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Electrografting of Poly(ethylene glycol) Acrylate:
A One-Step Strategy for the Synthesis of Protein-
Repellent Surfaces™*
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Alain M. Jonas, Bernard Gilbert, Robert Jérome, and
Christine Jérome*

Nowadays, the availability of biocompatible surfaces is a key
issue in the design and production of medical devices and
implants to be used in contact with blood. Poly(ethylene
glycol) (PEG) has the unique capacity to reduce protein
adsorption and cell adhesion on a variety of hydrophobic
substrates,'!! which explains the continuing efforts to develop
new methods for the deposition of strongly adhering PEG
coatings on gold? from thiols and disulfides, on silicon® and
glass™! from silanes or a poly(glycidyl methacrylate) primer,”!
and on metal oxides from poly(L-lysine)-g-poly(ethylene
glyco)® or by plasma treatment.” In addition to these
techniques, electrografting is often used for the chemisorption
of poly(meth)acrylate chains onto electrically conductive
substrates whatever their shape (plates, stents, fibers, pow-
ders,...).2" Compared to the chemical methods, electro-
grafting has the advantage of being applicable to a large
variety of substrates, including metals and alloys, semicon-
ductors, ITO-glass, and carbon. Although originally reported
for acrylonitrile,'"!! electrografting has been extended to a
large variety of (meth)acrylates, thereby allowing the surface
properties to be tuned by the appropriate choice of the ester
substituent. For example, reactive, hydrophobic, and electro-
active coatings have been deposited by the electrografting of
various acrylates bearing N-succinimidyl,"? norbornenyl,™
and pyrrolyl™ moieties, respectively. To the best of our
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knowledge, the one-step electrografting of highly hydrophilic
coatings has not yet been reported.

Herein, we want to report the direct electrografting of
acrylic end-capped PEG (macromonomers). In the following,
A-PEG and A-PEG-A will be used as abbreviations for the
number of polymerizable end-groups A (one or two, respec-
tively; Scheme 1). The electropolymerization of PEG macro-
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Scheme 1. Electrografting of PEG macromonomers by cathodic polari-
zation of the conductive substrate.

monomers was conducted by voltammetry in DMF containing
a conducting salt (tetraethylammonium perchlorate, TEAP).
As is usually observed for the cathodic polymerization of
(meth)acrylates, two reduction phenomena can be distin-
guished™ in solvents of a high donor number,® (Figure 1A,
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Figure 1. A) Voltammograms on glassy carbon for the reduction of A-
PEG-A (M,=258):a) 0.1m, b) 0.5M, c) 1M in DMF/5x107>m TEAP at
20 mVs™'; I: grafting peak; Il: polymerization in solution. Inset: Reduc-
tion of A-PEG-A (M, =258, 0.1 m): 1) first and 2) second scan. B) Vol-
tammograms for the reduction of A-PEG (M,=454, 0.5m) on glassy
carbon in DMF/5x1072m TEAP at 20 mVs™'; I: grafting peak; II: poly-
merization in solution. Inset: Reduction of A-PEG (M, =454, 0.5 m):

1) first, 2) second, and 3) third scan.
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curve a). At the less-cathodic potential (peak I), a species is
formed which is responsible for both the initiation of the
macromonomer polymerization and the chemisorption of the
growing chains'! whereas at a more-cathodic potential
(Figure 1 A, signal IT), the initiating species are also formed
by electron transfer from the cathode to the monomer;
however, the chains now propagate in solution and are no
longer chemisorbed onto the cathode surface. Whenever the
cathodic potential equals the maximum of peaklI, the
electrode is passivated within a few seconds as the result of
the grafting of an insulating polyacrylate film. This polymer
grafting was also confirmed by the extremely low current
intensity observed during a second potential scan on the same
electrode (curve 2 in the inset of Figure 1 A).

In a second part of the work, the macromonomer
concentration was varied and the intensity of the passivation
peak I (Ipl) was determined from the voltammograms, as
exemplified in Figure 1 for A-PEG-A. As previously reported
for ethyl acrylate electrografting,®l the data summarized in
Table 1 confirm that an increase in monomer concentration

Table 1: Current intensity at the potential of peak | in relation to the
A-PEG-A concentration.”!

