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Biosensors are based on the conversion of a biological response to an
electrical signal. One of the major challenges is to ascertain that the
receptor is not denatured when immobilised (covalently or not) on the
device. In this work, a protein receptor (virus) was immobilised on two
different surfaces, mica and self-assembled monolayer (SAM), and its
height was determined by atomic force microscopy measurements at
the atomic level. Results clearly showed that expected dimensions of
Tobacco Mosaic Virus (TMV) are obtained after immobilisation onto a
soft organic SAM.

Self-assembled monolayers provide a simple way to function-
alise a solid surface and play a key role in the development of
biotechnology such as biosensors.'”® SAMs present a sum of
qualities: chemically stable, low roughness, provide a suitable
orientation of biomolecules, and maintain the structural
integrity of receptors. In this work, we focused on the latter
characteristic using the paradigm that if a molecule is cova-
lently immobilised on SAM, its three-dimensional structure
(3D) should be preserved as evidence by its molecular height
measurement with atomic force microscopy (AFM). During the
last decade, Atomic Force Microscopy (AFM) proved to be a
commonly used technique for imaging in the field of biophys-
ical research and it is clear now that AFM is much more than a
high resolution microscope.*” Many parameters influence the
quality of AFM data, in particular the characteristics of the tip,
the measurement modes (contact mode, oscillating mode,
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tapping mode, etc.), the preparation of the sample and of
course, the type of immobilisation (physi- or chemisorption) to
which the sample is immobilised.® For example, the measured
heights of single antibody molecules, physisorbed on mica,
were found around 2 nm whereas the expected value measured
by X-rays is around 4 nm.

To explain this experimental result, it is generally argued
that biological samples may be crushed by the AFM tip during
imaging or distorted by the adsorption forces of mica. It is
obvious that a hard and highly charged mineral substrate (such
as mica) creates difficulties during the adsorption of molecules
on which they tend to partially denature.® To overcome these
drawbacks, systems for depositing molecules such as func-
tionalised self-assembled monolayers are emerging.*

For this purpose, a new ureido silylated compound (6) was
prepared in a readily accessible way (Scheme 1) via a coupling
between a functional amine and an unsaturated isocyanate."" It
is noteworthy that this strategy has been previously used in our
previous work for the formation of vinyl-terminated mono-
layer.”” The amino group of the amino carboxylic acid (1) was
protected by tert-butoxycarbonyl group (Boc) to afford
compound (2) then the carboxylic acid group was protected by o-
nitrobenzyl alcohol to yield compound (3). After deprotection of
the amino group, the condensation of the resulting ammonium
(4) with unsaturated 10-isocyanatodec-1-ene yielded to ureido
compound (5). Finally, the ureido silylated compound (6) was
obtained in the last step after silylation of compound (5) with
trimethoxysilane with an overall yield of 60%. For spectroscopic
data of compounds (2)-(6), see ESL}

The alkoxysilane (6) was chemisorbed onto SiO, surface
(Scheme 2) in optimised conditions (see ESIT) in order to obtain
a homogeneous and smooth surface.

The topography of the surface was analysed by AFM
measurements. The identification of the protected carboxylic
acid groups-terminated monolayers onto the surface as well as
the subsequent chemical surface modifications were performed
using contact angles measurements and Polarisation Modula-
tion Infrared Reflection Adsorption Spectroscopy (PM-IRRAS).
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Scheme 1 Synthesis of ureido silylated coupling agent (6). (a) Boc,O,
tert-butanol-H,O, pH 13, 16 h; (b) 2-nitrobenzyl alcohol, DCC, DMAP,
CH.Cl,; (c) TFA, CHxCl,, 4 h; (d) 10-isocyanatodec-1-ene, EtzN,

CH,Cly; (e) HSi(OMe)s, cat. Karstedt, 65 °C, 20 h.
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Scheme 2 Representation of the silanisation of the surface and
immobilisation of GNPs-PA or TMV on SAM-COOH.

