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Abstract

This paper reports the design, synthesis and characterization of thin films as a platform for
studying the separate influences of physical and chemical cues of a matrix on the adhesion, growth
and final phenotype of cells. Independent control of the physical and chemical properties of
functionalized, swellable hydrogel thin films was achieved using initiated Chemical VVapor
Deposition (iCVD). The systematic variation in crosslink density is demonstrated to control the
swelling ability of the iCVD hydrogel films based on 2-hydroxyethyl methacrylate (HEMA). At
the same time, the incorporation of controllable concentrations of the active ester
pentafluorophenyl methacrylate (PFM) allows easy immaobilization of aminated bioactive motifs,
such as bioactive peptides. Initial cell culture results with Human Umbilical Vein Endothelial
Cells (HUVEC) indicated that the strategy of using PFM to immaobilize a cell-adhesion peptide
motif onto the hydrogel layers promotes proper HUVEC growth and enhances their phenotype.
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1. Introduction

In living tissues, cells are subjected to a high variety of physiological signaling, both
chemical and mechanical. With regards to the chemical signaling, cells communicate with
one another by synthesizing and usually secreting molecules (ligands) to the extracellular
matrix (ECM), basically proteins of the ECM and growth factors, which are recognized by a
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specific cellular receptor. This recognition ligand-receptor causes a cascade of intracellular
signals that alters cell behavior. Nowadays, biomimetic matrices are increasingly designed
to provide the environment with these chemical signals.[!] One strategy could be the
development of matrices able to release growth factors that would promote specific
biological processes; for instance, the on time supply of a growth factor, such as EGF
(epithelial growth factor), that induces cell motility on certain cells. Another strategy could
be the functionalization of the artificial matrix with signaling molecules that would be
recognized by receptors, which helps to the physical interaction between the cell and the
material. One classical example is the matrix modification with the canonical RGD peptide
motif from fibronectin, which is well known to promote cellular adhesion since 1984.[]

However, along with the chemical signals, the mechanical forces are critical for many
tissues, since they are constantly suffering tension, shear, loading, etc.[3] Essentially, the cell
signaling exerted by forces is transduced through receptors that are in intimate contact with
the matrix. Therefore, the main consequence of this receptor-matrix interaction is that cells
and matrix are mechanically coupled, so that matrix deformation is considered the main
cause of the mechanical signaling. By mimicking these mechanical forces in tissue
engineered constructs, it would be possible to obtain more physiological environments and
thus a more physiological cell response.

Hence, after many decades of focusing research on chemical signaling, including soluble
growth factors and insoluble matrix components, now mechanical interactions are known
also to have a central role in tissue development, remodeling as well as degeneration. The
tension exerted by cells when pulling and pushing the environment and the ability of the
ECM to balance this stress depends on the inherent properties of the matrix and specifically
on its stiffness. In general, a relatively stiff substrate will resist cellular forces more than a
soft one, causing the cell to spread better on the surface and grow; while softer matrices
promote cell retraction, turn off growth and could switch on differentiation.[4:5] Actually,
several studies in the last decade reported distinct cell behaviors on stiff and soft substrates.
Fibroblasts and epithelial cells, for instance, were observed to spread better on stiff
substrates than on softer ones, where they used to adopt a more spherical shape.[®! On the
contrary, neurons appear to survive better on soft surfaces, as they are able to develop more
extensive and branched neurites on them than on rigid ones.[”] Therefore, it is increasingly
clear that substrate stiffness plays an essential role in cell behavior and the effects are so
important that it is even possible to distinguish between cell phenotypes depending on the
compliance of the surface; for example, cell growth on soft agar gels is used to identify
cancer cells.[8] Furthermore, Engler et al. proved that matrix stiffness is able to drive
mesenchymal stem cell differentiation in a more selective way than the soluble induction
factors: soft gels that mimic brain induce neurogenic differentiation, stiffer ones that mimic
muscle lead to myocytes and more rigid matrices that mimic bone are osteogenic.[®]

Several systems in two and three dimensions have been developed in order to study the
specific effects of the physical properties of the matrix on different cell functions. Studies in
3D matrices frequently use hydrogels based on natural proteins, such as fibrin, collagen and
other more complex gels such as Matrigel™ (a commercial gelatinous protein mixture)[10],
algae-derived polysaccharides such as alginate and agarosel11], synthetic bioengineered
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peptides such as self-assembling peptide hydrogels[*2-14]. Their compliance may be
controlled basically by adjusting the polymer mass,[1] but also the addition of other factors
such as fibronectin into collagen gels, salts into fibrin and calcium ions into alginate may
finely tailor the material stiffness!:]. The same hydrogels can also be gelled forming flat
surfaces to perform simple experiments in 2D, that are easier to interpret but are less
comparable with the in vivo situation, which in general operates in 3D. However, 2D
substrates made of synthetic polymers like polyacrylamides present very interesting
properties. On one hand, their crosslink degree and thus their stiffness can be easily tuned
with the amount of crosslink agent. On the other hand, these polymers, unlike natural
matrices, are chemically stable and are considered not to adhere proteins of the serum, so
that the mechanical signals can be separated from the chemical ones. Nevertheless, the
inertness of these materials might turn into an inconvenience, as it is harder to covalently
attach molecules to act as ligands for cells.[16] So far, these polymers have been used with a
layer of collagen deposited on it in order to promote cell adhesion.[6:9.17]

