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a b s t r a c t
The application of oxidized chromium as a reusable platform for the development of immunosensors is
presented. Chromium ﬁlms were deposited on quartz crystal microbalances to study the afﬁnity interaction between rabbit immunoglobulin G (IgG) and goat anti-rabbit IgG. A covalent approach, based on
the silane chemistry, was followed for the grafting of either the rabbit IgG or the anti-rabbit IgG on the
silane-modiﬁed chromium surface. Next the differences between the deposition of rabbit IgG on immobilized anti-rabbit IgG and the deposition of anti-rabbit IgG on immobilized rabbit IgG were investigated.
The chromium layer could be reused between experiments, after the proper removal of the organic layers
with piranha etch, obtaining a high repeatability in the steps of the functionalization protocol.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Nowadays there is an increasing interest in the development
of biosensors in many different applications [1,2]. These devices
consist in a transducer and the biomolecular receptors on the
transducer surface that interact with the corresponding analyte.
Such interaction is converted by the transducer into a detectable
signal. The material of the transducer surface can be of many different types: oxidized silicon [3,4] or H-terminated silicon [5,6], silicon
nitride [7,8], GaN and AlN [9], carbon related materials [10,11] or
metals such as gold [12,13].
Among the different transduction mechanisms, the quartz crystal microbalance (QCM) is a very well-established technique that
allows for a quantitative determination of the process taking place
on its surface due to the mass-dependence of its resonance frequency. Such dependence is governed by the Saurbrey equation
[14]. It is also important to point out the possibility of measuring the change in the dissipation factor of the QCM after any
deposition step and correlate this change with the rheologic properties of the deposited layer [15]. Due to the QCM mass sensitivity,
the molecular recognition between antibodies and the corresponding antigens can be easily monitored with this transducer
[16,17].
The sensing material for standard QCMs is the gold of the electrodes. The modiﬁcation of gold is based on the thiol chemistry.
The thiol chemistry is very well established due to the ease of
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preparation, the uniformity of the ﬁlms and the large range of
available ending groups. Despite of all these advantages, the search
of other alternatives to the thiol/gold combination should not be
unconsidered, as thiol ﬁlms are affected by drawbacks, such as limited stability [18,19]. In our case, we propose the use of oxidized
chromium. This approach would allow us the use of the different functionalization strategies available for oxide surfaces, such
as silanes, phosphonates and phosphates, which might overcome
the limitations of the thiol chemistry [20,21].
In this work, we deposited chromium thin ﬁlms on QCMs and,
after the oxidation of the chromium layer, studied the interactions between an antibody such as polyclonal goat anti-rabbit
immunoglobulin G (IgG) and the corresponding antigen, rabbit IgG.
Oxidized chromium surfaces have already been reported for the
study of surfactants adsorption [22] and the deposition of organosilanes [23]. Here we go a step further and demonstrate the reliability
of oxidized chromium as a support for immunosensors.
A covalent approach, based on silane chemistry and already used
in the literature [24–27], was used for the immobilization of either
the antibodies or the antigens. We examined the binding of antigens in solution to the antibody-immobilized layer under varying
antigen concentration, as well as the capture of the antibody by the
immmobilized antigens. The deposition of antigens on the immobilized antibodies resulted in a saturation monolayer coverage as the
antigen concentration was increased. On the contrary, the deposition of antibody on the antigen-immobilized layer presented no
saturation.
After the experiments, the chromium-modiﬁed QCM was
cleaned in order to remove the organic layers and reused again.
After reusing the QCM for 6 times, a speciﬁc immobilization step of
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the protocol had a standard deviation as low as 1.4 Hz, demonstrating the reusability of oxidized chromium for biosensing purposes.
2. Materials and methods
2.1. Materials
Rabbit IgG (I8140); polyclonal goat anti-rabbit IgG (R2004);
mouse IgG (I5381); anti-mouse IgG (M8642); bovine serum
albumin (BSA) (B4287); 3-aminopropyltriethoxysilane (APTES)
(A3648); glutaraldehyde (GA) (340855); potassium phosphate
monobasic and dibasic were purchased from Sigma–Aldrich;
toluene, hydrogen peroxide, sulphuric acid, acetone, 2-propanol
were obtained from VWR. Water was puriﬁed with a Direct-Q 3
UV Millipore system.
2.2. QCM
Gold-terminated QCMs from KSV Instruments were used. The
frequency of the ﬁrst resonance mode was 5 MHz and the active
area was 10 mm. 40 nm thick chromium ﬁlms were deposited on
one side of the QCM by DC-pulsed reactive magnetron sputtering in a home built system [28]. Chromium-coated QCMs are also
available commercially [29], not being necessary in that case the
chromium deposition step.
The impedance response of the QCM, from the third to the
eleventh overtones, was registered using a KSV Instruments
QCM-Z500 microbalance system, which determines the resonance frequency and the dissipation factor. The QCM cell was
temperature-controlled at 25 ◦ C thanks to a Peltier element.

