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Antibody fragment immobilization on a planar gold
and gold nanoparticle modified quartz crystal
microbalance with dissipation sensor surfaces for
immunosensor applications†

A. Makaraviciute,a T. Ruzgas,b A. Ramanaviciuscd and A. Ramanaviciene*a

Immunosensors are bioaffinity sensors incorporating immune systemmolecules that are utilized for analyte

recognition and signal transduction yielding a measurable signal upon analyte detection. A lot of effort has

been made to optimize the immobilization matrix on the sensor surface since the outcome of the ligand

immobilization procedure determines sensitivity, specificity and longevity of the developed

immunosensor. In this work, antibodies against bovine leukemia virus antigen gp51 were chemically

reduced to “half” antibody fragments that were later employed as recognition ligands. Antibody

fragments at different concentrations were immobilized via thiolate bonds on planar gold and gold

nanoparticle modified surfaces of a quartz crystal microbalance with a dissipation sensor. Antibody

fragment immobilization and interaction with antigens were investigated. Antibody fragment surface

mass densities after the immobilization on planar gold and gold nanoparticle modified sensor surfaces

were directly dependent on the initial antibody concentration. The highest analytical response was

exhibited by antibody fragments immobilized at the smallest surface mass density on planar gold and

gold nanoparticle modified surfaces. Bovine leukemia virus antigen gp51 interaction with antibody

fragments was compared with non-specific gp51 interaction with bovine serum albumin on planar gold

and gold nanoparticle modified surfaces by employing DD/Df plots.
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1. Introduction

An immunosensor is a device providing analytical information.
It is based on an immune system element functioning as a
recognition molecule, which is in contact with a signal trans-
ducer. The main performance characteristics of an immuno-
sensor including sensitivity, specicity, and reusability depend
predominantly on the ligand immobilization technique and
the resulting interface between the immobilized capture
ligands and the sample solution containing analyte molecules.
When antibodies are used as capture ligands, it is crucial to
consider the effect of the immobilization technique on anti-
body activity, paying special attention to orientation and
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stability as the performance of the immobilized antibodies
largely depends on these features.1 It has been shown2–4 that
antibody orientation has a signicant effect on their func-
tionality, and a number of immobilization techniques have
been proposed enabling site-directed antibody orientation on
the sensor surface, for example, employing the Fc binding
proteins,5 oxidising oligosaccharide moieties6 and producing
antibody fragments (Frag-Ab) with free sulydryl groups that
are exposed aer the reduction of disulde bridges present in
the hinge region.7

The surface preparation technique based on chemical
reduction of antibody disulde bridges is rapid, convenient,
inexpensive and enables the formation of a well-oriented anti-
body layer immobilized via very stable bonds between the
sulydryl groups and the gold surface (Au).8 However, it has
been suggested that proteins might denature upon close
contact with Au, which could result in a decreased performance
of the immunosensor.9 Immobilizing antibodies on gold
nanoparticles (AuNPs) might be a possible solution as by using
model systems it has been demonstrated that globular proteins
retain their structure better on higher curvature surfaces.10,11

Besides the potentially benecial surface topography, AuNPs
have an additional advantage of increased surface areas in
comparison to planar Au surfaces and might result in a bigger
Anal. Methods, 2014, xx, 1–7 | 1



Fig. 1 Schematic representation of the experimental setup. A – gp51
interaction with Frag-Ab immobilized on the planar Au electrode
surface; B – non-specific gp51 interaction with BSA adsorbed on the
planar Au electrode surface; C – gp51 interaction with Frag-Ab
immobilized on the AuNP modified Au electrode surface; D – non-
specific gp51 interaction with BSA adsorbed on the AuNP modified Au
electrode surface. Frag-Ab– fragmented (reduced at the hinge region)
antibodies against gp51; AuNP – gold nanoparticles; BSA – bovine
serum albumin, gp51 – bovine leukemia virus antigen.
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surface density of recognition ligands which, in turn, could
yield a subsequently higher response to antigens.12