[A-PEG-A] 0.1m 0.5m ™M
Ip1 for A-PEG-A (M,=700) [mA] —1.67 -1.28 —-0.70
Ip1 for A-PEG-A (M, =258) [mA] —0.66 —0.50 —0.40

[a] In a DMF solution of TEAP (0.05m) at 20 mVs™".

results in a smaller Ipl at a constant scan rate (20 mVs™).
Indeed, only the polymerization initiation is an electrochem-
ical process, in which only the adsorbed monomer partic-
ipates. The kinetics of this step are thus weakly dependent on
the monomer concentration. In contrast, chain propagation,
and thus the increase of the degree of polymerization (DP) of
the insulating brushes, is a chemical process which is fast when
the monomer concentration is high. Therefore, passivation
occurs rapidly when the chain propagation is fast and Ipl
decreases accordingly. In the case of the monoacrylate
macromonomer, the voltammetric peaks I and II overlap
and the passivation of the electrode is less efficient, as shown
by the current intensity, which decreases more slowly when
the potential scan is repeated (Figure 1B, inset). These
observations are consistent with a less-effective adsorption
of the A-PEG macromonomer at the surface. The overlap of
peaks I and II is indeed known to be extensive when the
monomer concentration is low.®! The lower efficiency of the
electrografting of A-PEG also has a direct influence on the
electrode passivation. As a rule, these electrochemical
observations are observed irrespective of the substrate
(glassy carbon, stainless steel, and gold).

Grafting of poly(ethylene glycol) was confirmed by ATR-
FTIR analysis of the electrode surface after intensive washing
with DMF, which is a good solvent for PEG; the three main
absorptions at 2861, 1732, and 1106 cm ™! are characteristic of
the CH,, C=0, and C—O—C vibrations of poly(A-PEG),
respectively (Figure 2). Moreover, a careful analysis of the
spectra for all the electrografted films (PEG bands) shows
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Figure 2. ATR-FTIR spectra for A-PEG-A (M,=258, 0.5m) (A), A-PEG
(M, =454, 1™m) (B), and A-PEG-A (M,=700, 0.1 m) (C) electrografted
onto stainless steel.

that the CH, scissoring mode at 1448 cm™' and the CH,
twisting mode at 1241 cm™' dominate the CH, wagging
mode at 1350 cm™!, which indicates that the PEG side
chains are oriented parallel to the surface, as has been
reported elsewhere.”! Figure 3 illustrates this preferential
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Figure 3. Expected architecture and conformation of poly(A-PEG) (A)
and poly(A-PEG-A) (B and C) electrografted from A-PEG (M, =454,
DPg=7; A), A-PEG-A (M, =258, DP;c=3; B), and A-PEG-A

(M, =700, DP;; =13; C). PEG side chains are in gray and the
polyacrylic backbone in black.

orientation of the PEG teeth of the comb-like architectures.
Interestingly, Raman analysis of the diacrylate PEG films
showed that the electrografted coatings still contain
unreacted acrylic functions. Indeed, although the intensity
ratio of the C=C band at 1632 cm™ to the C=0O band at
1730 cm ™! has decreased, the C=C band does not disappear
completely (Figure 4), which could offer a unique opportunity
for further functionalization of the coating, for example by
the Michael addition of nucleophiles.!"”!

The film thickness was measured by ellipsometry at five
distinct spots on the surface of films electrografted on
stainless steel and glassy carbon (Table 2). The dispersion of
the five data points for each film is lower than 10% error,
which is a strong indication of the homogeneity of the films.
Although the film thickness is systematically smaller when the
substrate is stainless steel rather than glassy carbon (the
difference being significant only for the A-PEG macromo-
nomer), this characteristic feature depends more on the
monomer concentration, as illustrated in Figure 5 for the
glassy carbon substrate. The film thickness increases with the
macromonomer concentration at a rate which is, however,
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Figure 4. Raman spectra for A-PEG-A (M, =258, 1Mm) electrografted
(A) and solvent-cast (B) onto stainless steel.

