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ABSTRACT: The covalent grafting on silica surfaces of a functional dendritic
organosilane coupling agent inserted, in a long alkyl chain monolayer, is described. In
this paper, we show that depending on experimental parameters, particularly the solvent, it
is possible to obtain a nanodesigned surface via a bottom-up approach. Thus, we succeed in
the formation of both homogeneous dense monolayer and a heterogeneous dense
monolayer, the latter being characterized by a nanosized volcano-type pattern (4—6 nm of
height, 100 nm of width, and around 3 volcanos/um?) randomly distributed over the
surface. The dendritic attribute of the grafted silylated coupling agent affords enough
anchoring sites to immobilize covalently functional gold nanoparticles (GNPs), coated
with amino PEG polymer to resolve the chemical nature of the surfaces and especially the
volcano type nanopattern structures of the heterogeneous monolayer. Thus, the versatile
surface chemistry developed herein is particularly challenging as the nanodesign is
straightforward achieved in a bottom-up approach without any specific lithography device.
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C ontrolling surface properties and biological interfaces at
the nanometer scale have become essential challenges in
biotechnology. In this field, many applications such as
biosensing,l’2 biological studies (culture or interactions),>*
drug/gene delivery carriers,® or implantable medical devices®’
are surface-demanding. The key element for molecular
recognition and specific interactions studies is to control
biomolecules distribution with nanopatterns from small
proteins to cells via chemically modified substrates. Surface
to generate
chemically or topography resolved patterns, generally lithog-
raphies techniques, require highly specialized devices such as
lasers for ablation, scanning probe,lz’13 or e-beam,'* which are
often expensive and used for a limited number of biological
studies. So, investigations in new strategies of surface
modifications are critical for the development of controlled,

easily scaled-up, and repeatable modified nanopatterned
15

modifications by nanopatterning techniques® "'

surfaces.

Silica surfaces are often good candidates for chemical surface
modification with the formation of resistant and dense packed
organosilanes self-assembled monolayers."”'>'*~'® Besides the
strong demand for more and more sophisticated and highly
specific functional organosilanes, functional dendritic organo-
silanes represent a great interest because of their singular
architecture and tunable functionalities fitting with many
applications.”” ™ As well, dendritic molecules established
themselves their structures as leadership in many fields of
biotechnology.”*** Their highly controlled structures together
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with their large number of peripheral functions, make them one
of the most well-defined chemical tool.**~>*

Most authors®>* studied the deposition of dendrons or
dendrimers on bare surfaces (HOPG, mica, or gold) and they
reported molecular arrangements in a molecular scale
patterning or nano and submicropatterned surfaces (dots or
rings arrangements). Other authors reported the grafting of
dendritic thiols>>™>* molecules or inserted into alkane-thiol
SAMs on gold substrates for biotechnology. Some of them
highlighted phase segregation between the different thiols
molecules grafted on the surface reflected by the formation of
nanometer scale molecular domains. Also, Fréchet and co-
workers® reported the covalent grafting of functional
triethoxysilane dendrimer on TiO, designing a dendrimer
monolayer dense enough for its use for scanning probe
lithography. More recently, Archer and co-workers* reported a
step-growth grafting of carbosilane dendrons on silicon wafers
for a deep study of surface’s physical properties. Finally, Wohrle
and co-workers*' reported the covalent grafting of PAMAM
dendrimer on amino-silylated glass substrate leading to the
formation of a polymeric functional thin film for nucleic acid
and protein microarrays. Although, some thin films or
monolayers made up of covalent grafted dendrons/dendrimers
on bare or amino-silylated SiO, substrates are reported in the
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Figure 1. (a) PM-IRRAS spectra of SiO,@D1C10/H and SiO,@D1C10/V. (b) PM-IRRAS spectra of SiO,@D1C10/H before and after
photodeprotection, (c) before and after activation of COOH groups, and (d) before and after immobilization of GNPs.

literature, but none of them emphasized a controlled
nanodesign of the surface via a bottom-up approach.

