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A general method is described for the covalent attachment to carbon surfaces of sensitive
biomolecules such as antibodies. First, N-hydroxysuccinimide-activated carbon surfaces are
prepared by a step by step method involving an electrografting process and a monoprotected
homobifunctional linker to ensure a good control of the surface modification. Then, antibodies
are introduced, at the last step of the modification procedure, under native conditions at
physiological pH, to minimize their denaturation. Comparison with a classical method involving a
homobifunctional linker shows a decrease of the degree of coverage of the surface by antibodies,

explained by the formation of bridged structures by the linker.

Introduction

Carbon materials are extensively used as supports for biosen-
sing applications, due to their interesting electrochemical
properties as their wide potential window, the large variety
of available carbon materials (e.g., nanotubes, fibers, screen-
printed electrodes, etc.) and the possibility to achieve stable
covalent linkage on their surface. One method for the covalent
immobilization of biomolecules on carbon consists in the
creation of functional groups such as carboxylic, carbonyl,
lactone and hydroxyl groups on its surface by chemical or
electrochemical oxidations.' The biomolecules are then an-
chored through a linker to the reactive surface. However, the
oxidative treatments to generate the reactive surface also led to
a partial degradation of carbon with the formation of blisters
on its surface, affecting the sensor response.*>

Modification of carbon surfaces can also be achieved using
less drastic electro-assisted methods.®™ One of the most used
process is the reduction of diazonium salts, providing aryl
radicals, which react with the surface to give carbon—carbon
covalent bond.’

The immobilization of biomolecules on carbon, based on
this electrochemical procedure, has been reported.'®'® A first
approach deals with the chemical modification of biomole-
cules to introduce aryl diazonium functions, allowing their
electrochemical immobilization.!'?> However, the strong
acidic conditions employed for the diazotation step can be
incompatible with biomolecules, which are sensitive to their
physiological environments, and can denaturate them.

Other strategies consist in the covalent binding of linkers on
carbon surface and subsequent anchoring of biomolecules.'*™"
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Thus, Hamers and co-workers!*!> have modified different
carbon surfaces with a functionalization procedure involving
4-nitrobenzenediazonium salts®® to achieve electrically addres-
sable biomolecular functionalization. The subsequent cathodic
reduction of the nitro groups afforded available aniline func-
tions on specific nanostructures, thereby allowing the anchor-
ing of DNA via an appropriate linker only on these
nanostrustures. Another method using 4-carboxybenzenedia-
zonium salts has also been reported for direct immobilization
of DNA on gold surfaces.'® This method presents the advan-
tage of being simple because it does not involve the use of a
linker, but can lead to the denaturation of the protein resulting
in the loss of their functions, for example when employed with
enzymes or antibodies. It is well known that the use of a long
and flexible spacer provides greater accessibility of the anti-
body and minimizes its denaturation, reducing the steric inter-
ference with the surface and between antibodies.!>

Herein, we propose to extend the functionalization
procedure involving 4-nitrobenzenediazonium salts to
proteins such as antibodies, offering a general method for
the covalent immobilization of this large protein family on
carbon surfaces. As lysine is one of the most abundant
amino-acids in proteins, we focused our attention on linkers
reacting both with amino groups of lysine and aniline func-
tions introduced onto the carbon surface. The method used a
monoprotected homobifunctional linker to ensure a good
control of the surface modification. The coverage of the sur-
face was compared to a classical method involving a homo-
bifunctional linker. Advantageously, the linker belongs to a
family of commercially available compounds with different
lengths of carbon chain and gives rise to a grafting process
involving simple and quantitative chemical reactions such as
acylation reaction, saponification and conventional N-hydro-
xysuccinimide (NHS)/1-(3-dimethyl-aminopropyl)-3-ethylcar-
bodiimide hydrochloride (EDC) chemistry. Biomolecules are
then introduced in the last step of the grafting process
under native conditions at physiological pH to minimize their
denaturation.
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Results and discussion

A polished graphite surface 1 was derivatized by the electro-
chemical reduction of 4-nitrobenzenediazonium salts
(Scheme 1).