The quartz crystal microbalance (QCM) is a piezoelectric
surface sensitive technique that has been widely used in
biosensor design.13–15 Although initially QCM had been devel-
oped for thin rigid lmmeasurements, it was later developed for
the evaluation of the surface bound protein layers. Conventional
QCM registers quartz crystal resonance frequency change upon
protein deposition on the surface and the new modication
entitled quartz crystal microbalance with dissipation (QCM-D)
enables the registration of the D-factor, which is related to
energy dissipation caused by friction and viscoelastic properties
of the layer. Although the mass of thin and rigid layers can be
obtained from the QCM data using a linear frequency change-
deposited mass dependence described by a Sauerbrey relation,
themore bulky protein layers with trappedwater are not as easily
described. The main advantage of QCM-D is that this technique
allows calculation of mass adsorbed on the surface more
precisely than the conventional QCM and additionally enables
the evaluation of viscoelastic properties and the water content of
the protein layer.16,17 Hence, QCM-D data provide substantial
information on the structure of the immunosensor interfaces
and reaction parameters of the immobilized molecules.

In the present study, Frag-Ab immobilization and the
resulting response to antigens on the planar QCM-D sensor
surface and on AuNPmodied sensor surfaces were analysed by
the QCM-D method using a model system of bovine leukemia
virus antigen gp51 (gp51) and specic antibodies against gp51.
In addition, Frag-Ab/gp51 interaction and the non-specic
bovine serum albumin (BSA) and gp51 interactions on planar
and AuNP modied surfaces have been compared by the use of
QCM-D DD/Df plots (Fig. 1).
55
2. Experimental
2.1 Materials

2-Mercaptoethanol (2 ME), acetic acid, ammonium sulfate,
bovine serum albumin, ethanol, gold(III) chloride hydrate,
2 | Anal. Methods, 2014, xx, 1–7
hydrochloric acid, poly-L-lysine (PLL), potassium chloride,
potassium hydrogen phosphate, sodium chloride, disodium
hydrogen phosphate, and trisodium citrate dihydrate were
obtained from Sigma-Aldrich, Germany. Lyophilized bovine
leukemia virus antigen gp51 and serum enriched with specic
antibodies against gp51 were purchased from BIOK, Russia.
Gold-coated QCM-D quartz crystals (QSX 301) with a resonance
frequency of 4.95 MHz and a diameter of 14 mm were obtained
from Q-Sense AB, Sweden. Unstained Protein Molecular Weight
Marker was purchased from ThermoFisher Scientic, USA.
2.2 Methods

2.2.1 AuNP synthesis. AuNP synthesis was carried out
according to the method described by Turkevich et al.18 Briey,
50 mL of 1 mM gold(III) chloride hydrate solution was heated
under stirring until 90 �C was reached. Then, 2.308 mL of 1%
trisodium citrate dehydrate was added and the mixture was
incubated at 90 �C for 15 min while stirring and for 10 min with
the stirring switched off. Aerwards the resulting AuNP colloid
was allowed to cool down to room temperature and was
subsequently dialyzed against deionized water (1 : 500) at +4 �C.
The synthesized AuNPs were evaluated by TEM analysis, which
revealed that the average size of AuNPs was 50 nm. When not in
use, the AuNP colloid was stored at +4 �C.

2.2.2 Antibody precipitation. Polyclonal antibodies against
gp51 were precipitated by mixing 10 mL of serum with an
equivalent amount of saturated ammonium sulfate solution and
incubating overnight at +4 �C under stirring. The mixture was
then centrifuged at 5000 rpm for 20 min and the pellet was
resuspended in 5mL 10mMphosphate buffered saline (PBS) pH
7.4. The resulting suspension was mixed with 5 mL of saturated
ammonium sulfate solution and the precipitation step was
repeated. Aer reconstitution, the antibody solution was dia-
lyzed against 10 mM PBS pH 7.4 overnight at +4 �C. The protein
concentration was evaluated spectrophotometrically according
to themethod described by Ehresmann et al.19 All solutions were
prepared in UHQ water (conductivity less than 1 mS cm�1) puri-
ed using a DEMIWA rosa (WATEK, Czech Republic).

2.2.3 Antibody reduction. In order to immobilize anti-
bodies directly on the Au surface, sulydryl groups must
become accessible. This was achieved by chemical reduction of
disulde bridges present in the antibody hinge region by 2 ME
as described in our previous publication.3

Briey, 37.5 mL of antibody suspension was mixed with
210 mL of 0.1 M 2 ME and 52.5 mL of 10 mM PBS pH 7.4 and
incubated at 37 �C for 90 min. This procedure results in two
identical “half” antibody fragments, i.e., fragmented anti-
bodies.2,20 Frag-Ab solutions were prepared from antibody
solutions of three different concentrations of 100, 200 and
440 mg mL�1.

