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Introduction

Targeting materials to specific cells,[1] designing materials

that can sense biochemical signals[2] and developing ma-

terials with improved biocompatibility remain challenges

in biomaterials development.[3] Significant effort remains

in increasing the cell recognition and attractiveness of

biomaterial surfaces. Modified materials stimulate cell

adhesion, growth and proliferation,[4] while maintaining

the mechanical attributes of the bulk material.[5–7] Cell

attachment to bioactive surfaces may be enhanced through

linkage of biological ligands specific for cell-substrate

Summary: Material coating of surfaces can enhance recep-
tivity for cells and biological compounds. Existing plasma
coating technologies and possible materials are limited. A
new polymer from pentafluorophenyl methacrylate (PFM)
monomer was synthesized, and was plasma enhanced chem-
ical vapor deposited on silicon wafers. The optimal plasma
polymerization parameters for the PFM monomer and its
copolymerizationwith the cross-linking agents 1,7-octadiene
and 1,4-butanediol divinyl ether co-monomers were estab-
lished. All the resulting polymer coatings leave the labile
pentafluorophenyl group on the surface, enabling a rapid
reactionwith an amino-terminated biotin ligand and allowing

layer-by-layer self-assembly of biotin-streptavidin. In addi-
tion, the deposited polymer layers showed an extremely
flat morphology with a nanoscale average roughness. This
approach provides an easymeans of obtaining functionalized
surfaces which can enhance and control the biocompatibility
of bulkmaterials. Merging the versatility of plasma polymer-
ization processes, via simple monomers and reaction condi-
tions, with biological platforms that enable target of cell
adhesion brings us closer to the ultimate goal of controlling
cell function through structured surfaces for their application
in tissue engineering.

Schematic representation of a functionalized surface obtained by
plasma polymerization of the PFM monomer, showing labile
pentafluorophenyl groups on the surface.
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interactions.[8,9] One broadly used approach to immobilizing

ligand motifs on biomaterial surfaces consists of creating

covalent attachments to reactive polymer side chains.[10] To

this goal, plasma polymerization allows deposition of thin

films onto substrates of complex geometry with a uniform

distribution of functional groups.[11,12] The integrity of the

functional groups, however, remains a challenge in any

plasma polymerization process. Additionally, the adhesion

between the filmobtained and the substrate needs to be taken

into account.[13]

Biotin-streptavidin technology, a valuable tool in modern

biotechnology, is used for immobilization of molecules to

solid phases,[14] signal amplification in bioaffinity as-

says,[15,16] and targeted drug delivery.[17,18] In this context,

microcontact printing (m-CP) offers relatively simple, easy

to implement, and attractivemethods formicropatterning of

such biomolecules.[19] The target surfaces must however be

extremely reactive for a successful covalent linkage of

biomolecules. In other words, the presentation of labile

groups, such as voluminous active esters, is a requisite for

the substitution of such groups by the biomolecule of

interest.[20–23] Classically plasma vapor deposition utilizes

derivatives of parylene, and yet the synthesis processes

involved are complex and lengthy.[24] This study sought to

develop a feasible alternative to complex functionalized

monomers. A new acrylate-type monomer, pentafluoro-

phenyl methacrylate (PFM), was synthesized and used for

plasma polymerization. Although methacrylate derivatives

of pentafluorophenol are well known,[25] their use as

monomers for plasma polymerization has not been studied

in depth. We established the different parameters needed to

maintain the monomer functionality under pulsed radio-

frequency (RF) plasma polymerization. Plasma polymer-

ized films presented the labile pentafluorophenyl group on

the surface, which was optimum for subsequent biotin

binding.