So if the mechanical properties of a substrate could be modified in a controlled manner, it is
expected that the mechanical modulation of the cellular behavior may be influenced. Thus,
developing a platform where the crosslink density and swelling may be easily tailored could
become a powerful tool. It has already been documented that these changes of molecular
structure lead to changes of the stiffness of the material,[18] which could allow to study,
systematically, the effect of mechanical signaling on cell behavior. However, since cells also
respond to chemical stimuli, a question arises at the moment: is it possible to study the
chemical and mechanical signals independently? It is not an easy problem to solve. On one
hand, few biocompatible materials enable to undergo systematic changes of their stiffness or
chemical signaling. On the other hand, the techniques to evaluate these properties in agueous
media are still under development,[29-22] although some interesting results have been
recently described by Van Vliet et al.[23]

Our group have worked for many years to develop functional thin films by initiated
Chemical Vapor Deposition iCVD.[24-271 We have already described in a previous paper the
use of iICVD to produce 2-hydroxymethyl methacrylate (HEMA) based hydrogels with
tunable swelling properties depending on the amount of incorporated crosslinking agent.[18]
Also we have described the use of pentafluophenyl methacrylate (PFM) as reactive
monomer for attaching biomolecules through nucleophilic substitution.[26:28.291 Combining
both ideas, here we report the development of a new platform that combines a polymeric
hydrogel thin film, with controlled crosslink degree and swelling ability, with a reactive
molecule (PFM) for the potential functionalization of the material with specific biologically
active motifs (see Fig. 1).

2. Results and discussion

2.1. Initial exploratory approach: iCVD polymerization of the ternary system HEMA-co-
EGDA-co-PFM

In order to polymerize this ternary system, PFM was heated and introduced into the reactor
chamber together with HEMA and EGDA monomers. Fig. 2 proves that all three
components are polymerized together, as the aromatic stretching peak appears in the
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terpolymer, indicating the presence of PFM, among the HEMA and EGDA characteristic
signals (O-H stretching at 3700-3050 cm™2, C-H stretching at 3050-2700 cm™, C=0
stretching at 1750-1690 cm~1, C-H bending 1500-1350 cm™~1 and C-O stretching at
1300-1200 cm™1). In addition, the XPS measurements revealed a F percentage that oscillates
between 2.2 and 2.8 %.

In order to ensure the possibility to polymerize hydrogels with tunable swelling capacities in
this three-monomer system, a series of PFM containing hydrogels with different crosslink
agent amounts was prepared. The flow rate of HEMA, PFM and TBPO (initiator) were kept
constant, while flow rate of EGDA was varied, as observed in Table 1, which summarizes
the experimental conditions. The total flow rate was always maintained at 2 sccm using a
patch flow of nitrogen and the reactor pressure was kept at 200 mTorr. These arrangements
ensured a constant residence time in the reactor of 10 s for all the experiments. The
thickness of the samples was approximately 600 nm.

The resulting hydrogels, which include 1 % of the hydrophobic pentafluorophenyl
monomer, were seen to behave in the same way as the HEMA-co-EGDA hydrogels in terms
of swelling in aqueous media. Their swelling capacity is expressed as the percentage of
thickness increase after soaking the dry films in PBS. Figure 3 shows how the swelling
decreases as the polymers are more crosslinked, as crosslinking hinders the incorporation of
water into the structure (Fig. 3a). Not only the thickness but also the refractive index of the
wet films respond to the water uptake. Since water has a much lower refractive index than
the polymer itself, the refractive index values dramatically drop when the films swell more
(Fig. 3b). This effect has been already described for the HEMA-co-EGDA hydrogels.[24]
Actually, even the chemical changes in the polymer itself (dry film) are noticeable by means
of the refractive index, which slightly decreases when EGDA ratio increases.

The retention of the pentafluorophenyl labile ring during the polymerization enables the
easy functionalization of the films with amines through a nucleophilic attack. At the same
time, the presence of the crosslinker not only allows the swelling tailoring, but also avoids
the dissolution of the film, both in hydrophobic media, such as ethanol or even N,N-
dimethylformamide/ethanol (10:90 v/v), and hydrophilic media, such as water or
physiological saline medium. In order to prove the reactivity of the PFM embedded into the
hydrogel, the films were made react with 1,6-hexyldiamine in N,N-dimethylformamide /
ethanol (10:90 v/v). The advancing contact angles of the sample before and after the
treatment provide evidence of the success of the reaction, since the modified film is clearly
more hydrophilic (Fig. 4a), as expected after the substitution of a highly hydrophobic
moiety such as the pentafluorophenyl for the more hydrophilic diamine molecule. The
advancing angles report how the hydrophobic character of the film changes between
samples, meanwhile the receding angles represent the hydrophilic part of the samples, the
hydrogel, and thus both the modified and non-modified samples follow the same behavior.
This topic is more extensively discussed further on. Since PFM is been proved to react faster
with amines than with water,[2% the reactivity of the samples was also tested in aqueous
solution. This environment is indicative of our final biological applications and the
interaction of water and the film is enhanced by the presence of the hydrogel. XPS after the
treatment (Fig. 4b) shows the decrease of the fluorine content, together with the
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correspondent N signal increase coming from the attached amine. Nevertheless, the C-C
stretching adsorption in the FTIR is not noticeably changed after the reaction (data not
shown), which means that that most of the PFM in the bulk hydrogel remains unreacted .

