and were rinsed after, always under sterility conditions.

The implantation was done in a male rabbit. Besides the Silicon-based Microtrans needles, other substrates
developed in the CNM are used, but this time without the laminin coating. The electrodes are 3mm long,
being distributed in function of its forming material. Figure 5.21 presents a picture of the Sic-based electrodes

and its distribution in the rabbit’s brain.

L
Front part

1. SiC electrode

‘:_ '; - - 2. Si electrode
- 3. SiC + nanotubes electrode

4. Si + laminin

num,nnum,

Back part

Figure 5.21 Picture of the SiC electrodes final aspect, and distribution of the electrodes in the cortex.
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Figure 5.22 Experimental operating room at the Hystology department of the University Miguel Hernandez

Surgery was performed in a research operating room under asepsy conditions. Implantation of the needles
was done in the south hemisphere, trying not to cross the brain cortex. The structure of the needles implies a

hand implantation, with the above exposed distribution.

Macroscopic analysis

The rabbit was sacrificed after six months from the implantation, in healthy conditions.
Brain’s dissection revealed the presence of connective material around all the electrodes, as shown in Figure

5.23.

There has been a movement on the original electrodes’ placement. Furthermore, an expulsion from the initial
placement has taken place, emerging almost totally from the cortex. A deeper analysis shows how the final
placement is almost parallel to the cortex: There are no hints of implantation on the brain cortex. All
electrodes present connective tissue around them of different aspect to the surrounding tissue, losing their

connection to the cortex.
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Figure 5.23 Distribution of the electrodes after six months of the implantation

Figure 5.24 Cross section picture showing the depth of the implanted needle
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Histological analysis

The tissue observed histologically with the use of hematoxylin-eosin dye didn’t reveal a permancy of the
needles in the brain’s cortex. No samples were found where the implantation traces could be found. The

outmost sections present a mainly connective tissue.

Figure 5.25 Hematoxylin-eosin tintion, 10x. There are no traces of electrodes presence

Inmunohistological analysis

Several cross sections of the studied tissue were treated with immunological techniques to try to localize
regions which indicated the presence of the implanted electrodes.

The sections were incubated with glial fibrillary acidic protein (GFAP) protein antibodies: This protein is
present in astrocytic glial cells, which are involved in the neurons’ synapses. There is no presence of regions

with glial healing that is caused by astrocytes.

The implantation of these first set of Microtrans needles has failed in term of connectivity with the brain’s
cortex. The connection between the materials and the living tissue hasn’t been developed, by forming an
external tissue to surround the artificial materials. Many factors could be contributing to this result, and a

deeper study should be performed before the rejection of the developed needles.
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5.1.7 SUMMARY

In this chapter; the plasma polymerization of pentafluorophenyl methacrylate in selected zones has been

achieved by the use of the silicon masks developed in the CNM, in two different plasma systems.

The patterns have been reproduced on modified silicon wafer samples. For 500 um thick masks the
reproduction of big motives has been achieved successfully, even though small patterns (like the logo) are
slightly defined.

By using thinner masks, the polymer deposition increases for the same exposition time. The definition of the
patterns achieved with the thinnest masks (150 um) is smaller, due in part to the motives enlarging by the
mask’s preparation. It can be observed that for high deposition times there is a formation of channels or holes
depending on the pattern used, due to edge effects that lead to higher depositions near the masks edges. This

phenomenon is independent of the polymerization system used.

The Microtrans needles were modified with pp-PFM and (cysO)-laminin attach to them. The in-vivo assays
failed in term of connectivity with the brain’s cortex. Even though, a positive result might be extracted out this
experiment. Contrary to the precedent implantation experiments, the rabbit was able to survive during more

than three months, until programmed death.
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CHAPTER 6

CONCLUSIONS

The work described in this thesis concerns the surface tailoring of materials by plasma modification
techniques, as plasma grafting and plasma polymerization. In particular, thin polymeric films bearing labile
functionalities were synthesized by plasma polymerization of a monomer containing an active group,
pentafluorophenyl. Different plasma systems were used in order to determine if the group retention was
independent of the reactor used. In addition to the synthesis, attention was directed towards the
characterization of these films, and the tailoring of their surface properties on a molecular level. The reactivity
of the coatings towards amines and peptides was characterized. Finally, these reactive groups were used for
the subsequent immobilization of peptides, cell culture and in vivo assays. From this work it can be concluded

that:

1. A first approach to plasma polymerization and to plasma grafting has been developed. Control of the
surface's characteristics has been achieved for the first time in our group. It has been possible to graft the PFM
to the surfaces, and the linkage of proteins of interest, like biotin and streptavidin, has been done through its

reactive side group. Through these proteins, the cell adhesion of endothelial cells is a reality.

