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As bioinert material, silicone has to be modified to display
suitable biological properties. Peptides are attractive additives
for such a purpose. Most of the time, several steps are needed
for the synthesis of the peptide-modified silicone: first the
silicone surface is modified to display a reactive function, then a
bifunctional spacer can be grafted, and finally, the peptide is
attached on the reactive group. However, some other
alternatives exist to reduce the number of steps, involving
either the synthesis of modified silicones by copolymerization,
or the use of silylated peptides. This review present the different
pathways and the conjugation chemistries developed so far to
afford peptide silicones conjugates.
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Introduction

Polydimethylsiloxane (PDMS) is a synthetic organic/inor-
ganic polymer. Thanks to its interesting mechanical and
chemical properties, such as high flexibility, thermal,
electrical and chemical stability [1], optical transparency
and oxygen permeability [2], it is widely used in industrial
applications [3]. Besides, being a bio-compatible syn-
thetic polymer [4], it is one of the most used polymers
for bio-applications especially for implants and other
medical devices. Compared to other FDA-approved poly-
mers such as polyethylene glycol (PEG) or polylactic acid
(PLA), the flexibility and the transparency of PDMS
make it particularly suitable for the design of soft devices
for ophthalmologic applications (contact lenses, artificial
cornea) or blood contacting devices such as catheters [5].

PDMS can be used as silicone oil or can be cross-linked to
yield a solid material. In the latter case, it requires
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functionalization of the silicone oils with vinyl
(Si—-CH=CH};) and silane (Si—-H) groups, which may react
by hydrosilylation to create bridges between the PDMS
polymer chains [6].

Despite its huge popularity, PDMS suffers from some draw-
backs. First, itis highly hydrophobic and this may lead to non-
specific adhesion of biomolecules, in particular lipids and
proteins [7]. The fouling of a PMDS device can be problem-
atic by provoking unwanted biological reactions triggered by
the adsorbed biomolecules [8]. Itis thus desirable to improve
the hydrophilicity of the surface, resulting in a reduced
protein adsorption and improved biocompatibility.

Then, like most synthetic polymers, PDMS is bio-inert.
T'herefore, it has to be functionalized to reach the require-
ments of biological and therapeutic applications. PDMS
surface can be functionalized by simple adsorption of
relevant (bio)molecules or modified covalently generally
using an activation step (e.g. plasma, UV) followed
by multistep conjugation chemistries. These post-
functionalization approaches were already performed with
awide range of compounds including simple organic mole-
cules (e.g. fluorescein to study attachment of bacteria on
silicone) [9], polymers such as PEG to confer hydrophilic
properties [10] and polysaccharides (e.g. oxidized dextran
or hyaluronic acid) [11,12] which limit non-specific adsorp-
tion and enhance biocompatibility. Proteins were also
immobilized on silicone surface. Collagen was used to
get PDMS surfaces suitable for fibroblasts culture [13]
and, trypsin-functionalized PDMS microchannels were
used as enzymatic microreactors for MS analyses [14°].

Peptides are good candidates for bio-functionalization of
PDMS. Indeed, they exert a wide range of biological
activities which improve the properties of silicone devices
notably changing their hydrophilicity, cell-compatibility
or adding antifouling behavior. Moreover, their small size
and their ease of synthesis, comparatively to proteins or
biopolymers, allow the introduction of chemical functions
enabling selective conjugation to the silicone material.

Peptide adsorption on silicone surface

It is possible to obtain bioactive PDMS without any chemical
modification, by non-covalent adsorption of the biomolecule
on the silicone surface. This simple process, generally per-
formed by dip coating, is sufficient to change the PDMS
properties. For example, hydrophobicity and consequently
non-specific  adsorption yield can be increased by
adsorption of amino acid homo oligomers. Indeed, cationic

www.sciencedirect.com

Current Opinion in Chemical Biology 2019, 52:125-135


mailto:gilles.subra@umontpellier.fr
http://www.sciencedirect.com/science/journal/13675931/52
https://doi.org/10.1016/j.cbpa.2019.10.002
https://doi.org/10.1016/j.cbpa.2019.06.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cbpa.2019.06.012&domain=pdf
http://www.sciencedirect.com/science/journal/13675931

126 Synthetic biomolecules

Figure 1

o]

O Silylated peptide
SILICONE ’)
FUNCTIONALISATION '
|l ol | o- |
n CI=Si-ClI
HO-Sli—OH
Cl—=Si-CI
000 @' ApsoreTiON \
Peptide nO(\o
“—X | GRAFTING
Functionalized )
peptide
DIRECT SYNTHESIS
K//
\ ")O r)o
©00e o
Non covalent L] \ Covalent linkage
1 1
interactions *
e Ll b
,,,,,, o Nyl 0 Nyl e N
Sll O\S‘I O\Sli/o\sll O\S‘I © I’O\ © S o Si Ones i ® SiTTSiTUSi

-

Cell adhesion
(bioassays systems, membranes,
microfluidics)

Anti-bacterial and anti-biofilm effects
(catheters, implantable devices)

PEPTIDE-MODIFIED SILICONE

v

Hydrophilicity
(all medical devices)

~

Protein anti-fouling effect
(contact lenses, prosthetics)

Wound healing
(dressings)

Current Opinion in Chemical Biology

Peptide-modified silicone and its applications.