2.2.4 Preparation of Frag-Ab modied planar Au QCM-D
sensor surface. A QCM-D planar Au sensor with a resonance
frequency of 4.95 MHz was rinsed with ethanol and deionised
water and dried with nitrogen. It was then plasma cleaned
(Harrich plasma cleaner PDC-32 G, Harrick Plasma, USA) for
10 min. Analysis was carried out using a Q-Sense E1 instrument
This journal is © The Royal Society of Chemistry 2014
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(Q-Sense AB, Sweden). Measurements were performed at 25 �C
aer recording a stable baseline. All solutions were degassed
before use. The association steps were carried out in ow mode
at 100 mL min�1

ow speed and the dissociation steps were
carried out at 200 mL min�1.

Frag-Ab immobilization was carried out until saturation was
reached. Then, the dissociation step was carried out for 10 min
by rinsing the surface with buffer. Aer Frag-Ab immobilization
the sensor surface was exposed to 10 mg mL�1 BSA following
the protocol that was used for Frag-Ab deposit.

2.2.5 Preparation of Frag-Ab and AuNP modied QCM-D
sensor surface. The QCM-D sensor was cleaned and mounted
for analysis according to the same procedure as in the case of
using a planar Au surface. Aer obtaining a stable baseline, the
sensor surface was exposed to 0.002% PLL solution for 5 min in
order to obtain a positively charged layer on the gold surface.
Then, the surface was rinsed with deionized water for 10 min
and subsequently AuNPs were electrostatically adsorbed from a
colloid with 10 mM NaCl until equilibrium was reached.
Aerwards the surface was rinsed with deionised water for 10
min, followed by 10 mM PBS pH 7.4 for 1 min. Finally, the
surface was exposed to Frag-Ab and BSA as described previously.

2.2.6 Measurement of specic Frag-Ab/gp51 interactions.
The prepared surface was exposed to a range of different
concentrations of gp51 (0.01, 0.05, 0.1, 0.5 and 1mgmL�1). Each
association phase was carried out for 30 min followed by a
dissociation phase of 10min. The interaction timeswere selected
as a compromise between enough time to register a distin-
guishable analytical signal and the most rapid analysis time.

2.2.7 Measurement of non-specic BSA/gp51 interaction.
BSA/gp51 interactions were measured on planar Au and AuNP
modied surfaces. The QCM-D sensor was cleaned and moun-
ted for analysis according to the same procedure as described
previously. AuNP adsorption was carried out according to the
protocol described above. BSA was pre-adsorbed on both planar
Au and AuNP modied surfaces until a stable baseline was
reached. Then, the prepared surface was allowed to react with
0.5 mg mL�1 gp51. The association phase was carried out for 30
min followed by a dissociation phase for 10 min.

2.2.8 Data processing. All experiments were performed at a
minimum of three repetitions and the obtained data were
processed using a QSo program (Q-Sense, Sweden).
45
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3. Results and discussion

In the present study antibodies against gp51 were reduced at
their hinge region by 2 ME to yield Frag-Ab with free sulydryl
groups. Frag-Ab were immobilized in a site-directed manner via
sulydryl groups on planar Au and AuNP modied QCM-D
electrode surfaces. The immobilization efficiency and response
to gp51 of different systems were compared. Additionally, Frag-
Ab/gp51 and non-specic interactions were evaluated (Fig. 1).
55
3.1 Antibody reduction

Frag-Ab reduction with 2 ME was performed using antibody
solutions of three different concentrations of 100, 200 and 440
This journal is © The Royal Society of Chemistry 2014
mg mL�1. Reduction conditions were determined experimen-
tally and the results were conrmed by SDS-PAGE analysis
under non-reducing conditions (ESI Fig. S1†).