2. Pentafluorophenyl methacrylate films have been achieved by polymerization techniques, leading to a
reactive layer. It has been shown that even monomers containing reactive groups, such as pentafluorophenyl
methacrylate, can be polymerized with high functional group retention using pulsed plasma deposition
conditions. Polymerization parameters have been determined for each system in order to obtain good group
retention. In the case of system 1, a maximum retention of the desired structure has been achieved by
working at 50W with a duty cycle fixed at 2/52. The electrode’s distance was fixed at 13 cm. In system 2, the
parameters have been fixed at 50W with a duty cycle at 10/100, and the sample position has been revealed as

a key factor to get a good structural retention.

3. It has been shown, that the reaction with aqueous buffer is much slower than that with primary amines.
Thus, the reaction between an amine terminated reagent and the ester groups will always dominate reaction
pathways in an aqueous solvent environment. It has been further shown, that the reactivity of the plasma
deposits is reduced considerably if the surfaces are immersed in aqueous solution prior to reaction with the
amine. These insights are of particular importance when applying these surfaces as support for the covalent

attachment of peptides and other biomolecules containing amines or alcohols. Furthermore, the binding to
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the surface of a peptide, (Cys0) Laminin A (2091-2108) by the presence of amino terminated groups has been
achieved.

4. A new protocol has been developed to prepare the samples for cells seeding and culture experiments on
modified substrates. After binding of a peptide to the surface, cells seeding has been accomplished, by a
successful growing of neurons living up to 13 days on the platform. The fact that cells are able to grow on top
of the polymerized surface after covalent peptide attaching shows a promising platform for cell-substrate

interaction.

5. The reaction of different amines on plasma polymerized PFM surfaces using IRRAS, XPS and MC sensors has
been investigated. These techniques indicated that the reaction of the pp-PFM was the fastest for the
1° amine. The deflection of the pp-PFM functionalized MCS allows for some predictions on whether the
reactions occur at the liquid/solid interface or within the matrix of the polymer. Each of the amines tested in
this work has shown a unique response to the microcantilever sensor, which may give insights into the
reaction mechanisms taking place. The largest difference was observed between the bi-functional amine and

isopropylamine, the former showing tensile, the latter showing compressive stress on the pp-PFM film.

6. Plasma polymerization of pentafluorophenyl methacrylate in selected zones has been achieved by the use
of the silicon masks in two different plasma systems. The patterns have been reproduced on modified silicon
wafer samples. For 500 um thick masks the reproduction of big motives has been achieved successfully, even
though small patterns are slightly defined.

By using thinner masks, the polymer deposition increases for the same exposition time. The definition of the
patterns achieved with the thinnest masks (150 um) is smaller, due in part to the motives enlarging by the
mask’s preparation. It can be observed that for high deposition times there is a formation of channels or holes
depending on the pattern used, due to edge effects that lead to higher depositions near the masks edges. This

phenomenon is independent of the polymerization system used.

7. The Microtrans needles were modified with pp-PFM and (cys0)-laminin attach to them. The in-vivo assays
failed in term of connectivity with the brain’s cortex. Further experiments would be needed in order to
determine the different factors influencing these results. However, a positive result might be extracted out
this experiment. Contrary to the precedent implantation experiments, the rabbit was able to survive during

more than three months, until programmed death.

All these results are encouraging for the use of pp-PFM modified materials in the future, as reactive films for

platforms for cell culture in biomaterials and biosensors.
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APPENDIX

SURFACE CHARACTERIZATION METHODS

The surface characterization techniques have developed remarkably in the last decades. This fact has favored
the developing of the thin coating’s field, providing accurate information about the chemical composition or
morphology, among other characteristics of the films. The characterization methods used in this thesis are

briefly discussed in this appendix.

a. FOURIER TRANSFORMED INFRARED SPECTROSCOPY

Infrared (IR) spectroscopy is a chemical analytical technique that highly indicated for polymer
characterization.! It measures the infrared intensity versus the wavelength (wavenumber) of light. The
technique can detect the vibration characteristics of chemical functional groups in a sample.