was hydrophilic, as it was completely wet after removal from water.
Next the QCM was dried with nitrogen.
2.3.2. Silanization
The grafting of APTES was performed as follows. The QCM was
immersed in freshly prepared 20 mM APTES solution in toluene
for 1 h in sonication, followed by a thorough cleaning in toluene
and isopropanol. The APTES step covered the surface with amineterminated silane organic molecules for the subsequent steps.
2.3.3. Glutaraldehyde activation
Next the APTES-modiﬁed surface reacted with a 20 mM GA
solution for 1 h, followed by rinsing with water and drying with
nitrogen. GA was used as a homo-bifunctional cross-linker between
the amine groups of the APTES and the primary amines of the
immunoglobulins.
2.3.4. Biomolecules immobilization
After the previous step, the QCM was mounted in a cell designed
to work in liquid media that allowed the on-line tracking of both the
resonance frequency and the dissipation factor of the QCM during
the subsequent steps. Once mounted in the cell, the ﬁrst step was
the covalent binding of either the antibody or the antigen, followed
by the afﬁnity interaction with the complementary biomolecule. In
between the two previous steps, 1 mg/ml bovine serum albumin
(BSA) was used as blocking agent for remaining free binding sites
[30]. The rinsing steps between the modiﬁcation steps were done
with PBS. Reactions were considered as complete when equilibrium
was reached. Fig. 1 shows the different steps of the process.
3. Results and discussion

2.3. Elaboration of the sensors

3.1. APTES grafting

2.3.1. Oxidation
First, the oxidation of chromium was accomplished by immersion of the QCM in fresh piranha etch (H2 SO4 :H2 O2 , 3:1, v/v) for
5 min. After rinsing in Millipore-Q water, the chromium surface

The achievement of an APTES-modiﬁed chromium surface was
checked by measuring the resonance frequency of the QCM after
oxidation and after the APTES step. Both measurements were taken
in air. A frequency decrease of 15 Hz was measured. Our result is