PEG-DOPA-PolyLysine (DOPA: 1.-3,4-dihydroxyphenyla-
lanine) conjugate was coated on untreated PDMS leading
to a material with improved lubrication properties [15].
Because of numerous non-covalent interactions, macromole-
cules (e.g. biopolymers) can be adsorbed efficiently on bare
PDMS surface. This is not the case with smaller molecules
such as peptides, which do not bind strongly on silicone
surface and are quickly desorbed in biological media. In that
case, the PDMS has to be previously modified to generate
additional interactions. Oxidation is the most common modi-
fication of PDMS. Operated by air plasma, oxidation gener-
ates mainly Si-OH moieties from siloxane chain breakage or
Si-CH; modification. Using this process, the peptide
H-[(Ala-Glu-Ala-Glu-Ala-Arg-Ala-Arg),]-OH  (EAR16-II)
was adsorbed by dip coating, with the help of ionic interactions
between the guanidine groups of Arginine side chains and
silanolates (Si—O ™) on the PDMS surface. Adopting a B-sheet
conformation, EAR16-1I peptides self-assemble into parallel
or anti-parallel fibers onto the PDMS surface because of the
presence of both the positive as well as the negative charges
from arginine and glutamic acid side chains respectively. Such
peptide-modified silicone was used to prepare microfluidic
devices with low non-specific adsorption of proteins [16].

Plasma oxidation is also the first step of covalent modifi-
cation of PDMS surfaces required for peptide adsorption.

For instance, perfluorinated triethoxysilylalkanes are
covalently grafted onto the silanols of PDMS plasma
activated surface, by SiOSi condensation [17,18]. This
new perfluorinated layer of allows the selective and strong
adsorption of fluorine-tagged-peptides, thanks to the
hydrophobic nature of the perfluorinated alkyls moieties.
In contrast, non-fluorinated peptides and proteins (e.g.
insulin, ubiquitin) are much less adsorbed on these trea-
ted PDMS surfaces.

UV light activation of PDMS surfaces, generate radicals
on the methyl groups (Si—-CH,"). This activation enables
the immobilization of acrylic acid (AA) by radical cou-
pling. The resulting anionic surface (PDMS-COO™)
enables the self-assembly of a monolayer of poly
(diallyldimethylammoniumchloride) (PDDA) by ionic
interactions. Quaternary ammoniums from the PDDA
layer are also used to create ionic interactions with the
anionic groups of proteins. Trypsin, a serine protease, was
immobilized on such PDDA-modified PDMS and used as
active microfluidic device for on-line protein digestion
and analysis [14°].

Alternatively, instead of coating a biomolecule on the
PDMS surface, it is possible to load it into porous PDMS.
This is an attractive strategy for controlled drug delivery
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applications, the biomolecule diffusing in a passive way
through the porous PDMS layer. Porous PDMS nano-
particles (NPs) can be obtained by infiltration of the
polymer into sacrificial silica porous NPs. Subsequently,
the silica phase is dissolved by HF treatment. To date,
only doxorubicin has been loaded in such nanoparticles,
which could also accommodate peptides [19].

To favor a long-term biological effect and to avoid the
release of the active moiety, the linkage between
the peptides and the PDMS has to be covalent. While
the simple coating of drugs and bioactive molecules on
PDMS can be quite straightforward, their covalent
anchoring is much more challenging.

Peptide grafted silicone

PDMS does not display any suitable function for further
covalent modification. Consequently, the establishment
of a covalent bond between PDMS and any other com-
pound, including peptides, requires either generation of
a reactive function on non-functionalized PDMS (e.g.
Si—OH like in the case of non-covalent coatings), or the
preparation of functional PDMS by copolymerization of
functional monomers with non-functionalized monomers
such as dimethyldichlorosilane and hexamethyl(cyclotri-
siloxane) [6].

Theoretically, a peptide could be directly conjugated
onto such functionalized PDMS, but all examples
reported so far use an additional spacer, which can also
be a polymer, to link the peptide to the PDMS surface.
This spacer (Y-spacer-Z) is first coupled to the PDMS
backbone and still presents a suitable organic (Z) function
that allows the conjugation with the peptide.