In this paper, we report on a straightforward method for the
design of functional nanodomains of silica substrate with an
organic layer constituted of dendritic functional coupling agents
following a bottom-up approach. We describe the synthesis of a
new dendritic functional coupling agent of first generation
possessing two protected carboxylic acid groups and a
trichlorosilane anchoring site. We show that the covalent
grafting of this coupling agent together with decyltrichlor-
osilane on silica substrates can be optimized leading to two
different modified surfaces (an homogeneous and a nano-
domains designed surface). The nanodomains patterned surface
shows comparable spatial control possibly obtained by
conventional costly lithography techniques. The chemical
nature of the nanodomain designed surface was analyzed
through specific functionalization with gold nanoparticles
coated with PEG-NH, polymer in order to settle the chemical
nature of nanodomains of the surface.

Dendrons are often used to modify chemically inorganic or
organic surfaces as they show specific geometries, sizes and
easily tunable functionalities. The optimization of their grafting
allows controlling properties of the surface as wetting,
roughness, hardness and reactivity of corresponding materials.
In this present work, we build on the dendritic structure of the
organosilane coupling agent to increase the functionalization**
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of the surface and to afford enough anchoring sites for the
covalent immobilization of target materials. The grafting of
dendrons on solid supports and more specifically on SiO,
substrates can be achieved by either divergent or convergent
approaches. (i) The divergent route consists in the building of
the dendritic structure from the bare substrate in a solid state
chemistry way, and (ii) the convergent route consists in the
synthesis of the dendron in solution following by the grafting
(silanization) of the dendron on the substrate in the final step.
The latter strategy, that we have selected, allows a better
control of organic molecular structures,® in contrast with the
divergent strategy, which often generates structural defects on
surfaces.**

Synthesis of Dendritic Coupling Agent D1. Dendritic
coupling agent D1 was synthesized as described in (see Scheme
S1 in the Supporting Information). Acrylate derivative 1 was
prepared from acryloyl chloride and 2-nitrobenzyl alcohol in
the presence of triethylamine in dry dichloromethane, and was
isolated after purification over silica gel chromatography (90%
yield). Then, acrylate D1 was obtained by double Michael
addition** of amine group of 11-amino-1-undecene®® with 2-
nitrobenzyl acrylate compound 1 in DME.*” Reaction medium
was stirred for 3 days at 50 °C, and the compound D1 was
obtained in quantitative yield after purification over silica gel
chromatography. Coupling agent D1 was obtained in a few

dx.doi.org/10.1021/am402071t | ACS Appl. Mater. Interfaces 2013, 5, 6843—6849



ACS Applied Materials & Interfaces

grams scale and stored shielded from light, at room
temperature, for several months.

Silanization of Silica Substrate with a Mixture of
Hydrosilylated D1/Decyltrichlorosilane Coupling
Agents (25/75). Dense functional layers can be obtained on
silica surfaces by the silanization of functional alkyltrichlor-
osilanes coupling agents in optimized conditions.*® In this
work, we aimed to obtain well-defined and dense functional
surfaces so we investigated the silanization of silica substrate
with a mixture of two organosilanes: the hydrosilylated dendron
D1 and decyltrichlorosilane. Indeed, dendritic structure of D1
strongly affects the packing of the organosilanes at the surface
and prevents from obtaining a densely packed monolayer
except in the case of a dilution with a coassembled linear
organosilane. Dilution of functional coupling agents with
nonfunctional coupling agents is a strategy often used**™>!
and permits generally to enhance some properties of the surface
as a space control of immobilized biological species.*> Also, it
was demonstrated that the formation of SAMs by the self-
assembly of a mixture of two silanes is an eflicient strategy to
form chemical functional patterns on gold or silica surfaces.” In
this context, optimization of the experimental conditions of the
silanization step was performed while it plays a decisive part in
the surface functions distribution (patterning with a phase
segregation between the two coupling agents), as it was
reported by some authors in the case of a gold surface.’* The
grafting of a mixture of hydrosilylated D1 coupling agent with
decyltrichlorosilane (25/75) was performed as shown in
(Scheme S2 in Supporting Information). The ratio between
dendritic coupling agent and linear coupling agent was chosen
in order to minimize steric hindrance and to favor self-assembly
of molecules during the formation of the monolayer. The
grafting process was studied by varying the nature of the
solvent and we demonstrated that two different surfaces SiO,@
D1C10/H and SiO,@D1C10/V can be obtained depending
on the solvent used, respectively, CHCl;/C¢H;, (25/75) and
toluene. The temperature of the silanization reaction was fixed
at 5 °C to prevent the formation of aggregates by hydrolysis
condensation reaction in solution. In both cases, optimal
reaction time was found to be 45 min by measuring the
evolution of contact angle, PM-IRRAS spectra, and AFM
images (rms parameter) of the surfaces.