Table 2: Thickness and contact angles of water (at 3 min) at the surface of PEG electrografted films.

Angewandte

to 500 nm can be reached when a macromonomer of M, =700
is used at a concentration of 1m.

This drastic evolution of the coating thickness can be
explained by the peculiar architecture of the polymer chains
that are formed by electrografting, namely a comblike
polymer consisting of an acrylic backbone with PEG side
chains grafted onto each acrylic unit. The conformation of
such poly(acrylic) comblike polymers depends on the length
of the macromonomer, i.e., on the size of the PEG side chain.
As shown by Fredrickson,'”l the repulsive interaction
between the side chains induces the rigidity of the comb
polymer: the greater the length of the side chains, the higher
the persistence length of the main chain. In other words, we
can assume that when the M, of the PEG side chains is
increased, the stretching of the
tethered chains is responsible for

the rapid increase of the coating

A-PEG-A A-PEG-A A-PEG-A thickness (B and C in Figure 3). It
(M, =454) (M, =258) (M, =700) should be emphasized that Figure 3
0.1m 05m 1wm 01m 1m 0.1m m .

(B and C) does not consider the
Carbon Thickness [nm] 13+£1 2443 49+5 1442 222420 112+18 475437 possible reaction of the second
. Co.ntact angle[?] 43+2 31+3 2543 43+3 48+4 <10 <10 acrylic function of the macromono-
Stainless steel Thickness [nm]  94+1 18+2 39+4 11+4 202+31 98422 437439 mer. However. this reaction most

Contact angle [°] 45+4 37+4 2943 4244 50+3 <10 <10 ) ’ .
probably occurs and leads to addi-
tional branching of the brushes,
cross-linking, loops, and/or network
007 | Apec. o formation. All these additional reactions are also expected to

A-PEG-A Mn 700 P
1 & APEG-AMn258 increase the film thickness. These reactions have been
400 - o A-PEG Mn 454 . . .

1 - neglected in Figure 3 for reasons of clarity as the extent of

1 a0 these reactions is limited, as already mentioned in the

» ] o description of the Raman spectrum (Figure 4).

om 200 ] e The water contact angles measured for the different PEG

] ° . films are in good agreement with the thickness measurements.

1004 °© Table 2 shows that in the case of PEG diacrylate (thick films)
. - R o ° the contact angles do not depend on the macromonomer
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00 02 04 O"j 08 10 12 strate such that the contact angle only depends on the

ciM —

Figure 5. Dependence of the film thickness d on the macromonomer
concentration ¢ on polished glassy carbon.

much faster for the bifunctional than for the monofunctional
macromonomer of comparable molecular weight. A greater
thickness for the films formed by the bifunctional macro-
monomer was expected because the concentration of the
polymerizable acrylic moieties is doubled in this case, thus
making the propagation of the tethered chains much faster
and, consequently, the DP and thickness greater, as illustrated
in Figure 3 (A and B).

In the case of PEG monoacrylate films, a maximum
thickness of 50 nm was observed for a coating prepared at
high concentration (1m). This thickness is in agreement with
the values previously measured for films synthesized starting
from a monoacrylic monomer.'"!*! For example, for
poly(ethyl acrylate)'! or poly(acrylonitrile)' films, the
thickness never exceeds 100 nm for a monomer concentration
of 1m. In the case of PEG diacrylate, an increase in macro-
monomer concentration and molecular weight makes the
coating thickness grow very rapidly such that a thickness of up
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macromonomer composition and not on the macromonomer
concentration, i.e., for A-PEG-A (M, =258), the DP of PEG
is only 3, which makes the hydrophobic acrylic content quite
high, and the contact angle levels at around 45°. When the M,
of the macromonomer is increased (from M,=258 to M, =
700) very hydrophilic films are obtained (< 10°). As far as the
monoacrylate PEG is concerned, the film thickness is low and
concentration-dependent. As observed in Table 2, the contact
angle decreases with increasing film thickness from 45 to 25°.
When the films prepared with this hydrophilic macromono-
mer (A-PEG) are thin, the underlying hydrophobic substrate
has an effect on the contact angle of water (Table 2), probably
due to a weak tendency of these hydrophilic chains to spread
out on the hydrophobic surface. For the thicker films, the
contact angle reaches 25°, which is a value already lower than
that usually reported for PEG monolayers 5-6 nm thick (30—
35°).