When an infrared light interacts with the matter, chemical bonds will stretch, contract and bend. By these
movements, chemical functional groups of organic compounds tend to show characteristic vibrations,
absorbing defined regions in the infrared spectra. These vibrations correspond mainly to the functional group
regardless of the structure of the rest of the molecule, making possible the identification of the functional
group by the absorption band.?

The wavenumber positions where functional groups absorb are consistent, even with the effect of

temperature, pressure, sampling, or change in the molecule structure in other parts of the molecules.?

lsoue 2 interferorneter Jsanmle |

»*- G- H_

f.spectnim 5 computer, FT 4 detector

Figure a.1 Schematic illustration of FTIR system®

Fourier Transformed Infrared Spectroscopy was developed to profit the IR technique with the advances in

computer technology. Figure a.1 shows the scheme of an FTIR system. The basic principle is based on the
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simultaneous registration of all IR frequencies by the detector, using a polychromatic light source. Applying a
mathematical transformation, the Fourier transformed, a single beam spectrum is generated.*
The final transmittance/absorbance spectrum is usually independent of all instrumental and environmental

contributions, and only presents the features of the sample, as a reference background spectrum is obtained.’

Grazing Angle FTIR or Infrared Reflection-Adsorption Spectroscopy (IRRAS)°

Infrared reflection-adsorption spectroscopy (IRRAS) or grazing angle FTIR is used for characterization of thin
films or monolayer on metal substrate, because it has advantage of high surface sensitivity.’

The IRRAS is dependent upon the optical constants of the thin film and substrate, the angle of incidence, as
well as the polarization of the incident IR radiation.

Figure a.2 shows the incident and reflected electric vectors of the so-called p and s components of radiation
where p refers to parallel polarized radiation and s to perpendicular polarized radiation with respect to the

plan of incidence.

Figure a.2 Schematic illustration of the p and s polarization radiation®

The interaction with the surface of the sample is done only by the p-component radiation. Hence, the active
vibrations that can be detected in IRRAS must have a component of the dynamic dipole polarized in the
direction normal to the surface of sample, turning molecules that lie on the surface invisible to the beam.?

These results give the so-called “surface selection rule” for IRRAS.

The main features of IRRAS can be summarized as:

Maximum spectral intensity is detected when the angle of incidence is near grazing incidence (ca.~80°).

The dipole transition moment of the surface molecules must have a component orientated along the surface
normal in order to absorb the IR incident radiation.

The absorption of the parallel component of the incident radiation is directly proportional to the film thickness

when the film is thin enough (<10nm).
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The grazing angle FTIR analyses done in this work were carried out using a Nicolet 850 spectrometer in the
reflection mode on approximately 80nm thick gold films. A polarizer was used in this system to have a better

resolution of the side groups perpendicular to the polymer surface.

b. X-RAY PHOTOELECTRON SPECTROSCOPY

X-Ray Photoelectron Spectroscopy (XPS), also known as ESCA, is the most widely used surface analysis
technique because of its relative simplicity in use and data interpretation.’

It is a surface analytical technique, which is based upon the photoelectric effect. Each atom in the surface has
core electron with the characteristic binding energy that is conceptually, not strictly, equal to the ionization
energy of that electron. When an X-ray beam directs to the sample surface, the energy of the X-ray photon is
adsorbed completely by the core electron of an atom. If the photon energy, h¥, is large enough, the core
electron will then escape from the atom and emit out of the surface. The emitted electron with the kinetic

energy is referred to as the photoelectron.

eee
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Figure b.1 Scheme of the XPS function™

An electron energy analyzer determines the binding energy of the emitted photoelectrons. From the binding
energy and intensity of a photoelectron peak, the elemental identity, chemical state, and quantity of an
element are determined.