The nitro groups did not only serve as precursors to amino
groups, but also as redox probes, allowing the estimation of
surface concentration I' of grafted aryl groups.’ The value of
I'(9 £ 2 x 107° mol cm ™2 of geometric area), calculated from
cyclic voltammetry analysis of the NHOH/NO reversible
system (Fig. 1), was higher than a close-packed monolayer
of 4-substituted phenyl groups (1.35 x 107° mol em2)’
estimated from molecular models.

This difference can be explained by the roughness of the
polished graphite surface and by the formation of multilayers
with protruding features on the surface, as previously ob-
served with derivatization of carbon surfaces by cathodic
reduction of diazonium salts.” The nitro group of 2 was then
electrochemically reduced in amine 3 at —1 Vgcg until the
NHOH/NO reversible system disappeared. The amine 3 was
then allowed to react with S-chlorocarbonyl-pentanoic acid
methyl ester to give 4 (Scheme 1; route 1). We have chosen this
monoprotected homobifunctional linker to improve loading
capacities of the modified surface, avoiding the formation of
bridged structures with both ends fixed to the surface.>* After
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Fig. 1 Typical voltammogram of NHOH/NO system obtained in
0.5 M H,SO, for nitro species present on the graphite surface, after
reduction of NO, into NHOH at —0.5 Vgcg. Scan rate: 0.1 Vs™'. Only
the bottom of the wave (e.g. hatched area) was considered for
calculation of the surface concentration using the Faraday law.

deprotection by saponification, the resulting carboxylic

acid was activated by reaction with 1-(3-dimethyl-amino-
propyl)-3-ethylcarbodiimide  hydrochloride (EDC) and
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Step by step method for the immobilization of antibodies and antigen—antibody recognition.
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Fig. 2 Reproducibility measurements: (A) Surface concentrations I" estimated by cyclic voltammetry of the nitrophenyl derivatized surfaces 2 (1)
and of the NO,-linker-surfaces 6 prepared according to routes 1 (2) and 2 (3). (B) Fluorescent analysis of the antibodies modified surfaces 7 in the
presence of fluorescent transferrin antigens, alone (1) or in competition with human albumin (2) and non-labelled antigens (3). F is the fluorescence
intensity obtained in the presence of fluorescent transferrin antigens and Fj is the signal in absence of antigen.

N-hydroxysuccinimide (NHS) to give 5. At this stage, reaction
with 4-nitrobenzyl amine was performed to check that all the
modification process of the graphite surface had really been
achieved and that the modified surface was reactive with
amines at physiological pH (PBS: pH 7.4 phosphate buffered
saline). Surface concentration I of 1.4 + 0.4 x 1078 mol cm 2
was estimated from the electrochemical analysis of the
nitro group of 6. The value is close to that obtained for
derivatization by 4-nitrobenzenediazonium salts, showing the
efficiency of the immobilization process. The difference be-
tween the two values cannot be explained by adsorption of
4-nitrobenzylamine hydrochloride at the surface of the elec-
trode since meticulous washing procedures were used (ultra-
sonication for 4.5 h in 6 different solvents). A study on
nitrophenyl films grafted by electroreduction of 4-nitrobenzene-
diazonium salts has recently shown that some of the
immobilized nitro groups were no more electroactive.>* This
phenomenon can explained the difference obtained between the
two surface concentrations estimated by electrochemical ana-
lyses of the nitro groups.

For comparison, the amine 3 was allowed to react with
hexanedioic  acid  bis-(2,5-dioxo-pyrrolidin-1-yl)  ester
(Scheme 1; route 2) and then with 4-nitrobenzyl amine.

Table 1

A surface concentration of 1.0 + 0.26 x 108 mol cm ™2 was
estimated. If we consider a complete coverage of the surface,
the difference with the surface concentration obtained with the
monoprotected linker, can be interpreted by the formation of
bridged molecular structures by the linker on the surface. The
results of reproducibility measurements based on at least 5
experiments are given in Fig. 2A.

These electrochemical analyses were corroborated by XPS
(X-ray photoelectron spectroscopy) analyses. The attachment
of the linker to the surface 5 was confirmed by the increase of
the N/C ratio compared with the reference electrode 1, due to
the presence of amide and succinimide groups (Table 1).