The comblike architecture of the films obtained in this
one-step process would be particularly interesting in cases
where protein adsorption has to be avoided. Indeed, branched
PEG chains, like PEG stars, have recently been shown to be
more efficient at preventing unspecific protein adsorption
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than linear chainsP*'®! because they combine both high
grafting density and high PEG segment mobility.

Based on contact angle and ellipsometry data, films of
monoacrylate PEG prepared at a 1M concentration combine
high hydrophilicity and low thickness, which are two key
criteria for reliable measurements of protein adsorption by
surface plasmon resonance (SPR). The poly(A-PEG-A) films
were disregarded because of the possible Michael addition of
the proteins to unreacted acrylate groups. Liedberg and co-
workers, the pioneers in the SPR field, have demonstrated the
utility of this practical and commonly used technique for the
characterization of bio-interfaces.'”) SPR substrates (glass
slides coated on one side by a thin gold film) were electro-
grafted by ethyl acrylate (0.1M; reference sample) and PEG
monoacrylate (1m) in a DMF solution containing TEAP (5 x
107%m). The sensorgrams showing the proteins’ adsorption
with time were compared for the hydrophobic poly(ethyl
acrylate) (PEA) and hydrophilic poly(A-PEG) coatings.
Figure 6 illustrates the adsorption of bovine serum albumin
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Figure 6. SPR adsorption profiles for bovine serum albumin (BSA;

0.5 mgmL™") and fibrinogen (Fb; 0.1 mgmL™") in a phosphate buffer
(PBS; 10 mm, pH 7.4) on: A) electrografted PEA (0.1 m)!'” and B) elec-
trografted A-PEG (M, =454, 1m). Flow rate: 20 uLmin~". Substrate:
gold.

(BSA) (first injection) and fibrinogen (Fb) (second injection)
on the two types of electrografted films. Curve B in Figure 6 is
convincing evidence that electrografted PEG is very efficient
in preventing protein adsorption. The electrografted PEG
film decreases both the BSA and fibrinogen adsorption
relative to the grafted PEA film: BSA adsorption is reduced
by 93 % (+3 %), whereas fibrinogen adsorption is reduced by
92% (+£2%). These results are highly reproducible, further
indicating the homogeneous and reproducible coating process
when using electrografting.

The one-step electrografting of PEG macromonomers is a
technique that is very well suited for coating conductive
substrates homogeneously with a strongly adhering hydro-
philic coating. These electrografted chains, which have a
comb-like architecture, have proven to be very efficient in
preventing the adsorption of proteins. This very simple
technique is thus highly promising in the field of coatings of
biomedical devices and biosensors. In addition, the unreacted
acrylic functions remaining in the PEG diacrylate films offer
the opportunity of straightforward derivatization, for instance
by Michael addition, with a variety of molecules of interest
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such as proteins. This opens the way to the easy elaboration of
surfaces for the specific recognition of proteins or with sensor
capabilities.

