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Preparation, Characterization and Application of
Modified Surfaces with 3,5-Bis(3,5-dinitrobenzoyl-
amino) benzoic acid
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Summary: The spontaneous adsorption of the dendron 3,5-Bis (3,5-dinitrobenzoyla-
mino) benzoic acid (D-NO,) onto gold and carbon electrodes produced conductive
surfaces with electroactive chemical functions. A comparative electrochemical
behavior of both electrodes after dendron immobilization led us to conclude that
the self-assembly of D-NO, on carbon is faster and stronger. Considering this
advantage, the surface of magnetic maghemite nanoparticles (MNPs) was modified
using D-NO,. Firstly, MNPs were modified with APS as silane coupling agent and
afterwards, D-NO, was covalently attached to the surface, achieving nitro-functio-
nalized MNPs. Subsequently, the immobilization of these modified MNPs onto glassy
carbon surfaces was explored to generate a novel platform promising for biosensors
development.
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Introduction

Research on functionalized surfaces is of
growing interest nowadays and has
attracted interdisciplinary attention.['*!
The efficiency of any immobilization pro-
cess relies on the careful balance of
intermolecular forces that promotes the
interaction between the solid surface and
the molecule to be grafted.”) In this
context, surface chemistry is a powerful
tool to tailor surface properties.

More specifically, thin films and self-
assembled monolayers (SAMs) have poten-
tial applications in materials science and
biological sensors.*! Interest in thin films
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lies in their potential as inexpensive,
versatile surface coatings for applications
including the control of wetting and adhe-
sion, chemical and microbial resistance,
biocompatibility and molecular recognition
for sensors, especially those related to
biology.”! The attachment of thiol com-
pounds to a gold surface to form an ordered
structure is used in most SAMs. Other
approaches include attaching terminal
alkenes to silica or attaching chlorosilanes,
phosphonic acids, carboxylic acids and
alcohols to non-metals and metals with a
native oxide layer.!*!

Magnetic nanoparticles (MNPs) possess
high surface area and unique magnetic
properties with a broad range of potential
biomedical applications!®™! (e.g., diagnos-
tic medicine, hyperthermia, cell labeling
and sorting, separation o cells), and other
nonbiomedical uses!'”) (e.g. high-density
memory devices, magnetic sensors, imaging
reagents, ferrofluids). In all cases the
magnetic nanoparticles must remain non-
aggregated, be stable against oxidation, and
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display high magnetization.[”] In recent
years there has been a significant progress
in the application of these novel nanoma-
terials in biosensors."?! One of the main
issues in this field is the surface modification
of nanoparticles using various useful mate-
rials. This produces desirable surface func-
tionalities that can be tailored to specific
applications. Zhang et al"*! have presented
a novel method for the preparation of
hydrogen peroxide biosensor using carbon-
coated iron nanoparticle as a novel kind of
magnetic nanomaterials, obtained by coat-
ing a layer of carbon uniformly on the
surface of the nanoscale iron. The coated
nanoparticles exhibited resistance to corro-
sion and oxidation, and a small average size,
which make them highly promising for
applications.[“] Recently, Lee et al. have
reported useful magnetic carriers prepared
by coating a layer of polymer onto magnetic
nanoparticles.[ls] They have been success-
fully applied in enzyme immobilization
because of its abundant functional groups
and magnetic character, which is also useful
in the separation of them from the reaction
medium by using a magnetic field.[*®]

In addition, several specific dendrimers
and dendrons have been studied using self-
assembled monolayers (SAMs) to give
organic thin films."”~'° They are of parti-
cular interest to nano and polymer research
as building blocks due to their unique,
architecturally driven, macromolecular
properties.[zmz‘” By using dendritic mole-
cules, the selectivity of the material can be
increased.”! Examples like Newkome-
type dendrons that terminate with carbox-
ylates have been used to attach a ferrocene
in close proximity to a gold electrode that is
coated with ammonio-terminated thiols.*)
They are also used to impart water solubility
on highly hydrophobic aromatic groups.?”
In previous works,[>?8%] e demonstrated
the benefits of the use of dendrons with
specific functionality as structure modifiers
in the synthesis of hybrid and amphiphilic
structural polymers.