First, we will present the methods to obtain PDMS
displaying reactive functions by post-modification
(Section ‘PDMS activation to generate functions’), and
by direct preparation of functional-PDMS by copolymer-
ization (Section ‘Direct synthesis of functional PDMS by
copolymerization’). Then, the functionalization by
spacers adapted to each type of modified silicone will
be presented (Section ‘Post-functionalization of activated
silicone by a spacer’). Finally, peptide-conjugation chem-
istries that are accessible to the spacer-modified PDMS
will be described (Section ‘Grafting of peptides on
functionalized silicones’).

PDMS activation to generate functions

Generation of Si-OH functions

As already stated, oxygen [11,16-18,20-22,23°%,24] and
water plasma [25,26] or H,O, [27] oxidation lead to the
formation of Si-OH groups at the surface of the PDMS,
either by replacing one or two Si—-Me group on the same
silicon atom, or by cleaving a Si—O-Si bond of the silicone
backbone [28]. This type of activation is fast (i.c. 30 s to a
few minutes) and efficient, and may double the oxygen

content of the silicone [29]. Si—-OH functions may react
readily with a range of organosilane reagents to fix a
desired function on the surface by further condensation
with organosilane derivatives, yielding a Si—-O-Si bonds.
Aminopropyltriethoxy or trimethoxysilane or (APTES or
AP'TMS) are commonly used to generate a primary amine
function at the surface of the PDMS (see Section ‘Post-
functionalization of activated silicone by a spacer’).

Generation of Si-H functions

Si-H functions can be generated by triflic acid
(CF3SO;H) treatment of PDMS surfaces. This function
may react with unsaturated compounds by hydrosilylation
using Karstedt’s Pt catalyst yielding Si-alkyl covalent
bonds. Bifunctional PEGs bearing both an allyl and a
N-hydroxysuccinimide (NHS) activated carboxylic acid,
was used to obtain NHS-functionalized PDMS able to
anchor amino functionalized peptides [12,30-32].

Generation of radicals (Si-X=. Si-CH»" or Si-O’)

Radicals can be generated on the backbone and surface
PDMS, to react, for example, with allyl-containing com-
pounds initiating free radical polymerization (FRP) [33].
Free radicals can be generated either by direct argon
plasma activation or with a photo-initiator.

Si-CH,' radical generation by UV irradiation and photo-
initiation

Acrylic acid was successfully polymerized by FRP on the
surface of PDMS using benzophenone as radical initiator,
yielding Si—-CH," radicals [34°,35]. The resulting poly-
acrylic acid (PAA) modified PDMS was further function-
alized with peptides, thanks to the activation of carboxylic
acids (cf. Section ‘Active ester functionalized PDMS.
7 =CO-NHS (or CO-Act, Act being electron attractor
and leaving group), W=NH,’). Noteworthy, Si—-CH,’
radicals can be generated on PDMS directly by UV
irradiation [14°,36°°]. In this case, the PDMS was
immersed into a solution containing acrylic acid, for
example, and then UV-irradiated to react with allyl
monomers.

Si-CH,' radical generation by argon plasma activation
Alternatively, argon plasma generates free radicals at the
PDMS surface, which are converted into hydroxyl, car-
boxylic acid, C=0 function or Si-O" radical when in
contact with air [33]. It is also possible to use ionic argon
plasma to activate the surface in order to gain more
stability over time thanks to the ion-beam [13,37]. Then
hydroxyl and radical modified PDMS can be functional-
ized by grafting allyl-containing monomers such as allyl
glycidyl ether (AGE) [38], which can also be polymerized
on the activated surface by FRP [39]. In the latest case,
the epoxy groups were useful for subsequent peptide
immobilization (cf. Section ‘Alcohol functionalized
PDMS, Z=0H, W=NH,’).
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Direct synthesis of functional PDMS by
copolymerization

Copolymerization of dichlorodimethylsilane with methyl-
silane bearing a functional group yields PDMS chains
displaying organic functions. Strictly speaking, these copo-
lymers are not PDMS but functionalized polysiloxanes.
Several functions have been introduced in this way includ-
ing azide for click-chemistry reactions [40]. However, only
thiol-modified and vinyl-modified PDMS obtained by
copolymerization have been used for subsequent modifi-
cation with peptides.