For insulating samples, once the photoelectrons are emitted out of the sample surface, a positive charge zone

will establish quickly in the sample surface. As a result, the sample surface acquires a positive potential that
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has to be offset. In order to neutralize the surface charge during data acquisition, a low-energy electron flood

gun is used to deliver the electrons to the sample surface.
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Figure b.2 X-ray beam induced secondary electron image, survey spectra and High resolution carbon 1s spectra from

selected areas on a contaminated polymer surface that show the presence of fluorine in the contaminated area.*®

The core electron of an element has a unique binding energy, which seems like a "fingerprint". Thus almost all
elements except for hydrogen and helium can be identified via measuring the binding energy of its core
electron. Furthermore, the binding energy of core electron is very sensitive to the chemical environment of
element. The same atom is bonded to the different chemical species, leading to the change in the binding
energy of its core electron. The variation of binding energy results in the shift of the corresponding XPS peak,
ranging from 0.1leV to 10eV. This effect is termed as "chemical shift", which can be applied to studying the

chemical status of element in the surface.'

In this work, X-ray photoelectron spectroscopy analyses for the samples in system 1 were performed within 2
days using a Perkin ElImer PHI 5500 spectrometer, equipped with a 300 W monochromatized Mg Ko X-rays
source. Pass energy for the acquisition of C1s photoelectrons narrow scans was 11.75 eV.

The XPS analyses for samples from system 2 were performed also using a Perkin Elmer PHI 5500 spectrometer,
equipped with a 350 W monochromatized Al Ko X-rays source. Pass energy for the acquisition of Cls
photoelectrons narrow scans was 11.75 eV.

All XPS spectra were recorded at a take-off angle of 45° relative to the sample surface. Surface charging of the
nonconductive films was neutralized using an electron flood gun. Data analysis was carried out using Multipax
(PHI) and ORIGIN software. Deconvolution of the C 1s peak was performed using ORIGIN software assuming a

70:30 Lorentzian/ Gaussian peak shape.
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c. AToMIC FORCE MICROSCOPY

Atomic Force Microscopy (AFM) is the result of the Nobel Prize Winning investigations on Scanning Tunneling
Microscope by Binnig, Rohrer, Gerber and Weibel in 1982, at IBM in Zurich.'? The microscope was developed
around the mid eighties, and produces high resolution, three-dimensional images by scanning a sharp tip over
the sample surface. The tip is part of a flexible cantilever on one end of a cylindrical piezoelectric tube

mounted near the top of the microscope.

Figure c.1 Image of an Atomic Force Microscope

The Atomic Force Microscopy is one of the surface analytical tools of highest resolution. This technique is
based in the measurements of small forces of attractive and repulsive atomic interaction, around 107a 10°N,
between the microscope’s tip and the sample’s surface. The interaction force value depends on the distance

between this tip and the surface, what enables mapping the topography with practically atomic resolution.*

There are different kinds of forces that rule the tip and the surface interaction:

Short range repulsive forces (distances around 0.1 nm), that are a consequence of the interaction between the
electrons clouds between the tip and the sample.

Long range forces (around 1 nm), caused by the attractive Van der Waals forces or by electric and magnetic
forces, which can be either attractive or repulsive.

Both types of forces contribute to the total acting force on the cantilever, but only the repulsive interatomic
force is able to give high resolution images, due to its extreme short range nature. Imaging of the surface is

done by measuring these interaction forces via deflection of the soft cantilever while scanning the tip across
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the surface.'® A deeper explanation on the forces applying to the atomic force microscopy is presented in the
review by Butt et al.®

Atomic force microscopes work usually in two modes, either contact or non-contact mode. The contact mode
works with the tip around 0.1-0.3 nm from the sample’s surface, and is based on the repulsive forces that
govern the interaction. The non-contact mode locates the tip at distances fixed around 1 and 2 nm, where the
attractive forces dominate the interaction. The variation of these forces, as a consequence of the different

topology of the sample allows obtaining the image.

There a third mode present usually in the commercial available microscopes, the tapping mode. This mode is a
intermittent contact mode, where the cantilever oscillates with an amplitude typically from 20 to 100 nm,
causing this intermittent contact within the sample and the tip. This variation on the methods tries to reach
the best resolution obtained by the contact mode, avoiding the friction forces that appear between the tip
and the sample, getting less damage on soft samples.

By the oscillation, as the cantilever moves vertically, the reflected laser beam deflects in a regular pattern over

a photodiode array, generating a sinusoidal, electronic signal.