Fig. 1. Steps of the functionalization protocol.
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comparable to already published data. We recall the work by Kurth
and Bein [31]. These authors measured a frequency shift of −48 Hz
for the adsorption of APTES on oxidized aluminum-coated 9 MHz
QCM and such a shift was attributed to the formation of nearly one
monolayer of APTES. The shift of −48 Hz for a 9 MHz QCM corresponds to a surface mass density of 259 ng/cm2 . In our case, the
frequency shift is −15 Hz, and, assuming monolayer coverage, such
a value corresponds to a surface density of 265 ng/cm2 for a 5 MHz
QCM.
Gambinossi et al. [32] also reported the frequency shift for
the chemisorption of (3-aminopropyl)trimethoxysilane (APTMS)
molecules on silicon oxide. This work and our experiments are
done with the same QCM, so the frequency shifts can be directly
compared. According to this work, a densely packed monolayer of
APTMS gives a frequency shift of about −10 Hz.
Moreover, in order to be sure that this value was due to the
grafting process, we repeated the same APTES process on a goldterminated QCM. No grafting of APTES is expected on the goldterminated QCM, as there are no hydroxyl groups on its surface.
We did not observe any frequency shift for the gold-terminated
QCM after the APTES process, conﬁrming that the frequency shift
we measured for the chromium-coated QCM was related to the
APTES grafting.
3.2. Rabbit IgG on anti-rabbit IgG-immobilized QCM
Fig. 2 shows the different steps of rabbit IgG deposition on antirabbit IgG-immobilized QCM after the glutaraldehyde activation.
All these steps were registered on-line in liquid, monitoring both
the resonance frequency shift and the dissipation factor change.
3.2.1. Anti-rabbit IgG immobilization
First PBS was introduced into the QCM cell and, once the equilibrium was reached, a solution of anti-rabbit IgG (100 g/ml) was
allowed to react with the functionalized quartz crystal. The frequency shift after the immobilization of the anti-rabbit IgG layer
was −34 ± 1.4 Hz (n = 6), equivalent to a mass surface density of
602 ng/cm2 , according to the Sauerbrey equation. Depending on
the IgG orientation, the coverage of a densely packed monolayer
of anti-rabbit IgG molecules may vary between about 200 ng/cm2
(−11 Hz, side-on orientation) and 400 ng/cm2 (−22 Hz, end-on
orientation) [16,33], values that are below the measured shift.
So a multilayer of anti-rabbit IgG molecules might be expected.

Fig. 2. Resonance frequency shift of the third overtone normalized by 3 and dissipation factor variation of the same overtone for the GA-APTES-modiﬁed Cr-deposited
QCM versus time during the following steps: (i) 100 g/ml anti-rabbit IgG solution
in PBS, (ii) 1 mg/ml BSA, and (iii) 200 g/ml rabbit IgG solution in PBS.
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However, the uptake of water by the layer of biomolecules has
already been proposed in the literature as an additional source of
mass to be taken into account when evaluating biomolecules deposition in liquid media by QCM measurements [15,34]. Depending
on the biomolecule under study, the coupled water may vary from
30% [35] to 90% [33] of the deduced total mass. So, at this point, it
is difﬁcult to estimate the real coverage of this layer. It should also
be noted that the application of the Sauerbrey equation requires
a thin rigid layer on the QCM. For nonrigid dissipative viscoelastic
ﬁlms, the previous equation fails. In order to estimate its applicability, the variation of the dissipation factor (D) of the QCM has
to be tracked while depositing the layer. D values about or below
2 × 10−6 guarantee the use of the Sauerbrey equation [15]. Higher
values indicate a ﬂexible layer with a high water content uptake
[15,36]. Fig. 2 shows that the D for the anti-rabbit IgG layer is
below 2 × 10−6 , therefore, within the required range to apply the
Sauerbrey equation.
3.2.2. BSA deposition
After the anti-rabbit IgG binding step, a solution of BSA was
introduced. The BSA step resulted in a very small frequency shift,
about −3 Hz. This might be due to either a non-homogeneous coverage of the former layer that exposed free sites or an uncontrolled
physisorption process of the BSA molecules on the anti-rabbit IgG
layer. This small shift conﬁrms that the anti-rabbit IgG layer is covering nearly all the active area of the QCM [37].
3.2.3. Rabbit IgG/anti-rabbit IgG interaction
For the ﬁnal step, corresponding to the antigen–antibody interaction, 200 g/ml rabbit IgG solution in PBS were added and the
resulting frequency shift was −25 Hz. Here the D is close to
1 × 10−6 .
In order to get more information about the interaction
antibody–antigen, the dependence of the frequency shift on the
concentration of rabbit IgG that interacts with the anti-rabbit IgGmodiﬁed QCM was studied. Fig. 3 shows the results. The data points
correspond to the average of repeated experiments. And the value
of each experiment is the normalized frequency shift of the different overtones. The error bars indicate the standard deviation of
the repeated experiments. It is worth mentioning that the D was
below 2 × 10−6 for these experiments. There are two clear regions:
a linear region up to 20 g/ml and a saturation region above the