Copolymerization of dichloromethylmercaptopropylsilane
with dichlorodimethylsilane affords poly[(3-mercaptopro-
pylmethylsiloxane-co-dimethylsiloxane] [9]. This SH-con-
taining polymer may undergo any thiol-ene reaction (either
Michael or free radical addition). As example, glycidyl
methacrylate (GMA), along with other acrylate-based mono-
mers, has been polymerized on SH-modified PDMS by UV-
catalyzed free radical thiol-ene polymerization. Therefore
obtaining a vinyl-modified PDMS such as polystyrene-
block-poly(dimethylsiloxane-vinylmethylsiloxane) (PS-4-P
(DMS-VMS) [41°°] by copolymerization is also described.
"This polymer was further functionalized by thiol-ene addi-
tion with SH-containing peptides (e.g. Fmoc-[(Lys(PEG3;)-
Lys(octanoate)];-Cys-OMe  or Fmoc-[Lys(PEG3)]5-[Lys
(octanoate)];-Cys-OMe, amphiphilic oligopeptides).

Post-functionalization of activated silicone by a spacer
Starting from a primary functional group (see Section
‘PDMS activation to generate functions’, X=0OH, H or
radical), bifunctional spacers (Y-spacer-Z) of different
lengths can be introduced. One function (Y) reacts with
the silicone surface, while the other one (Z) constitutes
the conjugation point for the peptides bearing a comple-
mentary reactive group (i.e. W-peptide, see Figure 2)).

Reaction between Si-X =Si-OH and Y = Si(OR)

As already stated, silanols (Si-OH) react readily with
functional alkoxysilanes such as sulfobetaine silane [22] or
perfluorooctyltricthoxysilane  [17,18].  The resulting
functionalized PDMS material are popular for non-covalent
binding of perfluorinated peptides. To achieve covalent
modification of PDMS with biomolecules and biopolymers,
the APTES spacer was preferred [11,20,25,26]. It affords
primary amino groups on the silicone surface, which can react
with an activated carboxylic acid (e.g. NHS-ester) to form an
amide bond, and with epoxides to yield secondary amines.
However, no peptide grafting have been described do far on
amine-modified silicone, although peptides have been
straightforwardly grafted this way on silicon wafers [42]
and silica NPs (Figure 3, pathway a) [43,44].

Reaction between Si-X=Si-H and Y =vinyl

Allyl spacers can be grafted on Si—-H containing PDMS by
Karstedt’s catalyst-mediated hydrosilylation. In most cases,
a bifunctional vinyl PEG is bound to the PDMS surface to

bring hydrophilicity, and to present a suitable functional
group (Z) on the other end to enable further peptide cou-
pling. For example, grafting of allyl-PEG-OH afforded
PDMS-PEG-OH, which in turn can be further converted
into PDMS-PEG-OCONHS by N,N-disuccinimidyl
carbonate (NHSCONHS) treatment. These N-hydroxy-
succinimidylcarbamate functions are suitable for peptide
anchoring (Figure 3, pathway b) [31,32]. Noteworthy, direct
grafting of allyl-PEG-O CO-NHS on PDMS was also per-
formed to give the same NHS-activated material [30]. Allyl-
PEG-OH-Tosyl was also used to get PEG modified PDMS,
and after Tosyl substitution by diethylenetriamine, PDMS-
PEG-NH-(CH,),-NH-(CH;),-NH; is obtained [12]. The
amine-functionalized PDMS was used to covalently immo-
bilize hyaluronic acid after carboxylic acid activation, but no
peptide was coupled this way so far.

Reaction with Si-X = Si-CH,' radicals and Y =vinyl or

Y =epoxy

Free radical polymerization of vinyl-containing monomers
can be performed activated PDMS. Acrylic acid (AA) is
polymerized on radical-activated PDMS to give a carboxylic
acid (Z = CO,H) functionalized PDMS [30-32,34°] that can
be further converted into a primary amine (Z=NH;)
functionalized PDMS by reacting with NH,-PEG-NH,
through carbodiimide activation (Figure 3, pathway c)
[13,37]. Another example shows a way to obtain HO-PDMS.
Directly after the argon plasma treatment of the PDMS, a
graft polymerization of allyl alcohol by microwave irradiation
is operated [45°]. Initiated by radicals, AGE polymerization
afforded pendant epoxy groups on PDMS. Starting from that
epoxy, two ways of introduction of a maleimide moiety on
the PDMS were explored. It can be (i) a one-step addition of
NH,-PEG-Maleimide or (ii) a two-step modification using
first diaminopropane, then reacting the resulting amino
function with NHS-PEG-Maleimide [39] to finally obtain
a Maleimide-PDMS; in both case (Figure 3, pathway d).