First, an homogeneous monolayer SiO,@D1C10/H was
fully characterized by PM-IRRAS spectroscopy, AFM, and
contact angle measurements. The hydrophobic nature of the
surface was characterized by a contact angle value of 80° + 2.
Comparing with the contact angle measured on the bare SiO,
surface (0°), this value confirms the chemical modification of
the surface. PM-IRRAS spectrum of SiO,@D1C10/H is
presented in (Figure la). We observed, in the 3100—2700
cm™" spectral range, bands characteristic to the methyl and the
methylene stretching vibrations and, in the 1800—1300 cm™*
region, some bands characteristic to the carbonyl and nitro
stretching vibrations. The methylene antisymmetric and
symmetric stretching vibrations are observed at 2928 cm™'
(v,(CH,)) and at 2856 cm™ (v,(CH,)), respectively,
suggesting that the alkyl chains are quite disordered in the
grafted molecules and contain significant gauche defects. The
characteristic vibration of the terminal methyl group of
decyltrichlorosilane corresponding to the antisymmetric
stretching vibration v,(CH,) is observed at 2961 cm™'. The
observed bands at 1740, 1531, and 1345 cm™! are attributed,
respectively, to the vC=0O, v,NO, and yNO, vibrations
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associated with the dendritic structure of the organosilane
coupling agent. The presence of these bands confirms that the
two organosilanes are grafted on the surface. Note that the
presence of the band around 1640 cm™ can be associated with
water molecules adsorbed at the monolayer surface.

Analysis of AFM height images (5 gm X S ym) showed an
homogeneous appearance of the surface and the presence of
only a few polysiloxanes aggregates (Figure 2a). The phase
image of AFM is consistent with a unique chemical nature on
the whole surface (Figure 2b). Moreover, the roughness rms =
0.4 nm (calculated on the whole height image) is very close to
the bare surface roughness obtained before the grafting (0.2
nm).

0.4 Um 0.6 08

Figure 2. AFM images (S ym X S um) of grafted SiO,@D1C10/H
surface: (a) Height image, (b) phase image. AFM images (5 ym X S
um) of grafted SiO,@D1C10/V surface: (c) Height image, (d) phase
image. (e) Topography along a line drawn in c. (f) 3D representation
of the nanovolcano structure of c.
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Scheme 1. Chemical Modification and Covalent Immobilization of GNPs on the Functional Silica Surfaces SiO,@D1C10/H