Lately, we have studied the use of one
specific dendron (3,5-bis(3,5 dinitrobenzoy-
lamino)benzoic acid) or (D-NO,) to modify
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gold and carbon surfaces***"! showing an

optimal molecular structure and wide
versatility to self assemble onto different
surfaces. The dendritic molecule contains
three aromatic rings in its body, four nitro
groups as peripheral-ends, and a carboxylic
acid group at the focal point. The presence
of the three aromatic rings contributed as a
rigid fragment, which appears to be
responsible for the readiness of the den-
drons for self-assembly and for their rapid
interaction with some surfaces.*!!

We report here a comparative analysis of
the behavior of D-NO, self-assembled onto
gold and carbon surfaces and the application
of this dendron to chemically modified
magnetic nanomaterials. A synthetic path-
way was developed to prepare the D-NO,-
coated magnetic maghemite (y-Fe,O3)
nanoparticles. Subsequently, the immobili-
zation of these modified magnetic nanopar-
ticles onto glassy carbon surfaces was
explored to generate a novel platform
promising for the development of biosensors.

Experimental Part

Materials and Equipment
3,5-Dinitrobenzoyl chloride (Fluka, 98%),
3-(aminopropyl)trimethoxysilane ~ (APS,
Sigma Aldrich, 99%), and tionylchloride
(SO,Cl, Sigma Aldrich) were used as
received; N,N-Dimethyladetamide (DMAc,
Tedia) and toluene (Ciccarelli) were dried
over 4A molecular sieves; 3,5-Diamino-
benzoic acid (Aldrich, 98%) and ninhy-
drine (Anedra, p.a) were purified by
recristallization from water. Maghemite
(Fe,05) iron oxide magnetic nanoparticles
(MNPs), with a nominal size of 9nm, were
kindly provided by Prof Ifiaki Mondragén
(Universidad del Pais Vasco, Spain) and
were used as received. The rest of commer-
cially available chemicals were reagent
grade and used without further purification.
All solutions were prepared immediately
prior to their use. Phosphate buffer solu-
tions (PBS) used in this work contain 0.1 M
Na,HPO,/NaH,PO,. Water was purified
with a Millipore Milli-Q system.
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Infrared spectroscopy (FT-IR) was car-
ried out on a Nicolet-58XC, using KBr or
AgBr pellets; thermogravimetric analyses
(TGA) were performed on a 2950 TGA HR
thermogravimetric analyzer, TA Instru-
ments, between 20 and 500°C, and at
heating rate of 10°C/min under nitrogen
flow.

Dendronization of MNPs with DNO,

The dendron (3,5-Bis (3,5-dinitrobenzoyla-
mino) benzoic acid) or D-NO, was
obtained following Kakimoto’s proce-
durel¥23! by using 3,5-Diaminobenzoic
acid and 3,5-dinitrobenzoyl chloride in
DMAc.

a) Synthesis of MNPs-APS: the functio-
nalization of MNPs with APS was achieved
following similar procedures to those pre-
viously reported.®***! In a dry three-
necked flask and under a nitrogen atmo-
sphere, MNPs (50mg, 0.087 mmol, 1 eq)
were dispersed in dry toluene (6 mL). Then,
APS (0.065mL, 0.277 mmol, 3.2 eq) was
then added with a syringe under sonication.
The dispersion was sonicated for 3h at
room temperature. The MNPs were subse-
quently washed with tetrahydrofuran
(THF) six times and centrifuged in order
to remove the remaining APS. The mod-
ified MNPs were dried under vacuum at
45°C until constant weight. Using the
ninhydrin method,®®! which allows the
determination of primary amino groups,
the efficiency of this first step was quanti-
fied.