Reaction of unmodified PDMS with radicals, Y=N3
Bifunctional azido-containing spacers can be advanta-
geously grafted on unmodified PDMS by UV activation
at 320 to 350 nm. For example, the azido function of
sulfosuccinimidyl 6-(4'-azido-2'-nitrophenylamino)hex-
anoate (Sulfo-SANPAH) [36°°] turns into a nitrene upon
UV treatment, which is able to react with PDMS.
Finally, it gives a sulfoNHS-ester activated PDMS,
which may react with any nucleophile function of pep-
tides (Figure 3, pathway e). It is worth noting that NHS
and sulfoNHS esters present the same reactivity, the
later displaying a better water-solubility. In the same
way, 4-azido-2,3,5,6-tetrafluoro-benzoic acid (AFB) was
grafted on PDMS;, and its carboxylic acid function was
reacted with ethyl(dimethylaminopropyl)carbodiimide/
NHS (EDC/NHS) to obtain another type of NHS ester
functionalized PDMS [34°].

Current Opinion in Chemical Biology 2019, 52:125-135

www.sciencedirect.com



Silicone grafted bioactive peptides and their applications Martin et al.

129

Figure 2
o
S | X | peptide
- --Si, S 1 S| S| SO e _Si. + _Si. Si Si
© Q"] O (e} o | 0| O A 1
N [ | | | | | crje crjcl ciel OH | OH
(_YS UV, plasma,
g acid treatment... Copolymerization
=
(&)
c
>
=
)
&
8 IR 0
= —-=SI.__Sl___Sl.__Sj_ __sl.__8IL D
b IRCAIRCARCAIRCAIRCA RS 3
<
X-functionalized silicone =
>
%)
e
(o]
Y —spacer— q:_)
[m]
Y —spacer —
| o
= W-peptide
I N N -
‘I\o, II‘O' "\O/S‘"O’ ‘LO, ll\o/— ©
functionalized silicone o
il
W-peptide °a
bt [ v
E W- tid e
E K
9 peptide v
(&) Y -spacer— W-peptide peptide
g | l
B & d & &4 S\SIS\"SS\SI Lo
LSl Sl Sl SISl Sl e S S o S | P S| S| S SIS i i i
&) [ RSB RCAR AR R A RCAN) SI' O,S‘Lo,sll\o,S\\O,Sll;o/s‘l\o
Peptide-modified silicone
Current Opinion in Chemical Biology

Different ways to obtain a peptide-modified PDMS. Most of the time, several steps are needed for the synthesis of the peptide-modified silicone:
(i) silicone surface functionalization, (ii) spacer grafting, (jii) peptide attachment. Noteworthy, the peptide can also be grafted directly of the
functionalized silicone. Advantageously, a peptide monomer bearing a methyldihydroxysilyl moiety could be copolymerized with
dimethyldichlorosilane to obtain peptide-functionalized PDMS material in one step.

Grafting of peptides on functionalized silicones

Ideally, covalent immobilization of a peptide on function-
alized PDMS should proceed in a controlled manner to
guarantee the suitable orientation of the peptide on the
material, and to avoid undesired reactions with peptide
side chains, which could affect its bioactivity. This can
be achieved in two ways: either by using chemoselective
reactions involving two mutually reactive moieties pres-
ent on the peptide and on the PDMS (i.e. chemoselective
ligation between Z and W), or by using a peptide pre-
senting a single unprotected reactive function. While the
use of a temporary protection (e.g. on Lys side chains) is
theoretically possible during the grafting step to control
the regioselectivity of the covalent bond, in practice
chemists prefer using unprotected peptides displaying
a single reactive function (e.g. the N-terminus amine, the
thiol of cysteine). Indeed, removal of protecting groups on
a PDMS-grafted peptide would probably raise coating
and silicone stability issues depending on the pH, the
solvents, and the reagents required.

Amide forming chemistries, whatever the amine or the
carboxylic acid is present on the polymer (e.g. Z =NH,; or
7 = CO-NHS), fall in the first category and are mostly used
when a single reactive function is present on the peptide. If
any ‘click reaction’ may theoretically be used for chemo-
selective immobilization of peptides, only Michael addi-
tion was employed so far to obtain peptide-grafted PDMSs.
The laststep of peptide grafting is preferentially performed
in water, avoiding the used of any organic solvent, which
could be detrimental to cell survival, but also facilitates the
handling of unprotected water-soluble peptides.

Active ester functionalized PDMS. Z=CO-NHS (or CO-Act,
Act being electron attractor and leaving group), W=NH.