Due to its high sensitivity in surface absorption detection,
PM-IRRAS has been used successfully to obtain vibrational
spectra of Langmuir-Blodgett (LB) monolayers, lipid bilayers
and SAMs deposited onto metal oxide substrates.”*® In our
case, we have used PM-IRRAS to monitor the chemical reactions
of the terminal functions of the surface (Fig. 1). The very high
sensibility of PM-IRRAS allowed us to characterise easily each
step. Spectra were recorded with a very good signal-to-noise
ratio, allowing each time the identification of the different
functional groups of the investigated molecules (alkyl chains,
urea and terminal functional groups).

Among the photolabile groups, (0-NB) alcohol is widely used
in polymer and material sciences."”” The removal of the nitro-
benzyl moiety was achieved by ultraviolet light (365 nm). The
successful chemical reaction was analysed by PM-IRRAS
revealing the complete disappearance of the nitro band (v,s NO,
= 1529 cm ') and the appearance of a new broad band around
1707 cm ™' characteristic of acid groups as previously reported.'®
For SAM-NO,, and SAM-COOH the methylene stretching bands
are observed in similar positions at 2927 and 2855 cm "
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Fig.1 PM-IRRAS spectra of SAM-NO, and SAM-COOH, in the 3000-
2800 cm~! and 1850-1500 cm™* spectral ranges.

respectively for the antisymmetric (v,(CH,)) and symmetric
(vs(CH,)) modes. The high wavenumbers of these modes indi-
cates that the alkyl chains were disordered in the grafted
molecules whereas similar intensities do not reveal any degra-
dation of the monolayer during the photochemical cleavage.

Average roughness of this new SAM-COOH was found (Fig. 2)
similar to that of the bare substrate (R, = 0.48 nm over 25 um?)
at the difference of normally used or commercially available
SAM-COOH. The roughness is a crucial parameter for
measuring TMV at the atomic level by AFM. Water contact
angles were found around 71° for the SAM-NO,, and 55° for the
SAM-COOH, after deprotection of the acid groups. These values
are consistent with those reported in the literature,**
the presence of more polar groups at the surface.

Immobilisation of biomolecules onto a carboxylic acid
terminated monolayer is usually achieved by activation of
COOH groups with N-ethyl-N'-(3-(dimethylamino)propyl)-car-
bodiimide-N-hydroxysuccinimide (EDC-NHS). The activated
esters (succinimidyl esters) react with the free amino groups of
biomolecules to form the amido bonds on the surface.

TMV was immobilised covalently (Scheme 2) onto a
carboxylic acid-terminated self-assembled monolayer (SAM-
COOH). TMV is a well-calibrated biological system,*:** which
can be immobilised on various surfaces.?® This virus is made of
2130 copies of a unique coat protein which is replicated heli-
coidally around its RNA, forming a cylinder about 300 nm in
length and 18.0 nm diameter.”**

In the field of biosensors technology, the reliability of
sensors strongly depends on the control of the immobilisation
of biomolecules on the solid substrates,>® and the activation

revealing
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Fig. 2 AFM height image (2 x 2 pm?) in the tapping mode of SAM-
COOH (left) with a cross-section profile (right).
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step is a crucial parameter for the repeatability of measure-
ments. A literature survey about this step shows that the relative
concentrations in EDC and NHS strongly vary from a study to
another one.>””*' Recently, it was shown by transmission IR
spectroscopy studies that activated esters, at the surface of
hydrogenated porous silicon, can be obtained with a high yield
if the respective concentrations of EDC and NHS are carefully
chosen.*