and SiO,@D1C10/V
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Thereafter, by modifying solvent (toluene) of the silanization
reaction, a new surface SiO,@D1C10/V with nanometer size
domains was isolated. Contact angle value of the surface was
found to be 97° + 1 showing the hydrophobic character of the
surface. PM-IRRAS spectrum of SiO,@D1C10/V (Figure 1a)
showed all the characteristic bands of the two organosilanes
precursors as already observed for the homogeneous surface
Si0,@D1C10/H described above. However, we noticed that
the intensities of bands are quite different for SiO,@D1C10/H
and SiO,@D1C10/V. For SiO,@D1C10/H, the vC=0
(1740 cm™), 1,NO, (1531 cm™) and yNO, (1345 cm™)
bands relative to D1 were more intense than for the SiO,@
D1C10/V surface, meaning that the quantity of precursor D1
was slightly higher for the SiO,@D1C10/H surface. On the
other hand, the CH; (2961 cm™), v,CH, (2928 cm™), and
v,CH, (2856 cm™") bands are slightly less intense in the case of
SiO,@D1C10/H. These observations are coherent with
contact angles measurements in favor of a more hydrophilic
surface, according to a better incorporation of D1 precursor in
the case of SiO,@D1C10/H. AFM images recorded on the
Si0,@D1C10/V surface revealed nanometer-sized volcanolike
patterns (4—6 nm of height and 100 nm of width, and around 3
volcanos/um?) according to AFM analysis (height and phase
images) (Figure 2c—f). AFM phase images confirmed the
organic chemical nature on the whole surface namely for both
nanovolcanos and matrix areas (Figure 2d). Indeed, we believe
that the lower solubility of D1 in toluene than in the solvent
mixture CHCly/ C¢H;, (25/75) is responsible for the
difference of grafting kinetics between the two organosilanes
(hydrosilylated D1 and decyltrichlorosilane). The result is
probably due to the phase segregation between the two
organosilanes and the nanodomain structures shaped as
nanovolcanos as observed on the grafted surface. We believe
that the dendritic structure of the coupling agent helps to
promote the phase segregation of the surface together with
permitting an efficient surface functionalization. It is note-
worthy that nanodesigned surfaces produced by a bottom-up
approach are generally created in two steps starting from the
formation of SAM or polymer monolayers followed by a
shaping by lithography techniques.

Immobilization of Gold Nanoparticles Coated with
Amino-PEG, on Chemically Modified Surfaces. We
investigated the covalent immobilization of 20 nm gold
nanoparticles (GNPs) coated with amino-polyethylene glycol,
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on both surfaces SiO,@D1C10/H and SiO,@D1C10/V, in
order to resolve the chemical nature of each part of the surfaces.
Namely, we used these nanoparticles coated with PEG-NH, as
a nanoscale marker and to imitate a covalent grafting of
biomolecules in the frame of biotechnology applications. The
advantages of these particles, are (i) their easy detection by
AFM on the surface and (ii) the PEG part of the particles to
overcome their physical adsorption on surfaces.*>® Indeed, we
wish to exclusively immobilize these particles through a
covalent bonding strategy and to differentiate at the nanoscale
from the functional D1 organosilane capable to covalently react
with the amino groups of GNP and the inert decylorganosi-
lane.>” The immobilization of GNPs was realized in three steps
(Scheme 1).

Thus, the photocleavable nitrobenzyl groups58 of SiO,@
D1C10/H and SiO,@D1C10/V surfaces were UV-irradiated
for 30 min to obtain the free carboxylic functional surfaces
$i0,@D1C10/H@COOH and $i0,@D1C10/V@COOH.
Then, these surfaces were activated by EDC/NHS to afford
$i0,@D1C10/H@NHS and Si0,@D1C10/V@NHS. Finally,
GNPs were immobilized on freshly activated surfaces, yielding
$i0,@D1C10/H@GNP and SiO,@D1C10/V@GNP surfa-
ces. Each step of the chemical modification was characterized
by PM-IRRAS.>® Spectra for the chemical modification of
Si0,@D1C10/H and SiO,@D1C10/V are presented in
(Figure 1b,c,d) and (Figure Slab,c in Supporting Information),
respectively. Thus, the photocleavage of the nitrobenzyl groups
was characterized by the complete disappearance of the two
bands associated with the NO, vibrations (2, NO,: 1531 cm™
and v NO,: 1345 cm™) and the appearance at 1721 cm™'of a
new band assigned to the stretching mode of the carbonyl of
the carboxylic acid group. Then, the activation of the carboxylic
acid group by EDC/NHS was observed by the appearance of
three new bands at 1816, 1785, and 1741 cm™" associated with
NHS ring. Afterward, the GNPs covalent immobilization was
characterized by the complete disappearance of the bands of
the NHS ring. It is noteworthy that the methylene stretching
bands observed at 2928 cm™ (v,CH,) and 2856 cm™" (v,CH,)
as well as the methyl stretching bands at 2961 cm™ are
preserved for each step, revealing the perfect chemical stability
of the monolayer during the chemical modification process.
The SiO,@D1C10/H@GNP and SiO,@D1C10/V@GNP
surfaces were characterized by AFM (Figure 3). Immobilized
GNPs were observed in both cases by AFM (height) and KFM
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Figure 3. AFM images (2.5 ym X 2.5 ym) of SiO,@D1C10/H and
Si0,@D1C10/V after the covalent immobilization of GNPs: (a)
Height image of $i0,@D1C10/H. (b) KFM image of $SiO,@D1C10/
H. (c) Topography along a line of a. (d) 3D topography of one GNP
of a. (e) Height image of Si0,@D1C10/V. (f) KFM image of SiO,@
D1C10/V. (g) Topography along a line of Figure 3(e) showing the
nanovolcano height and the GNP height. (h) 3D topography of GNP
immobilized on one nanovolcano of e.