The Frag-Ab were positioned between 66.2 and 116 kDa
marker bands and this was in good agreement with an
approximate “half” Frag-Ab molecular weight of approx. 80 kDa
considering that under the reducing conditions the heavy chain
runs at 55 kDa and the light chain runs at 25 kDa. The response
of Frag-Ab vs. the intact antibody to antigen gp51 was compared
in our previous work. It has been shown that Frag-Ab exhibit
better analytical signals for biosensing applications.3
3.2 Frag-Ab immobilization

Aer the reduction Frag-Ab were immobilized on planar Au and
AuNP modied QCM-D electrode surfaces. Frag-Ab immobili-
zation induced changes in QCM-D resonant frequency were
converted to surface mass densities by the Sauerbrey relation.

Although D-factor values were relatively high suggesting the
consideration of calculations based on the viscoelastic Voigt
model, there were several motives in favour of using the Sau-
erbrey equation. Firstly, the use of the Sauerbrey equation
signicantly simplied the evaluation of the experimental data.
Secondly, these calculations resulted in qualitatively correct
evaluation of the overall kinetics and general tendencies of
different system characteristics. Thirdly, the investigated layers
are in the range of the QCM-D-excited shear wave extinction
depth into the aqueous protein solution (�250 nm). This is the
layer thickness range where the Sauerbrey relation is most likely
to hold even for a viscoelastic layer.17

The Df changes were calculated from the average of Df
responses of the 3rd, 5th, and 7th overtones. This approach has
been chosen in an attempt to obtain data comparable to those
acquired following tting to a model since conventional tting
procedures include overtones mentioned above. For each
process, two report points were chosen at 200 s prior to the
adsorption phase and at 200 s prior to the end of the dissocia-
tion phase. The Df changes were converted to surface mass
densities by the Sauerbrey relation:

Dm ¼ �C � Df

n

where C is 17.7 ng Hz�1 � cm2 for a 5 MHz quartz crystal and n
is the overtone number. The results are presented in Table 1.

As can be seen from Table 1, the obtained results show that
the surface mass densities of Frag-Ab immobilized on planar Au
were directly dependent on the initial concentrations of anti-
body solutions. The highest surface mass density of 1378 ng
cm�2 was observed in the case of Frag-Ab immobilization from
antibody solution of 440 mg mL�1 and the lowest surface mass
density (922 ng cm�2) was calculated aer Frag-Ab immobili-
zation from antibody solution of 100 mg mL�1.

Up to 49% higher surface densities were registered by
immobilizing Frag-Ab on AuNPmodied surfaces. However, the
comparison of planar Au and AuNP based systems was made
difficult by the fact that the AuNP immobilization step exhibited
relatively high dispersion of the results due to not fully
Anal. Methods, 2014, xx, 1–7 | 3



Table 1 QCM-D frequency change (Df) and surface mass density (G) dependence on the initial antibody solution concentration. Frag-Ab –
fragmented (reduced at the hinge region) antibodies against gp51, Au – planar gold, and AuNPs – gold nanoparticles

Initial antibody solution concentration (mg mL�1)

100 200 440

Df (Hz) G (ng cm�2) DF (Hz) G (ng cm�2) DF (Hz) G (ng cm�2)

Frag-Ab on Au �52 � 1 922 � 24 �58 � 2 1030 � 33 �77 � 3 1378 � 53
Frag-Ab on AuNP �101 � 3 1807 � 57 �103 � 4 1834 � 78 �78 � 4 1396 � 62
AuNP �879 � 83 15 731 � 1479 �755 � 190 13 514 � 3391 �486 � 55 8690 � 992
Frag-Ab/AuNP ratio 1.16 � 103 1.38 � 103 1.63 � 103

Fig. 2 Dependence of Frag-Ab/gp51 complex formation on the
concentration of gp51 on planar Au electrode surfaces. Frag-Ab
coated surfaces were prepared using Frag-Ab produced from different
concentrations of antibody solution (100, 200 or 440 mg mL�1).
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controllable AuNP adsorption. As Frag-Ab immobilization on
AuNP modied surfaces was inuenced by the amount of
adsorbed AuNPs, the evaluation of the Frag-Ab surface density
was challenging. For that reason, we decided to estimate Frag-
Ab/AuNP ratios by dividing the amount of Frag-Ab by the
amount of AuNPs. The amounts of Frag-Ab and AuNPs were
calculated by dividing surface mass densities by the mass of a
molecule or particle. The calculated ratios revealed the same
tendency as in the case of Frag-Ab immobilization on planar Au
surfaces. The highest Frag-Ab/AuNP ratio was 1.63 � 103 aer
immobilization from the antibody solution of 440 mg mL�1 and
the lowest ratio of 1.16 � 103 was observed aer the immobi-
lization of Frag-Ab from the initial solution of 100 mg mL�1.