In our case, transmission IR spectroscopy is not valuable
because of the chemical structure of the substrate which limits
the molecular information to the stretching vibrations of the
alkyl chains.*® However, using the PM-IRRAS technique, we were
able to monitor carefully the activation of COOH groups. With
the ratio [EDC]/[NHS] = 1.2, we observed almost complete
disappearance of the band associated with acid groups
(1707 em™") and the appearance of three new bands (1816, 1781
and 1734 cm ') assigned to the stretching of the carbonyl ester
groups (see Fig. S2,+ SAM-NHS). Additional information on the
molecular orientation can be obtained by comparison of the
experimental PM-IRRAS spectrum with the one calculated for
an isotropic orientation of the molecules.*

In order to demonstrate the ability of the SAM-COOH to
generate amide bond formation, gold nanoparticles, coated
with protein A (GNPs-PA; & ~ 20 nm), were used to provide
visual evidence of their attachments to the activated surface
sites (Scheme 2). Successful amide bond formation was
confirmed by PM-IRRAS (Fig. S31) with the disappearance of the
carbonyl bands (1816 and 1781 cm '), with in parallel, an
increase of the amide 1 and amide 2 bands at 1653 and 1543
cm ™' respectively, due to the amido bond formation between
the carboxylic acid groups of the surface and the free amino
groups of protein A.

The modified surfaces were also studied by AFM (Fig. 3).
Excellent GNPs-PA dispersion was observed when the nano-
particles were used at a concentration of (3.2 ug mL™"). Thus,
height analysis has been easily performed and the particle size
was determined to be (19.0 £ 1.1 nm; N = 20) which is
consistent with the expected value (¢ = 20.4 + 0.6 nm; see ESIT).

It must be noted that negative control experiments, imaged
in the same conditions, with no EDC-NHS activation, result in
no immobilisation of GNPs-PA demonstrating that this new
ureido-based SAM-COOH prevents non-specific adsorption like
previously reported with poly(ethyleneglycol) PEG-based
monolayers.**

Once we had confirmed that the SAM-COOH monolayer was
indeed active for the covalent immobilisation of GNPs-PA, we
used the SAM-COOH in the same way to bond covalently TMVs
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Fig. 3 Height image of GNPs-PA (left) and profile (right).
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Fig. 4 Heightimage of isolated TMV particles using the tapping mode
in air on mica (A) and on SAM (B).

T -

Fig. 5 AFM images of denaturated TMVs.

according to the same experimental procedure. TMV particles
were imaged using AFM with the tapping mode in air in two
deposition conditions: physisorbed on mica or covalently
bound to SAMs (Fig. 4). AFM images when flattened using
NanoScope software and further processed for removing stripe
noise.*

Height values were obtained by fitting a series of ellipsoids
on single TMV particles*® using singled-out regions similar to
those shown in white boxes on Fig. 4.

The average TMV height on mica was found to be 17.0 +
0.1 nm (ave + stdev, N = 802) whereas it was 18.1 £+ 0.1 nm
when the TMV was bound to SAM surface (ave + stdev, N=521).
AFM images were obtained at the minimum imaging force.
Similar measurements were repeated several times over a
period of 2 years with different TMV preparations, different
batches of SAMs, different cantilevers and different AFM
instruments. It shows clearly that SAM surfaces allow imaging
TMVs particles, without distortion.>* For comparison, AFM
images of denaturated TMVs are given below.

On the left AFM image (Fig. 5; 250 x 250 nm?), using the
peak force mode, the presence of RNA single strands, charac-
teristic of denatured TMV particles, can be observed. On the
right image, a broken piece of TMV of about 50 nm length is
also characteristic of denatured TMV (expected full length is
about 300 nm).

Conclusions

In summary, for biosensors as well as structural biology appli-
cations, it is critical to measure height and shape of biomole-
cules as accurate as possible. Here, we clearly show that the
adsorption forces on mica induced a reduction in measured

RSC Adv., 2014, 4, 11927-11930 | 11929
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height of about 1 nm. For the development of biosensors,
keeping the original shape of the receptor is a key to sensitivity
and specificity. Thus, we suggest that SAM surfaces should be
preferred for the development of biosensors substrates over
mineral ones.
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