Experimental Section

PEG macromonomers (M, =258, 454, and 700; Aldrich) were dried
by three azeotropic distillations with toluene. DMF and tetraethy-
lammonium perchlorate (TEAP) were dried before use.'”? Electro-
chemical experiments were carried out in a three-compartment cell
equipped with a Pt pseudo-reference electrode, a Pt counter-
electrode, and a working electrode (1 cm?) with a PAR EG&G
potentiostat (Model 273A). All electrochemical experiments were
carried out in a glovebox under a dry and inert atmosphere (N,). All
the electrografted films of PEG diacrylate and monoacrylate were
prepared by, respectively, two or three scans of the potential between
the initial potential of the open circuit and the potential at the top of
the first peak, where it is kept for 5 s. The electrografted PEA films
were prepared in the same way from ethyl acrylate (EA; 0.1m)
solution in DMF/5 x 10~2m TEAP, as reported previously.'”l This EA
concentration was chosen such that the film thickness was similar to
that prepared with the A-PEG macromonomer (1m). ATR-FTIR,
Raman, and contact-angle measurements were carried out on the
modified surface after rinsing with DMF to remove the monomer and
the nongrafted polymer, and in acetonitrile to dry the coating.
Ellipsometry was carried out with an Ellisel ellipsometer (Jobin-
Yvon/Sofie instrument) operating at a wavelength of 632.8 nm. The
film thickness was measured at 70.67° (incidence angle with respect to
the normal of the substrate). At least five measurements were taken
for each sample at different locations; the error in the thickness was
about 10%. The refractive index for PEG was 1.506.% For thicker
films (< 200 nm), the thickness was measured with a Sentech, SE 800
spectroscopic ellipsometer. SPR experiments were performed with a
Biacore-X instrument equipped with an internal injection system
(Hamilton syringe, 200 uL). The experiments were carried out with a
phosphate buffer (10 mm, pH 7.4) at a flow rate of 20 uL min~". The
concentration of the protein solutions was 0.5 mgmL~" for bovine
serum albumin (Sigma, Fraction V, 95%) and 0.1 mgmL™" for
fibrinogen (bovine, Sigma, Fraction I, 86 %) rather than physiological
protein concentrations. These low protein concentrations were
chosen in order to avoid poisoning of the SPR signal by protein
exchange phenomena. However, similar results were obtained for
higher concentrations of fibrinogen (1 mgmL™"). After each protein
injection the SPR substrate was washed with a phosphate buffer
(PBS). The percentage of absorbed protein was calculated based on
the plateau levels after the PBS cleaning.

Received: February 21, 2005
Revised: June 13, 2005
Published online: July 29, 2005

Keywords: adsorption - electrochemistry - polymers - proteins -
thin films

[1] a) J. H. Lee, H. B. Lee, J. D. Andrade, Prog. Polym. Sci. 1995, 20,
1043-1079; b) J. D. Andrade, V. Hlady, S. I. Jeon, Adv. Chem.
Ser. 1996, 248, 51-59; ¢) P. Vermette, L. Meagher, Colloids Surf.
B 2003, 28, 153-198.

[2] a) S. Herrwerth, T. Rosendahl, C. Feng, J. Fick, W. Eck, M.
Himmelhaus, R. Dahint, M. Grunze, Langmuir 2003, 19, 1880—
1887;b) N. Xia, Y. Hu, D. W. Grainger, D. G. Castner, Langmuir
2002, 18,3255-3262; c) P. Harder, M. Grunze, R. Dadint, G. M.
Whitesides, P. E. Laibinis, J. Phys. Chem. B 1998, 102, 426 —436;
d) K. Emoto, J. M. Van Alstine, J. M. Harris, Anal. Chem. 1996,

Angew. Chem. 2005, 117, 5641 -5645


http://www.angewandte.de

68, 3751-3757; ¢) K. L. Prime, G. M. Whitesides, J. Am. Chem.

Soc. 1993, 115, 10714-10721.

a) J. Groll, Z. Ademovic, T. Ameringer, D. Klee, M. Moeller,

Biomacromolecules 2005, 6, 956-962; b) A. Papra, N. Gade-

gaard, N. B. Larsen, Langmuir 2001, 17, 1457 -1460; c) Z. Yang,

J. A. Galloway, H. Yu, Langmuir 1999, 15, 8405-8411; d) S.J.

Sofia, V. Premnath, E. W. Merrill, Macromolecules 1998, 31,

5059-5070; e¢) M. Malmsten, K. Emoto, J. M. Van Alstine, J.

Colloid Interface Sci. 1998, 202, 507-517; f) J. D. Andrade, V.

Hlady, S. I. Jeon, Adv. Chem. Ser. 1996, 248, 51 -59.