It is important to note that results obtained by QCM-D
include not only the mass of the deposited proteins but also
the mass of water bound via hydrogen bonds to the protein
layer, the friction between the adsorbed structures and the
solution and hydrodynamic resistance. The percentage of
coupled water in protein layers is oen higher than 75% and in
some cases it can reach 98%.21–23 However, this parameter has
not been addressed in the present study. In order to get more
information on the water content of the investigated layers, the
employment of additional independent methods (e.g., optical)
is required.
Fig. 3 Dependence of Frag-Ab/gp51 complex formation on the
concentration of gp51 on AuNP modified Au electrode surfaces. Frag-
Ab coated surfaces were prepared using Frag-Ab produced from
different concentration antibody solutions (100, 200 or 440 mg mL�1).
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3.3 Frag-Ab and gp 51 interaction

Aer Frag-Ab immobilization on planar Au and AuNP modied
surfaces and blocking the surface with 10 mg mL�1 BSA, the
formation of the Frag-Ab complex with gp51 at 0.01–1 mg mL�1

was evaluated. The response of Frag-Ab immobilized on planar
Au and AuNP modied surfaces to 0.5 mg mL�1 gp51 vs. time is
depicted in Fig. S2†.

In the case of a planar Au QCM-D sensor, the highest
analytical signal was obtained on surfaces prepared from 100 mg
mL�1 antibody solution (Fig. 2). As mentioned above, Frag-Ab
immobilization from this solution also resulted in the lowest
surface mass density of Frag-Ab (922 ng cm�2).

The same tendency of Frag-Ab/gp51 interaction was observed
on AuNPmodied sensor surfaces. The highest analytical signal
was registered in the system pre-modied with 100 mg mL�1

antibody solution with the smallest Frag-Ab/AuNP ratio of 1.16
� 103. In this case the observed response was also the highest of
all the investigated systems. When comparing planar Au and
4 | Anal. Methods, 2014, xx, 1–7
AuNP modied sensor surfaces, the highest analytical signal
was obtained in the AuNP based system formed from 100 mg
mL�1 antibody solution (Fig. 3).

When solutions with higher initial antibody concentrations
were investigated, the responses were similar on both planar Au
and AuNP-based sensor surfaces. It is also interesting to note
that the highest analytical signal obtained in the AuNP-based
system differed signicantly from the signals obtained on
surfaces pre-modied with antibody solutions of higher initial
This journal is © The Royal Society of Chemistry 2014



Fig. 4 DD/Df dependence of immobilized Frag-Ab (A) and adsorbed
BSA (B) on planar Au electrode surfaces in response to 0.5 mg mL�1 of
gp51 solution in the QCM-D cell. Black points indicate DD vs. Df for the
association phase, while grey points indicate the dissociation phase,
i.e., rinsing of gp51 with buffer. Arrows indicate the increase in time
during the association and dissociation phases, respectively.
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concentrations. In contrast, the differences between the surfaces
pre-modiedwith antibody solutions of different concentrations
on the planar Au QCM-D sensors were less distinctive.

Apparently steric hindrance plays a major role in Frag-Ab
interactions with antigens. The increase in the response of
the AuNP-based system aer modication with Frag-Ab
prepared from 100 mg mL�1 antibody solution indicated that
when Frag-Ab molecules were less densely packed, a higher
QCM-D response could be obtained. No signicant differences
in the planar Au-based systems were observed. These results
could be inuenced by redundant concentrations of Frag-Ab. It
is likely that in tightly packaged Frag-Ab layers accessibility of
the antigen binding sites to antigen gp51 was decreased due to
steric hindrance.
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3.4 Comparison of the specic gp51 interaction with Frag-
Ab and its non-specic interaction with BSA