(Kelvin force microscopy); Conductor objects of 25—30 nm of
height were measured (Figure 3b,f). The potential difference
between the bright round spot and dark area are about 44 and
100 mV, respectively, for SiO,@D1C10/V@GNP and SiO,@
D1C10/H@GNP. Surface SiO,@D1C10/H@GNP revealed
an homogeneous distribution of GNPs (Figure 3a—c).
However, surface SiO,@D1C10/V@GNP showed that GNPs
are preferentially immobilized on the edges of the nanovolcano
domains (Figure 3e—h). This result demonstrates the chemical
nature of the surface and particularly the chemical nature of the
heterogeneous surface. Therefore, the volcano-like nanostruc-
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tures of SiO,@D1C10/V@GNP appeared to be constituted
only by D1 organosilane precursor and the matrix areas by
decylorganosilane.

In summary, we optimized a dense and well-packed grafting
of a functional dendritic silylated coupling agent D1, inserted in
a decylorganosilane monolayer, and we demonstrated that it
was possible to control the formation of both an homogeneous
surface SiO,@D1C10/H and nanodomains designed surface
SiO,@D1C10/V depending on the solvent used in the
silanization step, respectively CHCl/C4H;, (25/75) and
toluene. The dendritic structure of D1 was used to improve
the functionalization of the grafted surface and afforded enough
anchoring sites to immobilize covalently GNPs. Thus, it was
possible to prove the chemical nature of the surfaces and
particularly the volcano type nanodomain structures revealing a
segregation of phases between organosilane precursors. Well,
the functional nanodesign was straightforward achieved in a
bottom-up approach without any specific lithography device
and according to a versatile surface chemistry. We believe that
this strategy will open new perspectives in the construction of
new nanodomains patterns of interest for material science and
its interfaces with chemistry and biology for the design of
nanodevices as nanosensors. These surfaces illustrate the great
promise for multifunctional surfaces chemistry in biotechnology
and nanoengineering applications. Finally, we think that using
this nanodesign bottom-up approach, biomolecules might be
positioned within desired nanoregions with well-defined feature
size and shape while retaining their native 3D structures and
biological functionalities.

B EXPERIMENTAL METHODS

Substrates for PM-IRRAS and AFM Analysis. The SiO,/Au
substrates suitable for PM-IRRAS measurements were supplied by
Optics Balzers AG. They correspond to Goldflex mirror with SiO,
protection layer 215 A thick (Goldflex PRO, reference 200785).
Silicon wafer were used for AFM and KFM analysis (performed in air
at room temperature using Agilent 5500).

AFM probe are Arrow EFM Nanoworld with Pt/Ir coating. SiO,/
Au substrates and wafer slides were thoroughly washed with milli-Q
water (18 MQ.cm), immersed in chloroform and put in ultrasonic bath
for 15 min. They were dried by nitrogen flux, exposed to UV-ozone (4
185—254 nm) for 30 min and immediately introduced to the
silanization flask.