2.2. iCVD polymerization of a two-layer film: hydrogel bulk with a surface reactive polymer

To address the unreacted PFM groups in the bulk of the film, a 2-layer approach was
undertaken to optimize the reactivity of the PFM groups. Therefore, instead of synthesizing
an homogeneous coating, the new strategy lie in a first polymerization of the HEMA-co-
EGDA hydrogel and a consecutive deposition of PFM on top. Thus, the hydrogel bulk with
tunable swelling capacity would confer specific physical properties on the film and the
higher concentration of the active molecules at the surface would favor the reaction with
biomolecules, which in addition will be exclusively located in the outer layer. Moreover,
this approach makes possible to reduce, to a large extent, the amount of expensive PFM
monomer utilized, and thus reducing the cost of the process.

To synthesize this system, the HEMA-co-EGDA hydrogel was initially polymerized until
the interferometer indicates the desired thickness. Afterwards, the HEMA and EGDA valves
were closed and simultaneously the PFM valve was opened (in some cases EGDA was also
copolymerized with PFM). Meanwhile, the initiator and nitrogen flows and the filament
heating kept running. As the new vapor mixture passed the filament, the change in the
thermal conductivity and the specific heat results in a change of the heat loss and finally in a
modification of the filament temperature. Therefore, the supplied power had to be readjusted
after the monomers swap. Once the system stabilized, PFM was let polymerize until the
desired thickness was reached.

This strategy allows to form a two-layer film with tunable thicknesses: a hydrogel bulk
covalently linked to an outer PFM polymer. Different samples were synthesized varying the
PFM layer thickness in an approximate range from few nanometers to hundreds of
nanometers. Table 2 shows the ellipsometric analysis using one-layer and two-layer models.
The mean square error (MSE) reveals that the more complex two-layer model is superior for
samples HP1 and HP2. Furthermore, the addition of the thickness values of the hydrogel and
the PFM is consistent with the total thickness obtained with the one-layer model. The index
of refraction of the hydrogel layer always presents a higher value than the PFM does, as
expected since HEMA-co-EGDA polymers usually show values in the range of 1.480 and
1.510, while the index of refraction of polymerized PFM is in the range of 1.460-1.470.
Obviously, the resulting index of refraction may substantially differ due to the presence of
the crosslink agent. In the third sample (HP3) it is difficult to distinguish the one- and two-
layer models, most likely due to the thinness of the PFM layer.

Unlike the ternary hydrogels (HEMA-co-EGDA-co-PFM) previously described, having less
than 3 at. % surface fluorine, the two-layer approach makes possible fluorine concentrations
on the surface from 0 to nearly 30 at. %, the last one corresponding to the PFM
homopolymer. As shown in Fig. 5a, when the PFM layer is thick enough, the XPS atomic
percentages of the hydrogel with PFM agreed with the PFM homopolymer, indicating a
compact PFM layer on top of the hydrogel. However, it is possible to obtain films with
much lower F/C ratios, which mean a lower PFM concentration in the outer layer and
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consequently indicated a blend between the deposited hydrogel and the subsequent PFM
polymer growth. This hypothesis was also confirmed by contact angle measurements, since
it was observed that the contact angle increased with increasing the F/C ratio (Fig. 5b). The
contact angle value ranged from 58, for a HEMA-co-EGDA hydrogel with no PFM (with an
EGDA/HEMA ratio of 0.14), to 96, for a hydrogel with enough PFM on top to achieve a
F/C ratio of 0.42, nearly equal to the PFM homopolymer. A simple linear regression analysis
could explain the relationship between the contact angle results and the F/C ratios on the
surface, with a coefficient of determination (r2) of 0.9832.

In order to study more accurately the first nanometers at the surface of the two-layer films,
angle-resolved X-ray photoelectric spectroscopy (ARXPS) was performed at both 20° and
90°. The variation of the take-off angle allows to study the elemental composition depending
on the depth; when the angle is 90°, the X-ray is perpendicular to the surface, so that it
penetrates deeper into the film than when it is at an angle of 20° from the surface. Hence, the
F/C atomic ratios could be determined as function of the sampling depth for three hydrogels
with different PFM content and for a PFM-co-EGDA copolymer. The depth of the analysis
(d) was approximated using the expression d=3-A-sin(0), where 0 is the take-off angle and A
is the photoelectron escape depth, which was estimated to be 4 nm (+ 1.5) for hydrophobic
polymeric coatings containing fluorine.[30:311 For all the hydrogels with PFM, the F/C ratio
in the first 8 nm (take-off angle of 90°) was much higher than the F/C that would correspond
to the whole film calculated from the FTIR analysis. When only the first 2.7 nm were
analyzed (take-off angle of 20°), the F/C was observed to increase even more. Therefore,
these results, summarized in Table 3, revealed an enrichment of fluorinated units towards to
the surface and thus the formation of a PFM graded layer. As a control, ARXPS was also
performed on a copolymer of PFM and EGDA with an EGDA/PFM ratio of 0.11, since
certain degree of segregation of fluorinated monomers to the interface-polymer had been
previously reported for simple iCVD copolymers of glycidyl methacrylate with
2,2,3,3,4,4,5,5,6,6,7,7-dodecafluoroheptyl acrylate.[31] In the control, however, a difference
of the F/C ratio as function of depth is insignificant, indicating that this phenomenon is a
characteristic associated with the two-layer films.