Experimental Part

Materials

Florosil1 (60–100mesh),methacryloyl chloride (þ98%), 2,6-
dimethylpyridine (2,6-lutidine, 97%), 2,3,4,5,6-pentafluoro-
phenol (99%), 1,7-octadiene (98%), 1,4-butanediol divinyl

ether (98%) were obtained from Aldrich (Milwaukee, USA)
and used as supplied. (þ)-Biotinyl-3,6,9-trioxaundecanedi-
amine, streptavidin, fluorescein-conjugated streptavidin and
Tween 20 detergent were obtained from Pierce (IL, USA).
Phosphate buffered saline (PBS, pH 7.4) and bovine serum
albumin (BSA) were obtained from Gibco (New York, USA)
and Fluka (Switzerland), respectively. Tetrahydrofurane
(THF) was obtained form Aldrich (Milwaukee, USA).

PFM Synthesis

Methacryloyl chloride (8ml, 82mmol)was added drop-wise to
a stirred solution of pentafluorophenol (7.6 g, 41 mmol) and
2,6-dimethylpyridine (6.6 g, 62mmol) in THF (100ml) at 0 8C
(see Scheme 1). After 10 min stirring at the same temperature,
the precipitate was filtrated and washed with THF (50 ml).
After solvent removal under reduced pressure, the PFM residue
was purified by chromatography on a Florosil1 column, using
pentane as eluent, and obtained as colorless oil (7.0 g, 85%).
The monomer was stored at 4 8C until use.

1H NMR and 13C NMR spectra of PFM were determined in
CDCl3 as solvent on a Gemini 300 Varian spectrometer.

1H NMR (CDCl3/TMS, 300MHz, ppm): d¼ 6.454 (1H, dq,
Hb), 5.914 (1H, dq, Ha), 2.093 (3H, CH3, dd).

13CNMR (CDCl3/TMS, 75MHz, ppm): d¼ 162.910 (1C, s,
C O), ca. 139.6 (5C, m, C–F), 133.626 (1C, s, H2C C),
129.786 (1C, s, H2C C), 18.272 (1C, s, C–CH3).

IR spectra were obtained using a Nicolet Magna 5600
spectrophotometer.

IR (KBr, cm�1): n¼ 2 950 (m), 1 764 (s), 1 625 (m), 1 475
(m), 1 100 (m).

Plasma Polymerization

The plasma deposition apparatus consisted of a stainless steel
dischargevessel (diameter: 26 cm, length: 24 cm) parallel plate
reactor (Scheme 2). The ground electrode was the reactor
chamber, and the RF electrode was a stainless steel plate. The

Scheme 1. Chemical synthesis of pentafluorophenylmethacryl-
ate (PFM).

Scheme 2. Scheme of the reactor.
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samples were located on this plate for polymerization. The RF
electrode was connected to a RF pulse generator (13.56 MHz)
through a matching network.

The gases or monomers were supplied via a standard
manifold with gas fluxes adjusted with needle valves. The
system pressure was determined using a Pirani type vacuum
meter (MKS, USA), positioned between the reactor and a cold
trap. The two stage mechanical pump (RV12 903, Edwards,
GB), positioned after the cold trap, evacuated the vessel to a
reactor chamber pressure of 0.1 mbar. All polymers were
deposited on 100 oriented silicon wafers. All polymerizations
were performed under pulsed plasma. The pulsed RF power
setting was 10W, with a duty cycle of 50%with a frequency of
15Hz. Deposition times ranged from 2 to 8 h. PFMwas used as
synthesized. The monomer was preheated to reach the desired
polymerization pressure. The monomer flow rate was set so
that the pressurewithin the reactor was 0.3mbar. PFMwas also
copolymerized with 1,7-octadiene (liquid, boiling point:
115.5 8C at 760 mmHg ) and with 1,4-butanediol divinyl ether
(liquid, boiling point 95 8C at 20 mmHg) as crosslinkers.
Crosslinker/PFM ratios used were 3:1 and 6:1 for octadiene/
PFM and 3:1 and 4:1 for divinyl ether/PFM.