DD/Df plots of QCM-D data (sometimes referred to as D–f plots)
can be obtained by plotting Df on the abscissa axis representing
a mass increase (adsorption) on the surface and plotting DD on
the ordinate axis illustrating changes in viscoelastic properties
of the formed layer. Time is not plotted but its increase can be
inferred by following the trace outwards from the origin. DD/Df
plots provide different kinds of information. Firstly, the
adsorption kinetics can be evaluated by analysing the distance
between the points of the plot. Points situated more adjacent to
each other indicate slower kinetics than points that are more
distant and reveal faster kinetics. Secondly, a change in the
direction of the DD vs. Df trace demonstrates the change of
the process at the surface. Finally, theDD/Df ratio represents the
viscoelastic properties of the formed layer. A trace with a high
DD/Df ratio indicates that the adsorption process leads to the
formation of a so, exible and viscous layer, while the trace
with a low DD/Df ratio indicates the formation of a rm and
rigid material. It has been suggested that the D-factor changes
are likely to be caused by the dynamic changes in protein layer,
such as, changes in protein conformation, density, orientation,
and hydration upon adsorption and by the trapped interlayer
water effects since both these components contribute to energy
loss.17 This, though qualitative, information is difficult to obtain
by using other techniques.24,25

In this study, gp51 interaction with Frag-Ab immobilized on
planar Au and AuNP modied QCM-D sensor surfaces was
compared with its non-specic interaction with BSA pre-
adsorbed on planar Au and AuNP modied surfaces. The aver-
aged Df and DD values of three overtones (3rd, 5th, and 7th)
obtained aer exposing Frag-Ab (pre-formed from 100 mg mL�1

antibody solution) and BSA modied surfaces to 0.5 mg mL�1

gp51 solution were chosen for constructing DD/Df plots. The
analysis of these plots (Fig. 4) revealed that gp51 interactions
with surface bound Frag-Ab or BSA adsorbed on planar Au
surfaces showed distinguishably different DD/Df traces. Fig. 4A
represents the DD/Df trace of Frag-Ab and gp51 interactions,
while Fig. 4B shows the DD/Df trace where only non-specic
gp51 and BSA interactions are possible. The striking differ-
ence between the investigated DD/Df traces was the rapid
This journal is © The Royal Society of Chemistry 2014
increase in dissipation at the initial stages of gp51 association
(black points) and dissociation (grey points) at Frag-Ab modi-
ed surfaces (Fig. 4A). This DD/Df trace feature was completely
absent when gp51 interacted with the BSA modied surface
(Fig. 4B). More specically, two linear regimes could be
observed in the Frag-Ab/gp51 trace, the initial one exhibiting a
considerably higher slope than the following one. In contrast,
only one linear regime was observed in the BSA/gp51 trace.

In the case of planar Au bound Frag-Ab/gp51 interaction, the
high initial DD/Df ratio indicated that at the initial stages of the
reaction the forming protein layer was soer and more exible
in contrast to the following stage of the interaction that revealed
the formation of a more rigid and stiff unyielding material. We
suggest that the initial increase in the DD/Df ratio of the Frag-
Ab/gp51 interaction could be caused by two main processes.
Firstly, the abrupt increase in dissipation could be inuenced
by molecular rearrangements in the surface-bound Frag-Ab
layer upon interaction with antigens. It is known that anti-
bodies are very exible and adaptive molecules that change
their conformation upon antigen binding. An antibody mole-
cule can exhibit several different movements, for example, the
Fab fragment is exible about the hinge region for allowing a
variable antigen reach and Fc wagging is employed to enable the
attachment of the effector molecule.26 In addition, since anti-
body–antigen interaction is based on a two-step induced t
mechanism, both antibody and antigen molecules undergo
local conformational changes, such as, small movements of
side-chains or structural modications of the antibody CDR
loops.27 On the other hand, an abrupt increase in dissipation
could reect the forming complex in terms of interprotein
interactions. Given the assumptions of Frag-Ab/gp51 binding at
very localized epitope regions and no other multiple antigen–
antibody interaction occurring that would restrict exibility of
the antigen–antibody couple, the high DD/Df ratio can be
interpreted as a result of an initial forming of exible Frag-Ab/
gp51 complexes.