2.4. Behavior of the graded hydrogels in agueous medium

Initially, the main concern regarding the final application of the two-layer approach was the
possible inability of the hydrogel to swell, due to the large concentration of hydrophobic
units in the interface with water, that could prevent water from penetrating into the hydrogel.
However, the hydrogels with PFM at the surface did swell in water but, as expected,
increase of thickness shown in the hydrogels with PFM was lower than in the homopolymer
hydrogels with the same crosslink density as depicted in Fig. 6a, indicating a clear
dependence of the degree of swelling on the surface percentage of fluorine. Although the
presence of PFM restricts the swelling capability, dynamic studies of the thickness variation
in agqueous media reveal that both hydrogels with and without PFM swell up to their
maximum thickness within the first minute of soaking the sample in water and then is
maintained (Fig. 6b). This indicates that the equilibrium state is quickly reached, regardless
of the presence of the fluorinated groups. In the case of the hydrogel without PFM, the
plateau zone points out a slight decrease of the thickness with time that it was probably due
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to a partial dissolution of the film, caused by a very low crosslink density. The constant
plateau observed in the other sample indicates that it is stable against dissolution.

Figure 7a reveals that the thickness increase upon swelling in water is inversely correlated
to the measured fluorine content on the surface. Although the swelling is clearly reduced,
the values are not fully comparable, since the crosslink densities for the three hydrogels are
not the same and this factor plays an essential role in the swelling capability. Specifically,
the film with a fluorine amount of 5.4 % was synthesized with an EGDA/HEMA ratio of
0.13, whereas the other two have a crosslink degree of 0.17. For hydrogels with no PFM,
these crosslink densities would imply an estimated thickness increase of 33 % and 30 %,
respectively. However, the measured differences of thickness increase among the different
PFM-containing samples shown in the figure are clearly higher than the 3 % variation
coming from the deviation in the crosslink degree. Therefore, the trend followed by the
swelling ability as function of the fluorine amount is confirmed. It is worth mentioning that
the values of the thickness increase of the HEMA-co-EGDA hydrogels were estimated
based on a previous swelling study of hydrogels with different EGDA percentages (Fig. 7b),
where it was observed that the thickness increase and the EGDA/HEMA ratios were related
by a linear tendency for crosslink densities in the approximate range from 0.01 to 0.2.
Beyond these limits, the relation adopted a hyperbolic behavior.[24]

The restriction of the swelling ability of the hydrogels caused by the PFM is not desirable,
because the thickness increase is pursued. However, a subsequent functionalization of the
PFM could affect the properties of the film in water, as the interface will change completely.
Consequently, it was decided to study the reactivity of the two-layer hydrogels with a more
hydrophilic aminated molecule: 2-(2-aminoethoxy)ethanol. The reaction was performed at a
concentration of 100 mM in ethanol during 12 h at 37 °C. The two-layer polymer sample
before funcationalization had a thickness increase in water as low as 4 % with a EGDA/
HEMA of 0.17. After the reaction, the FTIR analysis of the resulting sample showed no C-F
stretching peak and the contact angle was reduced from 84° to 67°. Regarding the XPS
measurements, the F percentage decreased from 13.19 % to 1.71 %, whereas N increased up
to a 0.5 %. Finally, the swelling degree rose from the aforementioned 4 % to a 31 %, which
is approximately the thickness increase underwent by a hydrogel containing no PFM with
the same crosslink density. Therefore, the samples seemed to be able to recover the intrinsic
ability of the hydrogels to swell, once nearly all the PFM has been removed. However, more
experiments should be performed to ensure that this effect is not due to a partial coating
dissolution.

Information regarding surface interaction with different media may be extracted from the
contact angle analysis, specially from the advancing and receding mode. In these
measurements most of the surfaces show some kind of hysteresis, which is the difference
between the advancing (0,4,) and the receding (0yec) contact angles, typically due to an
effect of roughness, chemical heterogeneity or mobility.[32] In the case of hydrogels and
more specifically of pHEMA, the fundaments of the hysteresis phenomenon have been
already reported for films polymerized by different techniques: redox-initiated
polymerization,[33:34] photografting[3°] and iCVD.[24] Basically, they agreed that the
extreme hysteresis shown by these hydrogels is caused by chain mobility, which allows the
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polymer to restructure depending on the environment (air or water). Therefore, the addition
of a crosslink agent would reduce polymer mobility and thus hysteresis.[24:34] However, the
effect of the presence of such a hydrophobic polymer as polymerized PFM on top of a
hydrogel remains unknown. A hydrogel with a PFM layer was tested for the advancing and
receding contact angle as function of the droplet volume, compared to a HEMA-co-EGDA
hydrogel and a PFM-co-EGDA polymer (Fig. 8a). The advancing contact angles for each
surface remain approximately constant and the values are higher when the amount of
fluorine increases. A hydrogel with a PFM layer with a F/C of 0.20 shows a mean advancing
contact angle of 82, while the absence of PFM involves a mean contact angle of 55 and a
crosslinked PFM film with F/C ratio of 0.42 shows a contact angle of 99. Initially, surfaces
are in equilibrium with air, so that the hydrophobic groups (both CH3 and CHj, but specially
pentafluorophenyl rings from PFM) are basically exposed, which leads to an advancing
angle typically sensitive to hydrophobic domains. As the surfaces get in contact with water,
they establish a new equilibrium with the aqueous environment, which involves a chain
reorientation. Now mainly the hydrophilic moieties, like the hydroxyl groups of HEMA for
our films, are located in the interface. On one hand, while increasing the droplet volume, the
contact angle is held approximately constant, since water always interacts with part of the
surface that has not been wet yet and thus has not suffered chain reorientation. Small
variations in the contact angle values are expected, specially in the hydrogels with PFM, due
to chemical inhomogeneities. On the other hand, once the whole testing surface is wet, the
more hydrophilic configuration acts holding back water, which flattens the droplet as
volume decreases. Therefore, the receding contact angle gradually drops until the true
contact angle for the new surface is reached. Interestingly, once wet the presence of PFM on
the hydrogel does not seem to alter the hydrophilic behavior of the surface in water, since
the hydrogel both with and without a PFM layer (with the same crosslink degree) reach the
same low receding angle (O;ec = 22° - 24°). Then, for hydrogels with the same crosslink
densities, the degree of hysteresis will be different depending on the amount of PFM at the
surface. On the contrary, the absence of the hydrogel leads to a very low hysteresis and a
completely different template. A schematic representation of the structure of the interface of
a two-layer hydrogel with PFM both with air and water is drawn in Fig. 8b. Actually,
similar structures have been recently proposed for poly(ethylene glycol) with fluoroalkyl
endgroups.[38]