Any suitable nucleophile, including alcohols and phenols,
may react with activated carboxylic acids such as NHS-
esters. However, amines are much more reactive at pH close
to neutrality resulting in a rather good chemoselectivity.
Consequently, NHS ester-modified PDMS materials were
reacted with a variety of primary amine-containing peptides

www.sciencedirect.com
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Figure 3
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Examples of multistep preparation of peptide-grafted PDMS. (a) PDMS activation by oxygen plasma followed by APTES grafting. Peptide is
immobilized through one of its carboxylic acid after activation (Section ‘Reaction between Si-X =Si-OH and Y =Si(OR)’); (b) Si-H are generated on
PDMS by triflic acid treatment. Hydrosilylation of allyl-PEG yields an alcohol function. Peptide is grafted through carbamate bond with one of its
primary amine (Section ‘Reaction between Si-X=Si-H and Y =vinyl’) using carbonyldimidazole; (c) Radicals generated by UV irradiation reacted
with acrylic acid. Peptide is grafted with one of its amino group via a diamino spacer using EDC activation; (d) Radicals generated by plasma
initiated the polymerization of allyl glycydyl ester. Pendant epoxy function reacted with amino maleimide bifunctional spacer which can handle a
Cys-containing peptide by a Michael addition (Section ‘Reaction with Si-X = Si-CH," radicals and Y =vinyl or Y =epoxy’); (e) Radicals generated by
UV irradiation on azido function of a functional molecule reacted with methyl group of PDMS. Pendant NHS function reacted with primary amine
function of peptide (Section ‘Reaction of unmodified PDMS with radicals, Y = Ng’).

(i.e. W=NH,). Peptides derived from fibronectin promoting
cell adhesion by interacting with integrin receptors are
commonly used to enhance the cell-interacting properties
of PDMS. For example, H-RGDS-OH and H-YIGDS-OH
were coupled to PDMS-PEG-OCONHS [30]. H-RGDS-
OH and H-GYRGDS-OH were reacted with PDMS dis-
playing a sulfoNHS ester on PEG [31,32] and H-RGD-OH
or H-GRGDSP-OH were reacted with sulfo-SANPAH
treated PDMS [36°°]. Other antimicrobial peptides, Histatin
5 (H-DSHAKRHHGYKRKFHEKHHSHRGY-OH) and
two of its derivatives Dhvar 4 (H-KRLFKKLLFSLRKY-
OH) and Dhvar 5 (H-LLLFLLKKRKKRKY-OH), as well

as polyLeu, polyHis and polyArg, were also grafted on
PDMS-CO-NHS creating then an anti-biofilm surface used
especially in Robbins device [34°].

Instead of using a pre-activated PDMS-CONHS, PDMS-
COOH can be activated by a coupling reagent to generate
in situ an active ester suitable for peptide coupling.

In the case of an amino acid modified PDMS surface, the
grafting of an amino peptide is performed using a cou-
pling reagent such as EDC, and an activating functional
NHS group. This coupling chemistry has been applied

Current Opinion in Chemical Biology 2019, 52:125-135
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using Histatin 5 and other derivatives on amino acid or
AFB modified PDMS [34°]. The final peptide silicone
obtained can be used for the design of Robbins modified
microfluidic devices, in order to avoid the formation of
bacteria biofilm.

All these reactions have been performed by incubation of
NHS-ester PDMS using peptides dissolved in aqueous
buffers, for several hours at room temperature. Noteworthy,
the authors have used peptides bearing a single primary
amino group (i.e. the N-terminus). This trick allows to avoid
the use of temporary protections, for example, on lysine
side chains, which should have been removed after the
grafting step.

Amine functionalized PDMS, Z=NH, W = carboxylic acid
"T'his reaction is similar to the one described in the previous
paragraph (i.e. Section ‘Active ester functionalized PDMS.
7 =CO-NHS (or CO-Act, Act being electron attractor and
leaving group), W=NH,’), the reactive functions being
switched between the partners. Here, PMDS bears the amino
group instead of the peptide. This situation is not as straight-
forward as the previous one. Indeed, carboxylic acids present
on the peptides have to be activated. This leads to uncon-
trolled peptide intermolecular cross-linking between unpro-
tected side chains (mainly Lys, Ser, Thr and Tyr). Despite
these drawbacks, EDC was used to activate carboxylic acids of
type 1 collagen to react with PDMS-PEG-NH, yielding bio-
compatible protein-grafted PDMS surface with improved
adhesion of fibroblast cells [13].

Isocyanate functionalized PDMS, Z=N=C=0, W=NH,
PDMS functionalized with amino groups can be readily
converted into reactive PDMS-isocyanates by triphosgen.

Figure 4
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This reaction has been performed on PDMS previously
treated with AP'TMS. Isocyanates are highly reactive, and
by reaction with amines and alcohols lead to ureas and
carbamates respectively, thus being non-chemoselective.
Peptides bearing a single primary amine function (e.g.
H-RGD-OH) [27] are reacted with isocyanate functions
of PDMS to obtain silicone micro channels suitable for
cell immobilization.