Laser beam

Return signa Sample surface
(deflected)

Figure c.2 Tapping Cantilever on Sample Surface™

Figure c.2 represents the cantilever at the sample surface. Although the cantilever substrate is excited with
the same energy, the tip deflects in its encounter with the surface. The reflected laser beam reveals

information about the vertical height of the sample surface and characteristics of the sample material itself.**

In order to describe the roughness of the surfaces, by the images obtained with the AFM, general parameters
are calculated. The roughness parameters are Ra, Rqg y Rmax. Ra presents the arithmetic average of the

absolute values of the surface height deviations measured from the mean plane. Rq gives the root mean
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square average of height deviations taken from the mean data plane and Rmax the maximum vertical distance

between the highest and lowest data points in the image.

In this work, AFM analysis was performed in tapping mode using a Nanoscope lll Instrument (Digital
Instruments, Santa Barbara, CA, USA). The roughness of the coatings was measured in terms of arithmetic

average roughness (R,), root mean square roughness (Ry) and maximum roughness height (Rmax).

d. ToF-SIMS

ToF-SIMS has been revealed to be very useful in the characterization of organic materials’ surfaces, as it has a
real surface sensitivity (outermost 15 A), a high analytical sensitivity, and the direct relationship between the
surface structure and the SIMS fragmentation patterns. Therefore SIMS has turned into a very interesting tool
to investigate plasma deposited films. It provides spectroscopy for characterization of chemical composition,
giving information about the unsaturation, branching or crosslinking and the aromatic or aliphatic character of
a sample®, imaging for determination of distribution of chemical species and depth profiling for thin film

16-23

characterization. Figure d.1 presents a figure of the imaging process.
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Figure d.1 A cartoon of the static ToF SIMS imaging process. A primary ion beam is scanned across the surface, which

results in the ejection of secondary ions. They are then mass analyzed to generate an image of the patterned surface.”

SIMS is the mass spectrometry of ionized particles which are emitted when the surface is bombarded by
energetic primary particles, usually ions.

ToF-SIMS uses a pulsed primary ion beam (for example Ar’, Ga*, Cs*) to desorb and ionize species from a
sample surface. The emitted secondary particles are electrons, neutral species atoms or molecules, and

atomic and cluster ions. The majority of species emitted are neutral, but it is the secondary ions which are
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accelerated into a mass spectrometer, where they are mass analyzed by measuring their time-of-flight from

the sample surface to the detector.”

The working principle is the following: When a high energy beam of ions or neutral (primary ion source)
bombards a surface, the particle energy is transferred to the atoms of the solid by collisions. A “collision
cascade” occurs inside the solid, and some collisions return to the surface resulting in the emission of atoms
and atoms clusters, some of which are ionized when leaving the surface. The emitted secondary ions are

extracted into the ToF analyzer by applying a potential between the sample surface and the mass analyzer.
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Figure d.2 Schematic diagram of the SIMS process26

ToF-SIMS spectra are generated using a pulsed ion source (very short pulses of <1 ns). Secondary ions travel
through the ToF analyzer with different velocities, depending on their mass to charge ratio. For each primary
ion pulse, a full mass spectrum is obtained by measuring the arrival times of the secondary ions at the

detector and performing a simple time to mass conversion.”

To avoid the technique to be destructive, the static mode is used with an extremely low dose of primary ions,
less than 10 ions/cm?, permitting that less than 1% of the top surface layer of atoms or molecules receives
an ion impact during the experiment. With this application, in the spectroscopy and imaging modes, only the

outermost (1-2) atomic layers of the sample are analyzed.

ToF-SIMs analysis in this thesis was performed with by a time-of-flight secondary ion mass spectrometer ToF-
SIMS IV by lon-ToF GmbH, Miinster, Germany. Targets were bombarded by a 10 keV Cs+ primary ion beam
with a pulsed primary ion current of 0.75 pA. For each analysis the ion beam scanned a 1um?® area. The total
acquisition time was fixed to 8 s. Positive and negative spectra were obtained with the same dose of primary

ions.
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Analyses of the obtained data were done by using ORIGIN Software. There is not a standard procedure to
approach the analysis of the mass spectral data. The amount of information given by a simple spectrum is
huge, as many masses are present on each sample. There are many ways to come close to the data,
depending on the different authors, without any kind of consensus. Many groups present there ToF-SIMS
analyses without any kind of normalization of the data, based on the fact of presenting only at the mass
spectrum, without importance to the masses’ relative intensities, or by regarding these intensities just for
specific masses by the ratio between each other.'®*?°?7"% For other groups, the normalization of the data
remains important, but no general trends are being applied. Some authors present a normalization based on