FT-IR (cm™'): 3419, 2961, 2930, 1561,
1408, 1100, 1035, 673, 637, 586.

b) Synthesis of MNPs-APS-D-NO,: as
was previously reported,”®! in a dry three-
necked flask and under a nitrogen atmo-
sphere, D-NO, (10 mg, 0.0185mmol) was
exposed to thionylchloride (SO,Cl, 3mL)
and 3 drops of DMF were used as a catalyst;
after that, the mixture was refluxed for 5h.
Then, the excess of SO,Cl was removed
under vacuum, and MNPs-APS (20 mg)
were added as a solid. The mixture
obtained was dispersed in dry DMAc
(5mL), cooled at 0°C and stirred for 6h.
The temperature was subsequently allowed
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to rise at room temperature, and the
dispersion was stirred for 18 h. In order to
remove the remaining D-NO,, the resulting
mixture was washed and centrifuged twice
with HCI 1.5M, milli-Q water, saturated
NaHCO; solution, and four times with
THEF. The product was dried under vacuum
at 45 °C until constant weight.

FT-IR (cm™'): 3442, 2924, 1570, 1543,
1345, 1020, 689, 635, 584.

Electrochemical Measurements
Electrochemical measurements were per-
fomed with an Autolab electrochemical
analyzer and a conventional three-elec-
trode system, comprising a carbon (or gold)
working electrode, a platinum foil as
counter-electrode, and an Ag/AgCl 3.0M
NaCl electrode (from BAS) as reference.
All potentials were reported versus the Ag/
AgCl reference electrode at room tempera-
ture. Nitrogen gas was used to deaerate all
aqueous solutions before use.

a) Preparation of working electrode:
1.6 mm-polycrystalline gold (Bioanalytical
System Inc. (BAS), Lafayette, IL) or
3.0mm- glassy carbon electrodes (GCE
from CH Instruments, Inc. Austin, TX)
were polished with 1.0, 0.3 and 0.005 mm
alumina slurry on a microcloth pad, rinsed
with water and ethanol and sonicated
(10min) in distilled water. The gold
electrodes were subsequently activated by
repeatedly scanning the potential between
the hydrogen evolution and the oxygen
evolution regions in 1 M H,SOy, rinsed with
water and dried in N, flux.

b) Attachment of D-NO, onto carbon
and gold electrodes by self-assembly tech-
nique: The cleaned working electrode was
incubated in a Dimethylsulfoxide (DMSO)
solution containing 10mM of D-NO, at
intervals ranging from 5 seconds up to
overnight. Following the modification, the
derivatized surface was subsequently rinsed
with copious volumes of ethanol and water,
and used following its preparation.

¢) Attachment of MNPs-APS-D-NO, onto
GCE: The cleaned glassy carbon electrode
was incubated in a DMSO suspension con-
tainingl mg/mL of dendronized-maghemite
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(MNPs-APS-D-NO,) at intervals ranging
from 15 min up to overnight. Following the
modification, the derivatized surface was
subsequently rinsed with copious volumes
of ethanol and water, and was employed
immediately after its preparation.

Results and Discussion

Comparative Behavior of D-NO,

Immobilized onto Gold and Carbon
Electrodes

The attachment of D-NO, onto the elec-
trode was monitored through the observa-
tion of the electrochemical signal of
reporting groups, such as the nitro group.
The voltammetry of nitrobenzene and
nitrosobenzene physisorbed onto different
substrates®’ ! reveals that the voltam-
metric response observed was indeed
characteristic of the electrochemical reduc-
tion of an aromatic nitro compound and
consistent with the general mechanism
shown elsewhere.*) The cathodic wave
at —0.50V during the first scan corre-
sponded to the four-electron reduction of
each nitro moiety to the corresponding aryl
hydroxylamine onto gold electrodes (see
Figure 1a). On the subsequent sweep, the
pair of anodic and cathodic peaks could be
attributed to the two-electron oxidation/
reduction of the aryl-hydroxylamine/aryl-
nitroso moieties onto gold (see Figure 1b).
In addition, the properties of D-NO,
modifying carbon surfaces enable the
proposal of a more detailed mechanism
than adsorbing onto gold electrodes.
Figure 1c shows the electrochemical profile
obtained for the reduction of D-NO,
attached onto GCE during the first scan
exhibiting two waves instead of one. This
behavior could be explained considering
the differences in energy for the reduction
of the two NO, substituents in each
aromatic ring of D-NO,.*!!