Fig. 3. Frequency shift due to the interaction of rabbit IgG with anti-rabbit IgGmodiﬁed QCM. The dashed curve is the ﬁtting to a Langmuir-type adsorption model.
The data points are the frequency shift average of repeated experiments. The error
bars represent the standard deviation of the repeated experiments. The number of
experiments was 3 for the three higher concentrations, and 2 for the rest.
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previous concentration. As can be seen, the saturation value corresponds to about −23 Hz. This type of behaviour is commonly found
in the ﬁeld of immunosensors when studying antibody–antigen
afﬁnity and resembles a Langmuir-type adsorption model [38–40].
The dashed line of Fig. 3 is the ﬁtting of the experimental data to
the equation governing the Langmuir adsorption model:
f = fmax

Kc
1 + Kc

where f is the measured frequency shift in Hertz measured at each
IgG concentration, fmax is the frequency shift at saturation, c is the
rabbit IgG concentration in solution and K is the afﬁnity constant.
fmax = −22.1 Hz and K = 0.16 ± 0.04 L/mg, comparable to previous
results on gold surfaces [40], were obtained from the ﬁtting. As a
result, the frequency shift saturation of −23 Hz is expected to correspond to the coverage of rabbit IgG required to saturate the active
binding sites present on the anti-rabbit IgG layer. This value compares well with the frequency shift expected for a monolayer of IgG
molecules with end-on Y orientation. Similar results were obtained
before. For example, He et al. [41], reported the reaction of human
IgG on anti-human IgG adsorbed on gold-terminated QCM. After
successive additions, the frequency shift saturated and the ﬁnal
frequency shift was about −150 Hz for a total IgG concentration
of 167 g/ml. The fundamental resonance frequency and the active
area for this work were 9 MHz and a 6.5 mm diameter circle, respectively. So, the corresponding frequency shift for the QCM used in our
experiments would be −19 Hz, comparable to the value of −23 Hz
we reported.
The speciﬁcity of the interaction was also studied using mouse
IgG, a non-speciﬁc antigen. The frequency shift for 20 g/ml speciﬁc
rabbit IgG and for 20 g/ml non-speciﬁc mouse IgG were −20 Hz
and below the resolution of the system, respectively. Fig. 4 shows
the results.
Equally interesting is to mention that the same chromiumcoated QCM was used for 6 experiments in Fig. 3, ranging from
the lowest to the highest concentration. For each concentration, all
the protocol steps were repeated, including the initial immersion
in piranha etch to regenerate and clean the oxidized chromium
surface. This allowed us to check the reproducibility of the step
corresponding to the immobilization of anti-rabbit IgG on the GAAPTES-modiﬁed QCM, as this step was the same for all the 6
experiments. The average frequency shift of this step was −34 Hz
with a standard deviation of 1.4 Hz as Fig. 5 shows. This result

Fig. 4. Speciﬁcity of the antibody–antigen interaction. Response of 20 g/ml speciﬁc
rabbit IgG and 20 g/ml non-speciﬁc mouse IgG on anti-rabbit IgG-immobilized
QCM.

Fig. 5. Repeatability of the immobilization of 100 g/ml anti-rabbit IgG on GAAPTES-modiﬁed chromium-coated QCM.

demonstrates the reliability of oxidized chromium as reusable support for biosensing in liquid media.
3.3. Anti-rabbit IgG on rabbit IgG-immobilized QCM
We also used a chromium-deposited QCM to study the interaction of anti-rabbit IgG on an immobilized layer of rabbit IgG, i.e. the
order in which the biomolecules were deposited was inverted with
respect to Figs. 2 and 3. The rest of the steps were all the same. The
same QCM was used for the different concentrations, after regeneration with piranha etch. The step corresponding to the covalent
link of the rabbit IgG to the GA-APTES-modiﬁed QCM was done
using a 50 g/ml concentration in PBS and the frequency shift was
−23 ± 3.6 Hz (n = 6). The deposition of BSA gave the same results
as the ﬁrst approach. The frequency shift as a function of the antirabbit IgG concentration that reacts with the rabbit IgG-modiﬁed
QCM can be seen in Fig. 6. Surprisingly, the obtained behaviour differs from that explained in Section 3.2. We could expect a saturation
of the response as the antibody concentration increases. However,
there is no saturation plateau but a decrease in the resonance frequency shift up to concentrations of 200 g/ml. An explanation to