[4] a) E. V. Amirgoulova, J. Groll, C. D. Heyes, T. Ameringer, C.
Roecker, M. Moeller, G. U. Nienhaus, Chem PhysChem 2004, 5,
552-555;b) S. Jo, K. Park, Biomaterials 2000, 21, 605-616; c) J.
Piehler, A. Brecht, R. Valiokas, B. Liedberg, G. Gauglitz,
Biosens. Bioelectron. 2000, 15, 473 -481.

[5] B. Zdyrko, V. Klep, 1. Luzinov, Langmuir 2003, 19, 10179-
10187.

[6] N.-P. Huang, R. Michel, J. Voros, M. Textor, R. Hofer, A. Rossi,
D. L. Elbert, J. A. Hubbell, N. D. Spencer, Langmuir 2001, 17,
489-498.

[7] a) X. Gong, L. Dai, H. J. Griesser, A. W. H. Mau, J. Polym. Sci. B
2000, 38, 2323-2332; b) Y. X. Qiu, D. Klee, W. Pliister, B.
Severich, H. Hocker, J. Appl. Polym. Sci. 1996, 61, 2373 -2382.

[8] N. Baute, P. Teyssié, L. Martinot, M. Mertens, P. Dubois, R.
Jérome, Eur. J. Inorg. Chem. 1998, 1711.

[9] N. Baute, C. Jérome, L. Martinot, M. Mertens, V. M. Geskin, R.
Lazzaroni, J. L. Brédas, R. Jérome, Eur. J. Inorg. Chem. 2001,
1097.

[10] N. Baute, L. Martinot, R. Jérome, J. Electroanal. Chem. 1999,
472, 83-90.

[11] M. Mertens, C. Calberg, L. Martinot, R. Jérdbme, Macromole-
cules 1996, 29, 4910-4918.

[12] a) C. Jéréme, S. Gabriel, S. Voccia, C. Detrembleur, M.
Ignatova, R. Gouttebaron, R. Jérdme, Chem. Commun. 2003,
2500-2501; b) C. Jérdome, N. Willet, R. Jérome, A.-S. Duwez,
ChemPhysChem 2004, 5, 147 -149.

[13] C. Detrembleur, C. Jérome, M. Claes, P. Louette, R. Jérome,
Angew. Chem. 2001, 113, 1308-1311; Angew. Chem. Int. Ed.
2001, 40, 1268 -1271.

[14] D. E. Labaye, C. Jérome, V. M. Geskin, P. Louette, R. Lazzaroni,
L. Martinot, R. Jérome, Langmuir 2002, 18, 5222 —5230.

[15] M. Heggli, N. Tirelli, A. Zisch, J. A. Hubbell, Bioconjugate
Chem. 2003, 14, 967-973.

[16] C. Calberg, M. Mertens, R. Jérome, X. Arys, A. M. Jonas, R.
Legras, Thin Solid Films 1997, 310, 148-155.

[17] G. H. Fredrickson, Macromolecules 1993, 26, 2825.

[18] a) D. J. Irvine, A. M. Mayes, L. Griffith-Cima, Macromolecules
1996, 29, 6037-6043; b) D. J. Irvine, A. M. Mayes, S. K. Satija,
J. G. Barker, S.J. Sofia-Allgor, L. G. Griffith, J. Biomed. Mater.
Res. 1998, 40, 498 —509.

[19] a) B. Liedberg, C. Nylander, 1. Lundstrom, Biosens. Bioelectron.
1995, 10, i-ix; b) V. Silin, A. Plant, Trends Biotechnol. 1997, 15,
353;¢) R. J. Green, J. Davies, M. C. Davies, C. J. Roberts, S. J. B.
Tendler, Biomaterials 1997, 18,405; d) R. J. Green, M. C. Davies,
C. J. Roberts, S. J. B. Tendler, Biomaterials 1999, 20, 385.

[20] Polymer Handbook, 3rd ed. (Eds.: J. Brandrup, E. H. Immer-
gut), Wiley, New York, 1989, p. VI-461.

[3

—_—

Angew. Chem. 2005, 117, 56415645 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

www.angewandte.de

Chemie

5645


http://www.angewandte.de