Silanization Process. The flask was prepared under vacuum for
1.5 h at 25 °C, and filled with argon and cooled to S °C. Freshly
prepared hydrosilylated decane (4.68 X 107> mol) and hydrosilylated
D1 (1.56 X 107° mol) were dissolved with 5 mL of dried toluene or
CHCIl,;/C¢H,, (25/75). The reaction mixture was then added in 120
mL of dried toluene or CHCl,/C¢H;, (25/75). At last, the solution
was introduced into the silanization flask of containing the substrates
(Si0,/Au and wafer) immersed in 125 mL of dried toluene or CHCl,/
Ce¢Hy, (25/75) under argon. The temperature of silanization was
controlled to be S °C, and the substrates were immersed in the
solution for 45 min. Then, the substrates were removed from the
silanization flask, cleaned using ultrasonic bath for 5 min successively
with toluene, chloroform, and Milli-Q water and dried under vacuum
for 30 min.

PM-IRRAS Experiments. PM-IRRAS spectra were recorded on a
ThermoNicolet Nexus 670 FTIR spectrometer at a resolution of 4
cm™, by coadding several blocks of 1500 scans (30 min acquisition
time). All spectra were collected in a dry-air atmosphere after 30 min
of incubation in the chamber. Experiments were performed at an
incidence angle of 75° using an external homemade goniometer
reflection attachment, adding a ZnSe photoelastic modulator (PEM,
Hinds Instruments, type III) after the polarizer.**®’ PM-IRRAS
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spectra were presented in terms of the IRRAS unit, using a calibration
procedure.®

Deprotection of Acid Groups on the Surface. The substrates
were irradiated at room temperature for 30 min. The irradiation
conducted using a high-pressure mercury lamp (365 nm) coupled with
a 280 nm cutoff filter (Pyrex plate) for preventing deterioration of the
organic layer. The substrates were placed 2 cm far from the Pyrex plate
and the Pyrex plate 3 cm far from the UV lamp. After the irradiation,
the substrates were cleaned using ultrasonic bath with ethanol and
chloroform for 10 min. Then, they were dried under nitrogen flow.

Activation of Acid Groups of the Surface. carboxylic acid
functionalized substrates were immersed in a solution containing 20
mL of Milli-Q water, 1 g of N-(3-dimethylaminopropyl)-N'-ethyl-
carbodiimide hydrochloride (EDC), 0.5 g of N-hydroxysuccinimide
(NHS) and 1.2 g of 2-(N-morpholino)ethanesulfonic acid (MES)
0.3M, pH 6, for 3 h at room temperature. Then, the substrates were
washed with Milli-Q water and cleaned using ultrasonic bath with
chloroform (10 min) and dried under nitrogen flow.

GNPs Immobilization on the Surface. One milliliter of aqueous
solution containing 3.4 X 10" of GNPs (amino PEGylated gold
nanoparticles 20 nm, supplied by Polysciences, Inc.) was added to 9
mL of phosphate buffer saline (PBS) solution adjusted to pH 8 using a
solution of KOH (0.5 M). The substrates were immersed in latter
solution for 20 h at 37 °C. Then, the substrates were collected, washed
thoroughly with Milli-Q water, and cleaned in an ultrasonic bath
(Milli-Q water) for 10 min. The substrates were dried under nitrogen
flow and dried under vacuum for 30 min.

B ASSOCIATED CONTENT

© Supporting Information

Synthetic procedures for compounds 1 and D1 and hydro-
sylilation of D1 and dec-1-ene. Scheme S1, synthesis of
dendritic coupling agent D1. Scheme S2, hydrosilylation and
silanization of a mixture of D1 and dec-1-ene (25/75). Figure
S1, PM-IRRAS spectra for each step of chemical modification
of the monolayer SiO,@D1C10/V. This material is available
free of charge via the Internet at http://pubs.acs.org/.
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