The second linear regime exhibited a gradual DD/Df slope
revealing that the protein layer became more rigid and
unyielding. This could be explained by an increase in multiple
intermolecular interactions that resulted in a much stronger
adsorbate–surface interaction, which stabilized the protein layer.
Anal. Methods, 2014, xx, 1–7 | 5
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An abrupt increase in DD/Df ratio during the dissociation
phase (initial part of grey points, Fig. 4A) indicated that over the
entire experiment there were molecules bound pliantly at the
Frag-Ab modied surface. The presence of this molecule frac-
tion might be essential for realising specic binding since
localized and not stabilized by multiple bonding intermolecular
interaction would allow easy rearrangements of the molecules
at the surface and thus optimising the molecular orientation for
specic antibody–antigen association.

In contrast, during the non-specic BSA/gp51 interaction on
the planar Au surface (Fig. 4B), the increase in dissipation
during the association phase was gradual from the initial stage.
Dissociation accordingly resulted in a gradual decrease in
dissipation. Such DD/Df behaviour indicated that adsorbing
molecules were possibly involved in multiple interactions and
thus formed a more rigid adsorbate layer. Additionally, it might
be that the growth of the rigid protein layer was due to a non-
specic gp51 adsorption at the gold electrode surface, which
was not covered by BSA. From DD/Df data it is impossible to
separate intermolecular forces driving the non-specic gp51
interaction with the BSA modied surface. However, it is de-
nite that at the BSA-modied surface the exibly surface-bound
fraction of gp51 molecules was absent.

The same tendencies could be observed in the AuNP-based
system. Specic Frag-Ab/gp51 interaction (Fig. 5A, black
points) showedmore abrupt changes in dissipation at the initial
stages in comparison to the process at the surface, which
allowed only non-specic BSA/gp51 interaction (Fig. 5B, grey
points). The rinsing step resulted in a sudden decrease in
dissipation at the beginning of the process at Frag-Ab modied
surfaces in comparison to a gradual dissipation decrease in the
case of the BSA-modied surface. From these experiments it can
be concluded that qualitatively molecular gp51 interaction with
Frag-Ab and BSA modied surfaces seems to be very similar in
the cases of planar and nanostructured (AuNP-modied) gold
surfaces.

Summarising DD/Df plot analysis it can be concluded that
DD/Df plots revealed considerable differences between DD vs. Df
traces for the process governed by the gp51 interaction with
surface bound Frag-Ab and by the non-specic gp51 interaction
with the BSA modied surface. This qualitative analysis allows
Fig. 5 DD/Df dependence of immobilized Frag-Ab (A) and adsorbed
BSA (B) on AuNPmodified Au electrode surfaces in response to 0.5 mg
mL�1 of gp51 solution in the QCM-D cell. Black points indicate DD vs.
Df for the association phase, while grey points indicate the dissociation
phase, i.e., rinsing of gp51 with buffer. Arrows indicate the increase in
time during the association and dissociation phases, respectively.
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us to propose that at Frag-Ab modied surfaces there are always
some pliant Frag-Ab/gp51 complexes. These molecules should
be reasonably mobile and thus enable rearrangements and
orientations, which are required for realising specic antibody–
antigen association. These our observations exploit and conrm
previously formulated suggestions that examining the DD and
Df changes could not only be signicant for representation and
comparison of different processes but it could also indicate the
structural alterations of individual proteins or within the
protein layer during the adsorption, association and dissocia-
tion phases.17,25,28

4. Conclusions

Site-directed Frag-Ab immobilization on planar Au and AuNP
modied sensor surfaces and the resulting interaction with
antigen gp51 were investigated by QCM-D. During the immo-
bilization procedure antibodies were reduced in the hinge
region by 2 ME to two identical “half” antibody fragments each
having one antigen binding site and free sulydryl groups for
attachment to the Au surface. Different concentrations of the
initial antibody solutions were tested. Higher responses to gp51
were exhibited by Frag-Ab immobilized on AuNP modied
surfaces in the range of all tested Frag-Ab concentrations. The
lowest Frag-Ab surface mass densities resulted in the highest
responses to gp51 on both types of surfaces, the best response
being displayed by the AuNP modied sensor surface with a
Frag-Ab/AuNP ratio of 1.16 � 103. Specic and non-specic
interactions were represented as QCM-D DD/Df plots revealing
distinct traces of Frag-Ab/gp51 and BSA/gp51 interactions.
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