All thin films obtained were characterized by X-ray photo-
electron spectroscopy (XPS) and atomic force microscopy
(AFM).XPS analysis was carried out using a Perkin Elmer PHI
5500 spectrometer (USA), equipped with a 350 W monochro-
maticAlk(alpha)X-rays source. Pass energy for the acquisition
of C1s photoelectrons narrow scans was 23.5 eV. All XPS
spectra were recorded at a take off angle of 458 relative to
the surface normal under high vacuum conditions (the pressure
in the main UHV chamber was maintained below 5�
10�9 mmHg). Data analyses were carried out using Multipax
software (PHI) using for calibration the C1s component of
the unfunctionalized aliphatic hydrocarbon at a binding energy
of 285.0 eV. AFM analysis was performed in tapping mode
using a Nanoscope III Instrument (Digital Instruments, Santa
Barbara, CA, USA). The roughness of the coatings was meas-
ured in terms of and root mean square roughness (Rq) and
maximum roughness height (Rmax). Film thickness was used as
ameasure of growth rate and determined after 2 h of deposition
using a Dektak 6M profilometer (Veeco, USA).

Biotin and Streptavidin Linkage

Thin films previously obtained by polymerization of PFM
(see Scheme 3), octadiene/PFM and divinyl ether/PFM were
immersed for 2 h while shaking in a 10� 10�3

M solution of
(þ)-biotinyl-3,6,9-trioxaundecanediamine in distilled water.
Subsequently, samples were washed for 30 min in buffer A
consisting of PBS with 0.02% (v/v) Tween 20 and 0.1% (w/v)
BSA. The detergent Tween 20 is a blocking agent composed of
polyoxyethylene sorbitan monostearate that preferentially
adsorbs to the background. It was used to wash away non-
covalently bound biotin and to avoid non-specific adsorption of
streptavidin.[26] Then, samples were immersed for 1 h in in a
10� 10�3

M solution of fluorescein-conjugated streptavidin in
buffer Awhile shaking. The surfaces were rinsed several times
with PBS before examination done using an epifluorescence
microscope (Nikkon, New York). The streptavidin is labeled
with a fluorescent die (in our case fluorescein 50-isothiocyanate

(FITC)) which emits fluorescent light when excited at a certain
wavelength. Therefore, if the streptavidin is bonded to the
biotin, we can prove that by irradiating the sample at the char-
acteristic wavelength of the fluorescent die. The emission of
fluorescence by the sample indicates the presence of the biotin-
streptavidin complex. In an epifluorescence microscope both
the excitation and emission light travel through the objective.
The key to the optics in an epifluorescence microscope is
the separation of the illumination (excitation) light from the
fluorescence emission emanating from the sample. In order to
obtain either an image of the emission without excessive
background illumination, or ameasurement of the fluorescence
emission without background ‘‘noise’’, the optical elements
used to separate these two light components must be very
efficient.

Results and Discussion

Pentafluorophenyl Methacrylate Synthesis

The synthesis of the PFM followed a general synthesis

pathway for acrylate derivatives with a yield of 85% which

represents a 2.5 fold increase compared to yields previously

reported using p-cyclophane derivatives.[27] Sterically

hindered pyridine was used as proton acceptor to limit the

extent of an undesired side reaction:Michael addition of the

pyridine to the acrylate.Moreover, an excess of the basewas

used to prevent the addition of hydrogen chloride to the

activated double bond of the acrylate. The high basic pH of

the 2,6-lutidine compared to pyridine increased the extent

of deprotonation of the phenol.[25] The reaction product was

purified using a Florosil1 chromatography column, result-

ing into a very pure form, as suggested by the NMR spectra.

The IR spectrum of the pure PFM showed some charac-

teristic bands (Figure 1a). Bands in accordance with with

alkane C–H stretching absorptions were present around

2 950 cm�1, while the band at 1 764 cm�1 indicated a carbo-

nyl stretching absorption of a carboxylate ester. Aromatic

system stretching vibrations between 1 625 and 1 475 cm�1

and typical bands for C–F stretching around 1 100–

1 000 cm�1 could also be clearly distinguished in the spec-

trum. In addition, the NMR spectra (Figure 1b) also con-

firmed the chemical structure of the synthesized monomer.