Assuming that the cathodic peak at
—0.48V (A) is associated with the reduc-
tion of one NO, substituent, the reduction
of the second NO, substituent (the cathodic
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peak (B) at —0.60V) occurs at more
negative potentials due to the disappear-
ance of the negative inductive effect of an
electron acceptor like NO, in the meta
position.’!! On the subsequent positive-
going sweep, the anodic peak at —0.03V
(C) is related to the oxidation of one
NHOH substituent, while the anodic peak
at 0.04V (D) is associated with the oxida-
tion of the other NHOH substituent, which
now has a NO substituent in the meta
position (see Figure 1d).

The presence of functional groups could
significantly alter the nature and the
magnitude of the interactions between
aromatic molecules and the electrode sur-
face. Although the electrochemical beha-
vior of D-NO, adsorbed onto GCE is
qualitatively similar to that observed for
gold, we found that DNO, exhibits a
greater affinity to form spontaneous layers
on carbon than on gold. Immersing the
glassy carbon electrode in 10mM D-NO,
solutions for only 5seconds allowed us to
obtain the electrochemical signal of an
aromatic nitro compound instead of the
approximately 8-12 hours needed with gold
electrodes. In our opinion, the cooperative
effect of phenyl rings and the multifunc-
tionality of D-NO, (containing carboxyl
and nitro groups) allowed a direct and rapid
adsorption onto carbon surfaces favored by
-7 interactions. Taking into account the
strong affinity between D-NO, and carbon
surfaces, the subsequent step, in our case,
was the incorporation of this dendron onto
the surface of magnetic maghemite nano-
particles. The idea was to use the dendron
as a linker for the immobilization of
dendron-coated magnetic nanoparticles
onto GCE.

Synthesis and Characterization of MNPs-
APS-D-NO,

The modification of MNPs with D-NO,
involved a two-step synthetic strategy
shown in Scheme 1. First, MNPs were
modified with APS as silane coupling agent.
Afterwards, D-NO, was covalently attached
to modified MNPs, achieving nitro-
functionalized magnetic nanoparticles. In
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Cyclic voltammograms at 0.1 Vs for D-NO, modified surfaces in 0.1M PBS (pH 7). Gold electrode, first (a) and
second (b) scan. Glassy carbon electrode, first (c) and second (d) scan.

the first step, the conversion degree of
superficial OH groups into NH, groups was
estimated to be of 15%, using the ninhydrin
method. After each step, modified MNPs
were characterized by FTIR and TGA. It is
important to notice that an increase in the
solubility in organic solvents was observed
after the organic derivatization.

Figure 2 and 3 show the spectra of
MNPs, MNPs-APS and MNPs-APS-D-
NO,. The comparative analysis of them
and the appearance of new bands confirmed
the synthetic modification achieved. Spec-
tra of MNPs-APS shows the incorporation
of new peaks corresponding into APS, as an
aliphatic C-H stretching between 3000-

0
( HNa g RH o L
o 4]
\/“,sﬁ—/_/ bno, COOH
/9 ars
/Jf\ o

oy 117Tol, 3h, Ny, ulwasanic bath, AT Eeﬁ}\ ?‘
o - U’FI\/\/M" *

2) THF (washed and centrifuged)

~3EOH \_T—/

MNPs-APS

MNPs

SOCHy, reflux $h A_\
( DMAC, Ny, 0°C-RT, 24 h " i
—_—
- rr\/\/ ¥ NG,

NGy NO, H
Wl &k S °

NI
RS Hos

MNPs-APS-DNO,
CIDNO,

coct
Scheme 1.

Synthetic pathway used in order to obtain dendron-coated magnetic nanoparticles.
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Figure 2.
FTIR spectra for unmodified MNPs, APS, MNPs-APS.

MNPs-APS

MNPs-APS-DNO,

3000 2000

1000

Wavenumber (cm™)

Figure 3.

FTIR spectra for MNPs-APS, D-NO2 and MNPs-APS-D-NO2.