Once in water, the swelling and the reorganization of the polymer chains in the two-layer
hydrogels with PFM could imply also a change in the topography of the surfaces at the
micrometric level. In order to study this phenomenon, different samples were analyzed by
atomic force microscopy (AFM) in their dry state and also in water. Fig. 9 shows the AFM
micrographs of a hydrogel with a graded layer of PFM (with a 18 % of F according to the
XPS results and a crosslink density of 0.10). The two images on the left correspond to the
dry sample at 2D and 3D and different scanning dimensions, whereas the images on the
right are from the polymer in water, also at different scanning dimensions. Both in 2D and
3D is clearly observed that the sample underwent topographical changes once into the water.
Some kind of protrusions appeared on the surface, with very variable heights ranging from
10 to 40 nm and diameters that could reach the 180 nm. These peaks probably correspond to
the hydrogel zones that have not been covered by PFM and, in contact with water, they
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swell. The hydrogels with no PFM do not present this behavior, all the surface swell equally,
maintaining nearly the same topological features in the dry and the wet state.

2.5. Experiments to test the biological behavior of the graded hydrogels with PFM

Preliminary studies on cell morphology were performed on PFM films functionalized with
an adhesion peptide motif in order to ensure that the working surfaces were biomimetic
enough for the cells to attach properly. Thus, cells were cultured on crosslinked PFM
coatings with and without a laminin-derived peptide motif (RYVVLPR) known to promote
cell binding.[37] In addition, the experiments were performed in presence and absence of
serum to see whether or not the serum proteins interfere with the recognition of the attached
peptide. Specifically, mouse embryonic fibroblasts (MEF) were used for these initial
experiments, since they are well known to be a robust cell system able to secrete proteins
and conditioning factors. Therefore, if these cells do not survive or present an unusual
phenotype, it would mean that the testing environment is really hostile.

After 2 hours post-seeding (results not shown), all cells cultured with serum adopt a normal
phenotype and no significant differences were observed among substrates (also considering
a control plastic dish), meaning that serum proteins attach on the surfaces as expected,
preventing cells to recognize the coupled peptide. On the contrary, the effect of the
RYVVLPR peptide was observed when MEF where cultured without serum, as cells seeded
on the peptide-modified surface present a better morphology than the ones on the polymer
itself, as well as the cells on plastic dish. Hence, this suggests that not only the cells are
attached to the peptide on the surface of the material, but also the recognition is sufficient to
enhance cell morphology. After 12 hours of incubation, however, no morphological
differences were observed among the various substrates neither in presence or absence of
serum. Therefore, these results suggested that the cells that survived the initial contact with
the surfaces are able to properly attach after 12 h, as they have already “conditioned” their
environment by secreting their own matrix on the material surfaces and by producing
soluble factors (such as growth factors and cytokines). For this reason, cell behavior
experiments on substrates should be carefully designed to avoid the biological effect of the
cells on changing the properties of the surface material and the environment in general.

Once the experimental conditions were set and it was proved (in our experimental system)
that cells could recognize the attached peptide, a series of experiments was designed in order
to study the cell phenotype on a film combining hydrogel (HEMA-co-EGDA) with a PFM
layer on top. In comparison, the same experiments were performed on a substrate that do not
contain the hydrogel and a substrate with the hydrogel alone. The strategy followed is
schematically represented in Fig. 10 and consists of four steps: iCVD polymerization of the
three samples (a hydrogel, a graded hydrogel with PFM and a crosslinked PFM film);
functionalization of the polymers with the linear peptide GRGDSPY, containing the integrin
receptor-binding motif RGD, which is derived from fibronectin (and the corresponding non-
active peptide GRADSPY where the residue Glysine [G] was changed by an Alanine [A]);
removal of the remaining pentafluorophenyl groups with another amine 2-(2-
aminoethoxy)ethanol; and finally, the actual cell attachment. In this case, Human Umbilical
Vein Endothelial Cells (HUVEC) were used for the cultures, as they are known to intimately
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interact with surfaces while they naturally tend to develop into monolayers. These cells were
cultured for 2 h on all the conditions described above without serum and growth factors in
order to promote the specific recognition of cell surface receptors with the cell-adhesion
peptide and to avoid interference due to cell binding mediated by serum proteins, as
previously described for the fibroblast system.