Scheme 3. Schematic representation of a functionalized surface
obtained by plasma polymerization of the PFM monomer, show-
ing labile pentafluorophenyl groups on the surface.
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The proton spectrum showed a decoupled signal at d¼ 2.03

corresponding to the methyl group of the acrylated part of

PFM and two signals at d¼ 5.9 and 6.4 from protons in the

cis and trans position within this group. The carbon

spectrum was set in accordance with those reported in the

literature[25] with a signal at 162.910 ppm that reflected

formation of the ester bond between the acrylate and the

phenol, a signal at ca. 139.6 ppm showing the C–F bond in

the ring, two signals at 133.626 and 129.786 ppm that

illustrate the presence of the double bond, and a signal at

18.272 ppm that reflects the presence of the CH3 group.

Plasma Polymerization and
Characterization of the Films

The deposition rate for bare PFM was 25 nm � h�1. The

deposition ratewas 16 nm � h�1 for the octadiene/PFM (6:1)

copolymer and 8 nm � h�1 for the divinyl ether/PFM (3:1)

copolymer, suggesting the different reactivity of the

products used.

XPS widescan spectra of the PFM (10 W, duty cycle of

1/215 Hz, 2 h deposition) revealed the presence of oxygen,

carbon, fluorine, and nitrogen. The C1s core level signals

were fitted on various oxygen-containing functionalities

and on fluorine-containing functionalities. Nitrogen func-

tionalities were not considered, since Cl and N were found

only in limited amount at the surface coating. Spectra were

corrected for sample charging, setting the hydrocarbon

signal to 285.0 eV, and the position of the others centroids

accordingly adjusted. TheXPS survey spectrumof the PFM

polymer showed retention of fluorinated functionalities, but

in levels below the theoretical ones, probably caused by

fragmentation of the monomer during the polymerization.

The XPS C1s spectrum of the polymer PFM showed the

expected carbon environments such as C–R, COOR (R¼C

or H), and C–F, each exhibiting a characteristic chemical

Figure 1. (a) IR and (b) 13C NMR spectrum of the synthesized PFM.
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shift (Figure 2). The spectrum was fit with four signals

corresponding to hydrocarbon (C–C/H, A in the figure) set

at 285.0 eV (see above), an a-ester carbon (C–COOH/R, B
in the figure) at 285.6 eV, an ether carbon at 286.8 eV (C in

the figure) and fluorinated carbon (C–F, D in the figure) at

288.2 eV. The existence of other oxygen-containing func-

tionalities in addition to carboxylates constituted a further

indication of monomer-oxygen reaction and fragmentation

of themonomer in the plasma giving rise to the formation of

side products during polymerization. A reaction between

the film and thewater desorbed from thewalls of the plasma

vessel (during polymerization), and atmospheric oxygen

and water (after polymerization) might also have con-

tributed.[26,28]

XPS spectra of the PFM copolymerization with the two

cross-linking copolymers (Table 1) showed the expected

carbon environments, such as C–R, COOR and C–F, each

exhibiting their characteristic chemical shift.

Carbon environments of the form C–R, C–O, C O and

COOR (R¼C or H) and C–F were present in the XPS

spectrum obtained from the polymer of PFM and 1,7-

octadiene copolymerization, each exhibiting a character-

istic chemical shift.[28] This spectrum was fit with signals

corresponding to hydrocarbon (C–C/H) set at 285 eV, an

a-ester carbon (C–COOH/R) at 285.6 eV, an alcohol or ether
carbon (C–O) at 286.7 eV, carbonyl (C O) at 287.9 eVand

carboxyl/carboxylate COOH/R at 289.2 eV. As expected,

the amount of carbon was slightly higher than in the case of

bare PFM (see Table 1), due to the presence of the two co-

monomers that are formed mainly by a hydrocarbon struc-

ture. Again in all cases, the existence of oxygen-containing

functionalities in addition to carboxylates constituted a

further indication of monomer-oxygen reaction and frag-

mentation of the monomer in the plasma, giving rise to

the formation of side products during polymerization.