2900cm !, N-H bending at 1561 cm ™", Si-
O-Si and Fe-O-Si between 1000-1100 cm ™,
and a variation in the relative intensities of
other two peaks due to Fe-O stretching
bond between 560-640cm '. The peak at
569cm~! exhibits an intensity decrease,
while the peak at 630cm ™! remains con-
stant. The spectrum of MNPs-APS-D-NO,
shows bands which confirmed that D-NO,
was attached to MNPs-APS, as an incor-
poration of asymmetric and symmetric
stretching of nitro group at 1543 and
1345cm ', respectively. Another peak at
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921 cm™ Y, due to C-H out-of-plane defor-
mation of trisubstitued aromatic ring can be
observed as well. Other characteristic
bands of the dendron are overlapped with
the bands of MNPs-APS. The spectra show
a low degree of derivatization, mainly after
the second synthetic step.

In addition, TGA experiments were
carried out. Figure 4 shows the weight loss
for modified and unmodified MNPs for the
heating process from 20-500°C. Grafting is
proved by the weight loss and by the
degradation of the organic part in the

www.ms-journal.de
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TGA thermogram of (i) unmodified MNPs; (ii) MNPs-APS; (i) MNPs-APS-D-NO,.

modified nanoparticles, as previously
reported.[‘”] In all cases, the thermograms
exhibit one first step of weight loss of 3%
before 100°C, attributed to water loss.
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Figure 5.

Cyclic voltammograms at 0.1 Vs for MNPs-APS-D-NO,
modified glassy carbon electrode in 0.1M PBS (pH 7).
First scan (dashed line) and second scan (solid line).
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MNPs-APS thermogram shows a weight
loss of 3% between 225 - 420°C corre-
sponding to APS organic modification, and
MNPs-APS-D-NO, displays a weight loss
of 8% between 120 - 420 °C corresponding
to dendron and APS chemical modification.

Self-Assembly of MNPs-APS-D-NO, onto

GCE

From Figure 5 it is clearly seen that the
spontaneous self-assembly of MNPs-APS-
D-NO, onto GCE was achieved because
the electrochemical signal of nitro moieties
were observed. The voltammetric feature is
similar to that observed for D-NO,
attached directly onto carbon surface.
The main difference, however, lies in the
total amount of the charge related to nitro
moiety which, in this case, is considerably
smaller. These results are in a good
agreement with the low degree of MNPs
functionalization achieved.

Conclusion
The spontaneous adsorption of 3,5-Bis (3,5-
dinitrobenzoylamino) benzoic acid (D-

NO,) onto gold and carbon surfaces results
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in a simple and rapid way to produce
conductive surfaces with electroactive che-
mical functions. A comparative electro-
chemical behavior of both metals after
dendron immobilization was presented.
The glassy carbon electrode shows better
results (shorter adsorption times for self-
assembly) and allows the advancement of a
more detailed mechanism.

With the aim of investigating new routes
to produce sensor platforms and taking into
account the strong affinity between D-NO,
molecules and carbon, a synthetic pathway
was developed to obtain D-NO,-coated
magnetic nanoparticles. Maghemite mag-
netic iron oxide nanoparticles were mod-
ified with 3-(aminopropyl)trimethoxysilane
as silane coupling agent. Afterwards, D-
NO, was covalently attached to the mod-
ified MNPs, achieving nitro-functionalized
magnetic nanoparticles. The immobiliza-
tion of the novel dendritic molecule-coated
MNPs onto carbon surfaces was subse-
quently achieved. The attachment of the
dendron was monitored through the obser-
vation of the electrochemical signal of the
nitro group. These results point out a simple
method to add magnetic material in carbon
electrodes and thus generate promising
surfaces for the development of biosensors.

The dendron covalently bounded to
nanoparticles plays an essential role in
the immobilization of the functionalized
nanoparticles onto the electrode surface.
We believe that the novel strategy for the
synthesis presented in this work can be
generalized and adapted to synthesize
other dendronized surfaces. The novel
and versatile hybrid nanostructured mate-
rial obtained will promote the exploration,
design, fabrication, and search for new
applications in biosensor developments and
pave the way for many applications such as
biocompatible delivery systems and elec-
tronic and photonic devices. We are
currently actively exploring this area of
research.
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