Fig. 6. Frequency shift due to the interaction of anti-rabbit IgG with rabbit
IgG-modiﬁed QCM. The data points are the frequency shift average of repeated
experiments. The error bars represent the standard deviation of the repeated experiments. The number of experiments was 3 for the two higher concentrations, and 2
for the rest.
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this behaviour could be related to the nature of the biomolecules
used. The rabbit IgG, i.e. the antigen in our experiments, is a large
molecule with many different binding sites (epitopes) for the antibodies [42]. Antibodies can be either monoclonal or polyclonal.
Monoclonal antibodies only recognize a speciﬁc epitope of the antigen. And polyclonal antibodies recognize all the different epitopes.
In our case, the anti-rabbit IgG antibody is polyclonal. Therefore,
the numerous epitopes of the rabbit IgG could be targeted. It also
has to be mentioned that each anti-IgG molecule has two binding
sites for the epitopes of the antigen [42].
So we can conclude that immobilized anti-IgG molecules
present no more than two binding sites for the dissolved IgG antigens. And immobilized IgG molecules show several binding sites
(epitopes) for the polyclonal anti-IgG antibodies. Therefore, assuming a random orientation, a higher number of binding sites might be
present on the surface modiﬁed with rabbit IgG molecules. In consequence, a higher amount of anti-IgG molecules will be required
to achieve saturation, and this might be why there is no evidence of
saturation in Fig. 6 for the range of anti-IgG concentrations under
investigation.
Another important feature to point out is the value of the dissipation factor variation D in Fig. 6. The value of D is higher
than 2 × 10−6 for concentrations above 70 g/ml. For example,
D is about 3 × 10−6 and 6 × 10−6 for 90 g/ml and 200 g/ml,
respectively. This trend in D might correspond to a higher water
content uptake by the increasing coverage in anti-IgG. In addition,
such values also reveal a viscoelastic ﬁlm and the corresponding
frequency shifts (−58 Hz and −113 Hz for 90 g/ml and 200 g/ml
over estimate the real added mass [43]. It is also worth noting the
standard deviation of the frequency shift at 200 g/ml. This error is
higher than for the lower concentrations and this could be related
to the importance of coupled water to the measured frequency shift
and the variability in this water uptake.
Similar experiments were carried out in-house on silicon-oxide
modiﬁed quartz crystals microbalances and the same trend, i.e. no
saturation was observed. The main drawback was the need of using
a new silicon oxide QCM for each concentration, as we did not get
reproducible results after regeneration with piranha etch.
4. Conclusions
We report on the application of oxidized chromium thin ﬁlms
as a reusable platform for the development of immunosensors.
Chromium ﬁlms were deposited on QCM to study the biomolecular recognition between rabbit IgG and the corresponding goat
anti-rabbit IgG. A covalent approach, based on the silane chemistry,
was followed for the grafting of either the rabbit IgG or the antirabbit IgG on the surface, with the subsequent deposition of the
complementary biomolecule. The chromium surface allowed us to
investigate the differences between depositing rabbit IgG on immobilized anti-rabbit IgG and anti-rabbit IgG on immobilized rabbit
IgG. The ﬁrst approach resulted in a deposition curve terminated
by a saturation plateau. By contrast the second approach exhibited no saturation. The chromium layer could be reused between
experiments, after the proper removal of the organic layers with
piranha etch, obtaining a high repeatability in the steps of the functionalization protocol. These results demonstrate the reliability of
oxidized chromium thin ﬁlms as a reusable support for the analysis
of biomolecules interactions and as a realistic alternative to other
metals.
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