A reaction between the film and the water desorbed from

the walls of the plasma vessel (during polymerization), and

atmospheric oxygen and water (after polymerization) have

contributed to the composition of the coating.[26,28] In the

same way, the film obtained by copolymerization of PFM

and divinyl ether showed a higher amount of oxygen (32.5%

vs. 30.9% for bare PFM, see Table 1), attributed to the ether

functionality in the molecule. Even in the case of the octa-

diene/PFM copolymer, the amount of oxygen compared to

the bare PFM (33.1% vs. 30.9% for bare PFM, see Table 1)

was higher. These results suggest that the use of the cross-

linkers, octadiene and divinyl ether, promotes a higher

oxygen incorporation into the film. The high loss of F

amount in the divinyl ether/PFM polymer indicates the

possibility of different polymerization mechanisms com-

pared with the other polymerizations.

AFM Imaging

AFM analysis was performed for all samples. The

AFM image of octadiene/PFM copolymer (Figure 3)

showed flat, homogeneous surfaces, pinhole free with an

average roughness of less than 0.5 nm (Rq) and a maximum

Figure 2. C1s core line fit for the PFM film, A C–C/H, B, C–COOH/R, C C–CO, D C–F.

Table 1. Elemental analysis by XPS of the plasma polymerized monomers.

Monomer %C %O %F %N C/F theoretical C/F experimental

PFM 55.8 30.9 12.5 0.8 2.0 4.4
PFM/octadiene (1:6) 60.9 33.1 4.3 1.7 11.6 14.2
PFM/divinyl ether (1:3) 60.7 32.5 0.6 6.0 6.8 101.0
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roughness of 4 nm (Rmax). This low roughness is likely from

a combination of two factors: pulsed plasma conditions,

through which it is possible to control the ratio between

nucleation and growth of the film with a slow deposition

rate, and the geometry of the reactor. In fact, our research

group has already reported this level of roughness in

thiophene and pyrrole plasma polymerized films using

conditions similar to those described in this paper.[29]

Biotin and Streptavidin Linkage

A control sample (non-treated silicon wafer, Figure 4a) and

PFM/octadiene-activated surfaces (Figure 4b) were expos-

ed to a solution of fluorescein-conjugated streptavidin for

microscopic fluorescence detection. Tween 20, a blocking

agent composed of polyoxyethylene sorbitan monostearate

that preferentially adsorbs to the background, was used to

wash non-covalently bound biotin and to avoid non-specific

adsorption of streptavidin.[26] Compared to control sample

(non-polymerized, Figure 4a), PFM/octadiene-activated

surfaces effectively bound biotin, allowing self-assembly of

streptavidin, as shown by the fluorescence detection. This

procedure establishes the basis for further attachment of

other biotinylated biomolecules that enable control of cell

attachment and proliferation.

Conclusion

PFM has been synthesized following a simple approach

based on a general derivatization method for acrylates with

a yield of 85%. The derivatized methacrylate was success-

fully used asmonomer for plasma polymerization alone and

copolymerized with different cross-linkers to improve the

solvent resistance of the resulting deposited thin films. XPS

analysis confirmed that labile ester groups remained on the

functionalized surfaces. Such active esters enabled a fast

reaction with amino-PEG biotin and subsequent self-

assembly of streptavidin, a well-established platform for

further immobilization of biomolecules that promote

substrate-cell interaction.

Merging the versatility of plasma polymerization proces-

ses, via simple monomers and easy reaction conditions,

Figure 3. (a) AFM image and roughness profilometry corresponding to the octadiene/PFM copolymer
film with a crosslinker/PFM ratio of 6:1, obtained under pulse plasma at 10 W, 15 Hz and a deposition
time of 2 h, (b) AFM image and roughness profilometry corresponding to the divinyl ether/PFM copolymer
film with a crosslinker/PFM ratio of 4:1, obtained under pulse plasma at 10 W, 15 Hz and a deposition
time of 2 h.
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with biological platforms that enable guidance of cell adhe-

sion brings us closer to the ultimate goal of controlling cell

function through structured surfaces for their application in

tissue engineering.
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