Alcohol functionalized PDMS, Z=0H, W =NH,

In the case of PDMS modified by polymerization of allyl
alcohols, the resulting functions available at the surface are
primary alcohols. The hydroxyl group can be converted to a
leaving group by 2,2,2-trifluoroethanesulfonyl chloride
[45°]. Free amino N-terminus groups of H-YIGSR-OH,
H-RGDS-OH, H-PDSGR-OH or H-PHSRN-OH, were
then able to react with modified PDMS by nucleophilic
substitution. The resulting material was designed for cor-
neareplacementand the adhesion of corneal epithelial cells
was improved by grafting of a combination of peptides
ligands derived from laminin and fibronectin.

Alkene functionalized PDMS, Z = Maleimide or vinyl, W=SH
The previous methods of immobilization of peptides on
PDMS are not chemoselective and have to be used carefully,
preferring peptides having a single unprotected amine func-
tion. In contrast, thiol-ene reactions (e.g. free-radical or
Michael additions) are biorthogonal reactions. When no other
thiol is present (i.e. when the peptide carries only one Cys
residue), cysteine-containing peptides can be grafted che-
moselectively on alkene-modified PDMS. Among these
reactions, Michael addition involving maleimides as
a,B-unsaturated carbonyl acceptors, becomes most popular.
As an example, the Ac-CGGEGYGEGRGDSPG-NH,
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Direct grafting of hybrid silylated peptides on PMDS activated by O, plasma. The oxygen plasma generates Si-OH function at the surface of the
PDMS. This enables the Si condensation of Si(OH)Me, silylated peptide. This functionalization method was applied to both silicone dressing [24]

and catheter [23°7].
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Table 1
Summary of peptide sequences, functional groups on the activated PDMS (X), bifunctional linker (Y, Z), on peptides (W), and applications of peptide modified-silicones
Peptides w Linkers Y X (obtained by) Applications Grafting density Ref
(pmol/cm?)
Silylated-Ahx-Arg-Arg-NH» Si(Me),-OH / / / Si-OH (oxygen plasma) Antimicrobial silicone catheter ~30 [23°7]
Silylated peptides : H-(bAla)4- Si(Me),-OH / / / Si—OH (oxygen plasma) Wound healing dressings ~60 [24]
GRGDSP-OH, H-(bAla)4-
EGLEPG-OH and Ac-Lys(H)-
[Pro-Hyp-Gly]3-NH2
Cystein-Oligopeptide modified by SH / / / Vinyl (functionalized PMDS Anti-fouling coating on glass  n.d. [41°°]
PEG or alkyl chain obtained by copolymerization) slide
H-RGD-OH HoN S=C=N- (obtained -APTMS- Si(OEt); Si—OH (oxidation) Micro channel for cell n.d. [27]
from amine) immobilization
Ac-CGGEGYGEGRGDSPG-NH, SH Maleimide -APTES-grafted with Si(OEt); Si-OH (water plasma) Flexible silicone membrane ~30 [25,26]
maleimide spacer for cardiac fibroblast
adhesion study
H-YIGSR-OH, H-RGDS-OH, H- HoN HO- -Poly(Allyl alcohol)-  Allyl Si—OH (microwave irradiation) Artificial cornea ~1 [457]
PDSGR-OH or H-PHSRN-OH
H-RGDS-OH, H-RDGS-OH and HoN NHS-CO -PEG- Allyl Si-H (triflic acid) Biomaterial for cell adhesion  ~100 [31]
GYRGDS-OH
H-RGDS-OH and H-GYRGDS-OH H.N NHS-CO- -PEG- Allyl Si—H (triflic acid) Biomaterial for cell adhesion 60 [32]
H-RGDS-OH, H-YIGSR-OH HoN NHS-CO -PEG- Allyl Si—H (triflic acid) Biomaterial for cell adhesion  ~30 [30]
H-RGD-OH HoN sulfoNHS-CO- -Azido hexanoic- Azide Si-CH," (UV) Biomaterial for cell adhesion  ~10 [36°°]
Dhvar 4 and 5, Histatin 5, poly(L, HsN NHS-CO- -Poly(AFB)- Azide Anti-biofilm surface used in
Hor R) Si-CH,™ (UV) Robbins n.d. [347]
Dhvar 4 HoN HOOC- -PAA- AIIyI . device (bioassays)
Collagen, type 1 COOH HoN- -PEG- Allyl Si-CH,  (argon plasma) Biocompatible PEG- n.d. [13]
stabilized surface
H-CVNWKKILGKIIKVVK-NH, SH Maleimide -PEG- Allyl Si-CHy" (argon plasma) Antimicrobial silicone catheter ~3500 [39]
H-CWFWKWWRRRRR-NH, SH Maleimide -PEG- Allyl Si-CH," (argon plasma) Anti-biofilm surface ~400 [38]