Anti-human transferrin antibodies were then covalently
immobilized by reaction with the N-hydroxysuccinimide-acti-
vated carbon surfaces 5. After rinsing with a solution of PBS,
the samples were analyzed by XPS (Table 1). A large increase
of the N,/C;s percent associated with the appearance of a
peak of Sy,ip432 showed the presence of anti-transferrin
antibodies on the graphite surface 7. For comparison, the
amine 3 was allowed to react with hexanedioic acid bis-(2,5-
dioxo-pyrrolidin-1-yl) ester (Scheme 1; route 2) and then with
anti-human transferrin antibodies under the same conditions.
The N;/Cy, content also increased, owing to the presence of

Nitrogen and sulfur values as deduced from XPS analyses of modified graphite surfaces

Anti-transferrin antibodies modified graphite 7

Nitrogen and sulfur/ Fresh graphite 1 N-Hydroxysuccinimide Via route 1 Via route 2
carbon ratio modified graphite 5

% N5 400401 eV 2-3 4-6 13 15

% S2pl/’2+3/2 164 eV 0 0 0.5 0.2
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CON groups in proteins and in the linker (Table 1). Interest-
ingly, the Ss,1/2 +3/2/Cis percent (0.2%) was significantly lower
than the value previously obtained using the route 1 (0.5%).
The S,p12+32 peaks observed after anchoring of the anti-
human transferrin antibodies according to routes 1 and 2 are
given in Fig. 3.

Since antibodies are the only source of sulfur, the difference
between the two peaks revealed a better degree of coverage of
the surface modified according to route 1. This result was in
accordance with cyclic voltammetry analyses (see above) and
showed that the formation of bridged structures had an
influence on the surface coverage of antibodies.

The effectiveness of the grafting process was also examined
by AFM (atomic force microscopy). Fig. 4 shows the contact
mode AFM images obtained in PBS of 5 ym x 5 um area of
polished carbon 1, N-hydroxysuccinimide-activated surfaces 5
and surfaces with covalently anchored antibodies 7.

Average line profiles along a 5 um line are also given to
estimate the variation in z-axis height. As seen in Fig. 4a, the
roughness obtained for the polished carbon surface is in the
range of previously reported values for this type of surface
(44 nm + 6 nm).> After derivatization and introduction of the
linker, surfaces changed their morphology with an apparent
smoothing of the surface (Fig. 4b). This phenomenon is more
visible on the deflection images, perhaps more sensitive to the
surface relief pattern. Further introduction of anti-transferrin
antibodies led to a complete coverage of the graphite surface,
as seen in Fig. 4c. The image contained globular structures
scattered uniformly on the surface. The diameter of the
globules ranges from 50 to 500 nm. These structures can be
attributed to aggregated antibody units attached to the sur-
face. The difference in morphology observed for each step of
the functionalization procedure confirmed the success of the
grafting process. We also wanted to check that the dense layer
imaged by AFM was not only due to adsorption of proteins on
the organic layer 5 but to covalent immobilization. Among the
different methods commonly used to desorb proteins from
surfaces, we probably choose the most drastic one, ultrasoni-
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Fig. 3 Sy,1/2+3/2 spectra of N-hydroxysuccinimide-activated surfaces
5 (—) and antibodies modified surfaces 7 prepared according to route

1 (—) and 2 (--). Since XPS analyses were done in the same conditions,
the intensities are directly comparable.

cation in PBS, avoiding by this way the use of detergent, which
can be a source of pollution for AFM analyses. The obtained
topography (Fig. 4d) was similar to the previous one (Fig. 4c).
Some differences in the peaks shape in the average line profiles
were observed and can be explained by a partial degradation
of the 3D-structure of the proteins during the ultrasonic
treatment. Moreover, adsorption of anti-transferrin anti-
bodies directly on graphite (with non-covalent coating of the
surface) led, after ultrasonication in PBS, to images corre-
sponding to a fresh polished graphite surface (data not
shown). These results indicate that the covalent grafting
process allows the formation of a stable and compact layer
of proteins on the carbon surface.