Fig. 11 depicts HUVEC morphology acquired by fluorescent microscopy on all the
differently modified films. Significant differences on cell morphology were observed
between GRGDSPY- and GRADSPY-modified surfaces only from the two-layer film that
combines a hydrogel bulk with the attached peptides on top. When the RGD motif is
present, cells adopt a normal phenotype and seem to start forming a monolayer, in contrast
to the non-signaling RAD motif and the control surface with no peptide attached. This
behavior is not observed on the substrates which do not contain the hydrogel. In fact, in
these cases cell morphology is quite similar to the one on the RAD-modified surfaces or on
the hydrogels with no PFM, where no peptide recognition and thus no specific attachment
through integrin receptors occur. These results suggest that the presentation of the active
signaling peptide in the right configuration promotes cells to adopt a normal phenotype. The
presence of the hydrogel might be the reason for this favored cell-material interaction.
However, the nature of the physical interaction in terms of stiffness of the hydrogel substrate
or topological presentation, or both, still remains unclear.

3. Conclusions

The synthesis of a novel functional surface by initiated chemical vapor deposition has been
reported here. The films, consisting of a hydrogel (HEMA-co-EGDA) and a reactive
monomer (PFM), may be synthesized as a homogeneous hydrogel or in a two graded layer
due to the excellent versatility of the technique. By adjusting the crosslink to monomer ratio,
the crosslink degree and, thus, the swelling ability of the hydrogels are easily tailored, which
has a direct effect on the physical properties of the material. Moreover, the presence of
reactive esters allows coupling any molecule presenting a free amine, specially biologically
active peptides, even in water. Hence, these surfaces are a platform where both the physical
properties and the surface chemistry may be easily tailored. Preliminary biological
experiments suggested that cells are able to recognize peptidic motifs anchored on this kind
of surfaces, leading to an enhanced cellular phenotype. Therefore, these films may be
considered as a potential candidate to study the influence of the mechanical and chemical
signaling in cell behavior.

4. Experimental

iCVD polymerization

Films were deposited on 100-mm-diameter silicon (Si) substrates in a custom-built vacuum
reactor. The cylindrical reactor (height of 3.3 cm and radius of 12 cm) was covered with a
quartz top that allowed laser interferometry (633 nm He-Ne laser source, JDS Uniphase) to
monitor the depositions. The reactor was equipped with a Nichrome filament (80% Ni / 20%
Cr, AWG26, Omega Engineering) that was resistively heated (280 °C) and a backside-
cooled stage (32 °C). Pressure in the vacuum chamber was varied depending on the
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experiment (200 - 250 mTorr) using a butterfly valve. The monomers HEMA (Aldrich) and
PFM (Polysciences) and the cross-linker EGDA (Polysciences) were heated and delivered
into the reactor by using regulated needle valves. Meanwhile the initiator TBPO (Aldrich)
was vaporized at room temperature and metered into the chamber through a mass-flow
controller, as well as the gas No. HEMA was always maintained at 65 + 1 °C, whereas the
EGDA temperature was varied from 50 to 60 °C, according to the degree of crosslink
desired. PFM was heated up from 50 to 70 °C, depending on the flow needed. All vapors
were mixed together before entering the reactor through a side port.

Chemical characterization of the surfaces

X-ray photoelectric spectrometry (XPS) was carried out on a Kratos Axis Ultra spectrometer
using a monochromatized Al Ka source. Spectra were recorded using a 70° take-off angle
relative to the sample surface, except for the angle-resolved XPS (ARXPS) measurements,
where take-off angles of 20° and 90° were set. The deconvolutions of the signals were
performed in CASA XPS software, with relative sensitivity factors (RSF) of 0.278 for C,
0.780 for O, 1.000 for F and 0.477 for N. Fourier transform infrared spectroscopy (FTIR)
measurements were done on a Nicolet Nexus 870 spectrometer in normal transmission mode
using a deuterated triglycine sulfate (DTGS) KBr detector over the range of 400-4000 cm™1
ata 4 cm~1 resolution. All spectra were baseline- corrected. The crosslink degree of the
HEMA-co-EGDA hydrogels, expressed as the ratio of crosslink agent to monomer (EGDA/
HEMA), was calculated from the FTIR analysis. The calculation relates the C=0 area
ascribed to EGDA to the one correspondent to HEMA, under the assumption that the
carbonyl group from all acrylic monomers had the same adsorption coefficient, as already
proved for the iCVD HEMA-co-EGDA system.[24] The area contributed by the EGDA
carbonyl units is the total C=0 area (Ac=p) less the area correspondent to the carbonyls of
HEMA and PFM. HEMA and PFM carbonyl adsorptions were calculated in relation to two
unique adsorption peaks for each one (the aromatic C-C stretching for PFM at 1525 cm™,
Acar, and the OH bond for HEMA at 3700-3000 cm=2, Ag). The ratios of the carbonyl area
to these adsorptions are denoted as rpgp and rpema, respectively. Specifically, the following
equation was used for the crosslink density calculation.

[EGDA] _ (AC:O RV Acar — Tapnma AOH) /2 1
[HEMA] ro A M

HEMA oH

Film thickness, optical properties and swelling analysis: Variable-angle spectroscopic
ellipsometry

The thickness and optical properties of the polymerized films were analyzed on a J.A.
Woollam M-2000 spectroscopic ellipsometer with a xenon light source. Data were acquired
at three angles (65°, 70°, and 75°) and 225 wavelengths, and the Cauchy-Urbach model was
used to fit the data. For the two-layer model, the Cauchy-Urbach model was set to treat two
layers independently using as starting point the optical properties obtained for the separate
polymers and the approximate thicknesses given by the interferometry. Ellipsometry was
also used to determine the swelling properties of the surface hydrogels. For this purpose a
simple liquid cell was placed on to the M-2000 ellipsometer stage, for which the cell was
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designed. Each film-coated substrate was secured in the cell and the measurements were
made before (air/solid interface) and after the cell was filled with PBS (solution/solid
interface). The data from the dry and swollen films were fit with the Cauchy - Urbach
model, considering always the film as a unique material.