n.d. non determined.
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mmobilized on Maleimide-PDMS to obtain a surface suit-
able for cardiac fibroblasts adhesion and study [25,26]. Anti-
bacterial peptides were also grafted on maleimide-PDMS: a
catheter was functionalized with CysLasiolll peptide
(H-CVNWKKILGKIIKVVK-NH,) [39] and peptide
CRW11 (H-CWFWKWWRRRRR-NH,) [38] was used to
construct an anti-biofilm PDMS surface. Interestingly, the
same authors grafted CRW11 by nucleophilic addition on a
polydopamine layer coated on PDMS [46].

Radical thiol-ene reaction has been used to immobilize
cysteine-containing peptides on a vinyl modified PDMS
[i.e. PS-b-P(DMS-VMS)]. A solution containing a short
oligolysine whose side chains are modified with
diethylene glycol moieties [i.e. Fmoc-[Lys(COCH,
(OCH,CH,),0Me)]6Cys-OMe] [41°°] was sprayed over
the vinyl modified silicone. Upon heating, the peptide
was covalently grafted, probably through the generation
of thiyl radical RS". As expected, the final peptide-modi-
fied silicone showed interesting anti-fouling and allowed
to avoid non-specific protein adsorption.

Direct hybrid peptide grafting on PMDS functionalized with
silanol, Z = Si-OH, W = Si(Me)>,OH

As already stated, the creation of silanol groups at the
surface of PDMS can be achieved easily by oxygen
plasma treatment. Thus, the most straightforward way
to prepare peptide-grafted PDMS is to use hybrid sily-
lated peptides, which may react by sol-gel hydrolysis and
condensation on silanols to form Si—-O-Si bonds at the
silicone surface [23°°,24]. The key point of the strategy is
the synthesis of the hybrid peptide, in solution or on solid
support, silylated at a suitable position [47,48]. However,
once it is prepared, this strategy is straightforward as it
does require neither successive chemoselective reaction,
nor spacer addition. The modified PDMS is simply
immersed into a solution containing the hybrid biomole-
cule for several hours at room temperature. Interestingly,
this reaction proceeds chemoselectively allowing the use
of any unprotected peptide sequences. Antimicrobial
catheters were obtained by grafting short amphipathic
peptides [i.e. [SIOHMe),-(CH;);NHCO-AhxArg-Arg-
NH,]. These devices have shown a superior efficiency
compared to commercially available Ag-doped catheters
[23°°]. Using the same technique, wound-healing dres-
sings were prepared, using silylated peptides whose
sequences were derived from ECM proteins [24]
(Figure 4).

Conclusion and future developments

If proteins can be adsorbed quite easily on bare PDMS
surface, this is not the case with smaller peptides which
are quickly removed once in contact with aqueous media.
Therefore, to achieve a long-term effect, covalent graft-
ing 1s required. Chemical modification yields a relatively
homogenous repartition of the peptide on the surface, as a
monolayer, and improves the stability over time. For that

purpose, a wide range of organic functions can be intro-
duced on PDMS in a few steps. However, only a small
number of bioorthogonal ligation reactions have been
used so far to conjugate peptides on the material surface.
There are still a lot of possibilities to explore digging into
the ‘click’ reactions tool-box, for peptide chemists.

Grafting densities obtained by covalent methods are
much lower than those obtained by adsorption. They
typically range from one to one hundred picomole per
cm” depending on the anchoring chemistry and the
peptide used (Table 1). Roughly, this corresponds to a
monomolecular layer of peptide on the PDMS surface.
Higher covalent grafting densities can be expected (e.g.
above 500 pmol/cm?), if the peptide is not grafted directly
on PDMS but on a brush-like polymeric structure grafting
from the PDMS [38,39]. Besides reported post-functio-
nalization approaches, an alternative one-step strategy
can be considered to produce peptide modified PDMS.
The first requirement is the synthesis of silylated peptide
monomers. Depending on the nature, the position, and
the number of silyl groups within the peptide sequence,
different peptide-polymer geometries have already been
obtained [49,50], when silylated peptide are used as
the only monomers. Moreover, methyldihydroxysilane-
modified peptides could also be copolymerized with
dimethyldichlorosilane  (Me,SiCl;) to get peptide-
functionalized silicone oils with a PDMS-like backbone
(Figure 1, Direct Synthesis) [51]. Beyond a single bioac-
tive peptide, copolymerization with other silylated poly-
mers such as PEG, fluorophores, and drugs could be
considered to afford multifunctional PDMS-based mate-
rials with unprecedented properties.
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