18,19

the total intensities by specific ranges of masses'®*®, other based reference peaks intensities*®, but mainly a

data normalization is done by dividing by the total ion intensity in each spectrum of all the selected peaks.?**"
* This procedure is the one applied in this work over all the ToF-SIMS data gotten in the different spectra, also
the ones not presented directly, in other to follow the peaks relative intensity throughout the different

experiments performed.

€. SURFACE PLASMON RESONANCE

The fundamentals of surface plasmons and the experimental set up are well established and have been

summarized in a number of reviews and articles.*?’

SPR is a particularly valuable tool for quantitatively
studying binding reactions on surfaces if the surface itself does not change its optical properties during the
binding event. SPR spectroscopy is a highly sensitive optical method for probing changes in the optical

thickness (And) of ultrathin adlayers on a metallic (generally gold or silver) substrate.

Surface plasmons are oscillations of the quasi-free electron gas in a metal that are coupled to an
electromagnetic wave at the surface. They propagate along the interface between a metal and a dielectric
medium.*® Their evanescent field peaks at the interface, and decays exponentially into the metal and the
dielectric medium.

Experiments were carried out on a home-built SPR setup based on the configuration introduced by
Kretschmann and Raether. A thin metal layer (typically Ag or Au) is evaporated on a glass slide, and placed on
the base of a prism. The light from a HeNe laser is linearly polarized, reflected at the base of the prism, and
monitored with a detector. If the angle of incidence is scanned, a sharp minimum in the reflected light
intensity occurs, when the light is resonantly coupled to the surface plasmon modes. At this angle, the energy
and the momentum between the incoming photons and the surface plasmon waves are matched, and the

reflectivity goes virtually to zero.
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Detector

Polarizer

Laser

Figure e.1 Scheme of the SPR setup
Kinetic information can also be obtained from SPR spectroscopy. In these measurements, the angle of
incidence is kept constant, on the left side of the initial reflectivity minimum, in the range where the

resonance decreases linearly. Then the change in the reflectivity is measured as a function of time, until

equilibrium is reached.*

1.0 Scanning mode 1.0 Kinetic mode

Reflectivity

10 20 30 40 50 60

Time [min]

Figure e.2 SPR Operation modes

Surface Plasmon Resonance spectroscopy in this work was carried out on a home built spectrometer equipped
with a Teflon reaction cell (see Figure e.3). While in previous work it has been generally studied the reaction

4041 i the present work the SPR

kinetics of “stable” surfaces (i.e. those surfaces which were fully swollen)
technique was used to monitor a fast adsorption process which is accompanied by a slow swelling and
desorption processes. Experimentally, this leads to an unstable baseline in the kinetic measurements and it
was observed a broadening of the plasmon peak as well as a shift in the resonance angle. The combination of
these effects makes it extremely difficult to discriminate between the different processes seen in the
reflectivity mode at constant angle. In order to at least partially overcome this, the base line was monitored

over a long time and kinetic measurements were performed by a dynamic tracking of the minimum giving

direct access to the actual resonance angle.
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Figure e.3 Mounting of the prism and the sample flow cell

f. CONTACT ANGLE GONIOMETRY

Contact angle measurements give information about the top several A of a plasma film.*? The contact angle is
defined as the angle between a solid surface and the tangent of the liquid-vapour interface of a liquid drop.*?
Contact angle measurements with water can be used to determine if a plasma film is hydrophilic (low contact
angle) or hydrophobic (high contact angle). In static measurements, the angle € is measured at a stationary

liquid front.* Figure .1 shows a picture of a sessile drop on a solid surface.

Vapour
Liquid
CA
VsL Ysv

Solid

Figure f.1 Schematic diagram of the measurement of the sessile contact angle.

Contact angle measurements were performed with a DSA 10 Kriiss Drop shape analysis system.
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