Film wettability characterization

Contact angle measurements, performed on a goniometer equipped with an automatic
dispenser (Model 500, Ramé-Hart), were used to evaluate the wettability of the films. The
contact angle was determined by placing a drop of water on the surface and measuring the
angle between the plane of the surface and the tangent to the drop at the point of contact
with the substrate (measurement known as sessile drop). Dynamic contact angles
measurements (advancing and receding) were performed on the surfaces, by gradually
increasing and decreasing the volume of the water droplet and measuring the contact angle
each time.

Film topography analysis

Atomic force microscopy (AFM) images were acquired with a Nanoscope |11 Extended
Multimode Atomic Force Microscope (Digital Instruments, Santa Barbara, CA), with a
lateral resolution of 5 nm and vertical of 1 A, by tapping mode. The analysis was performed
by the Nanoscope 111 v4.22 software for Nanoscope microscope.

Sample modification

PFM-containing samples were functionalized with various aminated molecules: 1,6-
diaminohexane (Aldrich), 2-(2-aminoethoxy)ethanol (Aldrich) and peptides with the
following sequences: RYVVLPR, GRGDSPY-FITC and GRADSPY-FITC (Biopolymer
Facility at MIT), the last two carrying a fluorescein label (FITC) at the C-terminal. Three
solvents were used: Phosphate Buffered Saline (PBS, Aldrich), N,N-dimethylformamide
(DMF, Aldrich) and ethanol (Aldrich). The samples were immersed in the corresponding
solution, left on a shaker, rinsed twice in ethanol and water and dried. The conditions of the
different reactions are summarized in Table 4. The reaction of PFM with a fluorescent label
was verified under a Nikon Epi-Fluorescence microscope TE300 (Nikon, NY).

Biological assessment

crosslinked PFM films were functionalized with an adhesion peptide (RYVVLPR) and were
equilibrated in Dulbecco's Modified Eagles Medium (DMEM, Gibco) for 1 h in a tissue
culture incubator (37 °C, 5 % COy), using a non-functionalized film and a plastic dish as
controls. Mouse embryonic fibroblasts (MEF, ATCC) cultures in DMEM with 10 % Foetal
Bovine Serum (FBS) were trypsinized, washed in DMEM without serum, counted and used
to seed on samples at a concentration of 20,000 cells / cm?2. Next, two sets of experiments
were performed, in presence and absence of serum. Both experiments were carried out both
at 2 and 12 h to study cell binding and morphology. After that, the cells were fixed with 2 %
(w/v) paraformaldehyde for 1 h, washed and stained with DAPI for nuclear staining
(Molecular Probes) and Phallodin-Rhodamin for actin cytoskeleton (Sigma). These two dyes
were visualized on a Nikon inverted microscope with DAPI and rhodamine filters.
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Similar subsets of experiments were carried out in presence of Human Umbilical Vein
Endothelial Cells (HUVEC, Lonza). For these experiments, three different iCVD-
polymerized films were compared: a HEMA-co-EGDA hydrogel with a 30 % swelling
degree, a hydrogel with PFM polymer layer on top with an initial 21 % of swelling, that
could be further increased after the PFM removal, and a PFM-co-EGDA film. Some samples
were functionalized with the linear peptide sequence GRGDSPY and others with the
corresponding permutated peptide GRADSPY. Both sequences carried a fluorescein label
(FITC) in order to easily check the peptide attachment by fluorescent microscopy.
Furthermore, the same films were immersed in PBS at the same conditions, as controls.
After peptide attachment, some of the samples were incubated in 2-(2-aminoethoxy)ethanol
in PBS to remove the remaining PFM. In comparison, the same substrates without the
passivating amine were also tested; they were incubated only in PBS under the same
conditions. The resulting series of samples and controls were incubated in endothelial basal
medium (Lonza), without serum and growth factors, for 1 h in a tissue culture incubator (37
°C, 5% CO,). Human Umbilical Vein Endothelial Cells were cultured in EGM-2 BulletKit
(endothelial basal medium plus growth supplements, Lonza), trypsinized and suspended in
endothelial basal medium (in the absence of growth factors and serum). After counting cells,
those were seeded on the surfaces, placed in 24-well multiplates, at 20,000 cells / cm? and
let attach for 2 h. Afterwards, cells were fixed with 2 % (w/v) paraformaldehyde for 1 h,
washed and stained with DAPI for nuclear staining (Molecular Probes) and Phallodin-
Rhodamin for actin cytoskeleton (Sigma) and visualized under a fluorescence microscope.
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Figure 1. General strategy
iCVD polymerization of a biomimetic surface which combines a hydrogel, with tunable

crosslink densities and swelling ability, with a monomer that allows aminated-molecules
attachment.
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Figure 2. FTIR spectra comparison showing the PFM incor por ation into the hydrogel
FTIR spectra of (A) PFM homopolymer, (B) HEMA-co-EGDA-co-PFM terpolymer and (C)

HEMA-co-EGDA hydrogel. In the terpolymer (B), the characteristic aromatic stretching
vibration of PFM at 1525 cm™1 is clearly distinguished among the HEMA and EGDA
signals.
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Figure 3. Crosslink degree and swelling properties of HEM A-co-EGDA-co-PFM films
(A) Changes in the film thickness as function of the crosslink degree. (B) Refractive index

of the samples with different EGDA concentration before and after swelling in PBS.

