
DEVELOPMENT OF SURFACE HYDROGELS CONTAINING CELLULAR

ATTACHMENT MOTIFS

1. Introduction

Surface modification of polymers with signaling molecules and attachment ligands is

important for improving both the functionality and biocompatibility of biomaterials1,2.

One broadly used approach to immobilizing ligand motifs on biomaterial surfaces

consists of creating covalent attachments to reactive polymer side chains3.

Pentafluorophenyl methacrylate (PFM) is one of these moieties, which is highly

reactive towards nucleophiles and thus is able to couple peptides through their amine

containing residues. We used this approach to immobilize signaling peptides on

hydrogel surface with the aim of studying the cellular response on soft and hard

environments. Hence, Initiated Chemical Vapor Deposition (iCVD) was used to develop

surface hydrogels (~ 200 nm thick), which contain PFM as a reacting group to couple

peptide motifs (cell signaling peptide sequences) and the corresponding controls

without PFM.

Preliminary results indicate that we were able to obtain thin layers of hydrogels with a

surface gradient of PFM on silicon wafers using iCVD. Moreover, we were able to

immobilize peptide sequences on those surfaces with high efficiency. Finally, using

mouse embryonic fibroblasts we demonstrated that the functionalized surfaces were

able to instruct cells to attach properly and to develop a typical morphology.

2. Materials and methods

Sample preparation

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 ºC) and a backside-cooled stage (32 ºC). Pressure in the vacuum

chamber was varied depending on the 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 N2. HEMA

was always maintained at 65 ± 1 ºC, whereas the EGDA temperature was varied from

50 to 60 ºC, according to the degree of crosslinking desired. PFM was heated up from

50 to 70 ºC, depending on the flow needed. All vapors were mixed together before

entering the reactor through a side port.

Sample modification

Functionalization of the samples was performed with aqueous solution of two different

peptides (1 - 10 µg / mL): GRGDSPY and GRADSPY, both modified with a FITC-

fluorescent label (Biopolymer Labs facility at MIT). Samples were immersed in the

solutions and maintained at 37 ºC for 6 hours. Afterward, they were rinsed with water at

room temperature and then immersed for 12 h at 37 ºC in another solution of 2,2-

aminoethoxy ethanol (Aldrich), 100 mM, in PBS (Aldrich) to remove any unreacted

PFM on the surface.

Sample Analysis

Sample thicknesses (~ 200 nm) were measured through the use of a variable angle

spectroscopic ellipsometer (J.A. Woollam M-2000, xenon light source). A Cauchy-

Urbach model was utilized to obtain a non-linear least squares fit of data obtained at

either one (70°) or three (65°, 70°, 75°) angles and 225 wavelengths. Fourier transform

infrared spectroscopy (FTIR) was performed on a Nicolet Nexus 870 ESP spectrometer

in normal transmission mode.  A DTGS KBr detector was utilized over the range of 400

to 4000 cm-1 with a 4 cm-1 resolution. All samples were baseline corrected and

thickness normalized to allow for accurate comparison. XPS was carried out on a

Kratos Axis Ultra spectrometer using a monochromatized Al Kα source. Spectra were

usually recorded using a 70° take-off angle relative to the sample surface. The

deconvolutions of the signals were performed in CASA XPS software. Contact-angle

measurements were performed on a goniometer equipped with an automatic dispenser

(Model 500, Ramé-Hart). Fluorescence images were obtained on a Nikon inverted

microscope using FITC filters.

Biological assessment

Samples were equilibrated in Dulbecco’s Modified Eagles Medium (DMEM, Gibco) for

1 h in a tissue culture incubator (37 ºC, 5 % CO2). Mouse embryonic fibroblasts (MEF)

cultures in DMEM with 10 % Fetal Bovine Serum (FBS) were trypsinized, washed in

DMEM without serum, counted and used to seed on samples at a concentration of



20,000 cells / cm2. Next, two sets of experiments were performed, in presence and

absence of serum, in order to see whether or not the serum proteins interfere with the

recognition of the attached peptides. 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)

paraformaldehide 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 Rhodamin filters.

Similar subsets of experiments were carried out in presence of Human Umbilical Vein

Endothelial Cells (HUVEC).

3. Results and discussion

iCVD polymerization of PFM

One of the challenge at the time this project was started was that never before the PFM

had been polymerized by the iCVD technique and even more, neither the complex

structure of hydrogel containing PFM. One advantage in our favor was the fact that

PFM polymerization was previously achieved in a plasma reactor3, as well as its

reactivity toward peptides4. In this work PFM was successfully polymerized by the iCVD

technique with a full retention of the pendant fluorinated phenyl group, as demonstrated

by the FTIR and XPS analysis. It was also possible to deposit PFM-co-EGDA (ethylene

glycol diacrylate) copolymers in order to obtain more resistant coatings5.

iCVD polymerization of hydrogels containing PFM

Hydrogels made of HEMA-co-EGDA polymers had been previously developed by

iCVD6. Our motivation, therefore, was to include PFM moieties into the hydrogel

structure, while maintaining their viscoelastic properties minimally changed. To do that,

we considered to proceed in one steps reaction consisting of the polymerization of the

hydrogel with the proper crosslinker (EGDA) to monomer (HEMA) ratio, rapidly

followed by the deposition of a thin layer of PFM. This advance permitted us to obtain

chemically reactive surfaces maintaining a soft bulk underneath. Interestingly, this

technique produced as a consequence the formation of PFM gradients on the surface

of the hydrogel, as proved by angle resolved XPS.

PFM functionalization

The main advantage of these PFM moieties is that they are highly stable and maintain

their reactivity toward nucleophiles for long period of time. In addition, the coupling

reaction is very simple. We successfully immobilized the peptide motif NH2-GRGDSPY-

FITC and its non-active permuted sequence NH2-GRADSPY-FITC by its amino termini



on the surface of the previously obtained PFM modified hydrogels. Due to the presence

of a fluorescent group (FITC) at the carboxyl termini, we were able to monitor the

binding by fluorescence microscopy.

Bioactivity assessment of the functionalized surfaces

As expected, peptides such as the linear GRGDSPY carrying the canonical Integrin

receptor binding sequence RGD and its corresponding permutated control peptide

GRADSPY were used as cell binding motifs. When cultured with serum, mouse

embryonic fibroblasts (MEF) seemed to attach similarly on all the different substrates

(the rigid PFM-co-EGDA and the soft HEMA-co-EGDA containing or not PFM),

adopting normal cell morphology. On the other hand, the effect of the GRGDSPY

peptide was clearly observed in cultures without serum, as the active binding motif

promoted the acquirement of normal cell morphology, in contrast to the control peptide

GRADSPY. These results suggest that the presentation of the signaling peptide in the

right configuration promoted cells to adopt a normal phenotype. However, the nature of

the physical interaction in terms of topological presentation or stiffness of the hydrogel

substrate, or both, is currently under study using these cells, as well as HUVEC.
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