Since AFM analyses did not allow us to discriminate
between the fixation of antibody and antigen, we used a
fluorescence microscopy approach to confirm anti-transferrin
antibodies attachment and functionality following our
protocol of immobilization. The aim was not to find the
minimum of sensitivity, but to show that antibodies, immobi-
lized according to our grafting procedure, specifically
recognized antigens. Graphite surfaces coated with anti-trans-
ferrin antibodies were first saturated by a solution of delipi-
dated fraction V bovine serum albumin (BSA) to avoid non-
specific binding of antigens. Then, apo-transferrin labelled
with Texas Red as fluorescent dye in BSA solution was
incubated with the coated surface. Fixation of the antigen
induced an increase of the fluorescent intensity quantitated as
mean grey per pixels (Fig. 2B). To assess the specificity of the
antibody—antigen reaction, we performed antigen competition
experiments. When, the Texas Red labelled-apo-transferrin
was incubated with the surface in presence of a 100 fold higher
concentration of human serum albumin, no decrease in the
fluorescence intensity was evidenced (Fig. 2B). In contrast,
when the incubation of Texas Red labelled apo-transferrin was
performed with a 100 fold higher concentration of non-
labelled apo-transferrin, a drastic decrease in fluorescence
intensity was detected. These experiments showed that specific
antigen—antibody recognition is maintained when antibodies
are anchored following our immobilization protocol. Repro-
ducibility based on 8 different fluorescent measurements is
given in Fig. 2B.

Conclusions

In summary, we have described a general method to covalently
immobilize antibodies on carbon surfaces. The proposed
method, based on an electrochemically assisted grafting pro-
cess and on the use of a monoprotected homobifunctional
linker allowed the achievement of a stable and compact layer
of anchored antibodies. Moreover, a better degree of coverage
of the surface was obtained, compared with a classical proce-
dure involving a homobifunctional linker. Sensitive antibodies
introduced under native conditions at physiological pH, in the
last step of the immobilization process, specifically recognized
antigens, as shown by fluorescence competitive assay. Further
investigations to extend this protocol to other types of amine-
functionalized surfaces are now in progress in our laboratory.
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Fig. 4 Average line profiles and AFM images (left: topography and right: deflection) of polished carbon (a), N-hydroxysuccinimide-activated
surfaces 5 (b) and antibodies modified surfaces 7 (c) after ultrasonication 3 times in PBS for 15 min (d).

Experimental

Materials

4-Nitrobenzenediazonium tetrafluoroborate, triethylamine, po-
tassium hydroxide, 1-(3-dimethylaminopropyl)-3-ethylcarbodi-
imide hydrochloride, 4-nitrobenzylamine hydrochloride were
purchased from Acros and methyl adipoyl chloride and N-
hydroxysuccinimid from Aldrich. Hexanedioic acid bis-(2,5-di-
oxopyrrolidin-1-yl) ester was prepared according to literature.?®

Goat anti-human transferrin antibodies, human holo-trans-
ferrin, human serum albumin (HSA) were purchased from

Sigma and delipidated fraction V bovine serum albumin (BSA)
from Roche. Texas-Red human apo-transferrin was from
Molecular Probes (Eugene, OR).

Phosphate buffered saline (PBS) was prepared at pH 7.4
from 1.5 mM potassium phosphate monobasic, 8.6 mM
sodium phosphate dibasic dodecahydrate, 137 mM sodium
chloride, and 2.7 mM potassium chloride in deionized water.

Graphite samples, obtained by cutting a graphite rod of
20 mm diameter (Le Carbone Lorraine: 2020PT) in discs of
around 5 mm thickness were polished using Struers papers
(500, 1200 and 4000), diamant paste (Struers: 1 pm) and then
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alumina polishing suspensions (Struers: AP-D, OP-A pm).
They were ultrasonicated 3 times in acetone and deionized
water for 15 min before use.

Functionalization of graphite discs

Electrochemical treatments and analyses of the graphite sam-
ples were carried out in an electrochemical cell, containing a
Saturated Calomel Electrode (SCE) as reference electrode and
a graphite rod as counter electrode.

Derivatization of graphite discs: 5 mg of 4-nitrobenzenedia-
zonium salts, dissolved in 5 ml of degassed H,SO4 0.5 M were
reduced at —0.2 Vgcg for 5 min under nitrogen, using a
graphite disc as working-electrode. Then the derivatized gra-
phite disc was ultrasonicated 3 times in deionized water for
15 min.