Adv Funct Mater. Author manuscript; available in PMC 2014 November 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Mari-Buyé et al.

A

contact angle

Page 18

B
XPS atomic percentages
samples F N
before 2.15 0.00
HE2P
after 0.89 0.61
before 2,77 0.00
HE1P
after 1.00 0.74

—x— non-treated

® treated w ith diemine

5 10 15 20 25

wolume droplet/mL

Figure 4. Functionalization of the HEM A-co-EGDA-co-PFM films

(A) Advancing and receding contact angle of the hydrogel with PFM before and after
reaction in a 10 mM diamine solution in DMF:EthOH (10:90 v/v) for 12h at 37 °C. (B) XPS
survey scan before and after reaction in 10 mM diamine solution in PBS for 5h at room

temperature.
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Figure 5. Surface characterization of the hydrogelswith PFM
(A) Comparison of the XPS percentages for a polymerized PFM film and a hydrogel with a

compact top PFM layer. (B) Sessile contact angle of various hydrogels with different F/C
ratio on the surface.
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Figure 6. Thicknessincrease of the two-layer hydrogelswith PFM in water compared with the
HEMA-co-EGDA hydrogel

(A) Decrease of the swelling ability for two samples with different crosslink degrees,
EGDA/HEMA = 0.01 and 0.17. (B) Thickness increase as
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Figure 7. Swelling behavior of the two-layer hydrogels and the HEM A-co-EGDA without PFM
(A) Thickness increase percentage for three HEMA-co-EGDA with a PFM layer,

maintaining nearly the same crosslink degree as function of the amount of fluorine on the
surface (XPS). (B) Linear regression of the thickness increase percentage of the HEMA- co-
EGDA copolymers versus the EGDA/HEMA ratio.
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Figure 8. Behavior in aqueous medium of the hydrogelswith a PFM layer
(A) Advancing and receding contact angle as function of the droplet volume of a HEMA-co-

EGDA hydrogel (EGDA to HEMA ratio of 0.14), a HEMA-co-EGDA with a graded PFM
layer with F/C = 0.13 and EGDA/HEMA = 0.14 and a PFM-co-EGDA.. (B) Schematic
representation of the polymeric surface before (top picture) and after soaking in water

(bottom picture).
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Figure 9. AFM topological micrographs of a hydrogel with a PFM layer on top
Two-dimensional views of the (A) dry sample and the (B) sample in water. Three-

dimensional views at the same z-scale (50 nm) of the (C) dry sample and the (D) sample in
water.
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Figure 10. Scheme of the strategy to test the biological activity of iCVD polymerized films
It consists of 4 steps: (1) the polymerization itself of different substrates, in this case, (a)

HEMA-co-EGDA, (b) HEMA-co-EGDA with a PFM layer and (c) PFM-co-EGDA, (2)
functionalization of the PFM-containing films with peptides, (3) passivation of the
remaining PFM with an amine and (4) the cellular culture on the functionalized films.
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Figure 11. HUVEC morphology at 2 h of incubation
Cells were cultured on three different substrates: the HEMA-based hydrogel (first raw), the

hydrogel with a PFM layer (second raw) and the PFM polymer (third raw). The films were
functionalized with GRGDSPY (first and second column) and GRADSPY (third and forth
column) and, as controls, other samples were immersed in PBS under the same conditions
(fifth and sixth column). “+AEE’ and ‘-AEE’ indicate whether or not the samples were
treated with the passivating amine.
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Table 1

Details of experiments runs of HEMA-co-EGDA-co-PFM polymerization.

flow rates/ sccm partial pressure/ mTorr

sample HEMA EGDA PFM TBPO N, HEMA EGDA PFM

HE4P 0.30 0.11 0.04 0.15 1.40 38 14 5
HE2P 0.30 0.08 0.04 0.15 1.45 38 10 5
HE1P 0.30 0.06 0.04 0.15 1.47 38 8 5
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Spectroscopic ellipsometry analysis of the hydrogels with a PFM layer.

Table 2

sample parameters 1layer model 2 layer model
MSE 17.53 10.86
thickness / nm 270+ 0.9 HEMA  102%3
HP1 PFM 170+ 3
index of refraction 1.4884 HEMA 1.5251
PFM 1.4493
MSE 8.068 3.216
thickness / nm 197 +0.5 HEMA 128+4
HP2 PFM 63+4
index of refraction 1.4810 HEMA 15137
PFM 1.4850
MSE 14.67 14.74
thickness / nm 120+ 0.4 HEMA 100+ 34
HP3 PFM 20+ 34
index of refraction 1.4989 HEMA 1.4996

PFM 1.4950
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Angle-resolved XPS of hydrogels with PFM.

Table 3

F/IC XPS sampling depth / nm
sample % PFM  bulk  surface
HEMA-co-EGDA / PFM 0.1 0.003 0.15 2.7
0.08 8.0
0.6 0.009 0.38 2.7
0.26 8.0
20 0.259 0.47 2.7
0.43 8.0
PFM-co-EGDA 45 0.504 0.43 0.42
2.7 8.0

Adv Funct Mater. Author manuscript; available in PMC 2014 November 18.

Page 28



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny Yd-HIN

Mari-Buyé et al.

Table 4

Conditions of the functionalization of the PFM-containing samples.

reagents media concentration temperature time
1,6-diaminohexane PBS and DMF / ethanol (10:90 v/v) 10 mM 37°Cand60°C 12hand5h
2-(2-aminoethoxy) ethanol ethanol 100 mM 37°C 12h
peptides PBS 0.7-1mM 37°C 6h
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