The modified electrodes were analyzed by cyclic voltamme-
try in degassed H,SO4 0.5 M under nitrogen. First, electro-
reduction of the nitro groups into hydroxylamines was
performed by cycling the potential twice between 0 and
—500 mVgcr at 100 mV s™! and then, the nitroso-hydroxyl-
amine reversible system (Fig. 1) was observed by cycling the
potential between 0 and 500 mVscg.

The hydroxylamino groups present on the electrode surface
after analyses were subsequently reduced at —1 Vgcg for
10 min in the same medium to give amino groups. The
disappearance of the NHOH/NO reversible system was
checked for each sample. Six different samples were used for
reproducibility measurements.

Route 1:

The modified electrode was then ultrasonicated in deionized
water, dichloromethane and toluene before being placed in
20 ml of toluene containing 100 pl of methyl adipoyl chloride
and 300 pl of triethylamine at 40 °C for 3 h under nitrogen.
After ultrasonication 3 times in toluene and then in dichlor-
omethane for 15 min, they were allowed to react with an excess
of potassium hydroxide in anhydrous methanol for 12 h under
nitrogen at room temperature and then ultrasonicated 3 times
in ethanol for 15 min.

Subsequent reaction with 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride 0.4 M and N-hydroxysucci-
nimide 0.1 M in water for 1 h at room temperature, followed
by ultrasonication 3 times in deionized water for 15 min gave
the N-hydroxysuccinimide-activated graphite discs.

Route 2:

The modified electrode was then ultrasonicated in deionised
water and anhydrous dimethylformamide before being placed
in 20 ml of anhydrous dimethylformamide containing 50 mg
of hexanedioic acid bis-(2,5-dioxopyrrolidin-1-yl) ester and
300 pl of triethylamine at room temperature for 5 h under
argon. Then the sample was ultrasonicated twice in dimethyl-
formamide and then in deionised water for 15 min.

These surfaces were allowed to react either with 4-nitroben-
zylamine hydrochloride used as redox probe (5 g L™"), either
with anti-transferrin antibody (2 g L") in pH 7.4 PBS for 3 h
at room temperature. The modified graphite discs containing
the redox probes were successively ultrasonicated 3 times in
NaOH 0.1 M, dichloromethane, water, ethanol, acetone,
acetonitrile for 15 min, before being analyzed by cyclic vol-

tammetry (reproducibility based on 5 different samples). Sur-
faces with covalently anchored antibodies were washed using 3
ultrasonic baths of 20 ml of pH 7.4 PBS for 10 min each,
before XPS analyses.

Surface analyses

XPS analyses were performed under a base pressure of 1077
mbar using a VSW HA100 spectrometer. The analyser was
operated with constant pass energy of 22 eV. X-ray source
used Mg Ko excitation radiation at 1283.6 eV. The spectro-
meter binding energy scale was initially calibrated against the
Au 4f (84.0 eV) level. Cls level (284.4 eV) on clean graphite
disc served as a reference for all spectra. Simulation of the
experimental peaks was carried out using a Gaussian-Loren-
zian mixed function after background subtraction.

Topographic images were acquired in constant force mode
using silicon nitride tips with an estimated radius of 10 nm on
integral cantilevers. The spring constant was 0.06 N m~'. The
pixel size was 512 x 512. Deflection signal was determined by
the first derivative of the topographic signal. We used AFM
Pico-plus (Molecular Imaging, Phoenix, US). The surfaces
were imaged in PBS with a scan rate of 1 Hz.

Preparation of samples for fluorescent analyses were done
as followed. Graphite surfaces modified with anti-transferrin
antibodies (see above) were saturated by a solution of BSA
(10 g L™Y in PBS for 1 h at room temperature to avoid non-
specific binding of antigens. Then, they were placed in a BSA
solution containing 5 pg mL~! of Texas Red apo-transferrin
and supplemented or not with HSA (500 pg mL~") or non-
labelled human apo-transferrin (500 pg mL™'). After three
washes in PBS, fluorescence intensity was detected using an
Olympus BX microscope. The wavelengths were set at 560 +
20 nm (excitation) and 630 + 37.5 nm (emission). A 20 x 0.7
objective and acquisition times of 8s were used. Quantification
of fluorescence intensity was performed from at least 4 fields of
each sample by imaging analysis using SimplePCI software
(Compix Inc).
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