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Forum
Nanoenvironmental
Effects Dramatically
Influence the
Sensitivity of
Immunoassays
B. Mattiasson,1,2,*
K. Teeparuksapun,1,2

L. Lebogang,2 and
M. Hedström1,2
It is possible to improve the sensi-
tivity of immunoassays by several
orders of magnitude by exploiting
nanoenvironmental effects. This
approach can detect trace
amounts of compounds and will
better illuminate the presence of
signal substances in biological
systems. Here we describe a
method for ultrasensitive immuno-
assays using ‘normal’ antibodies
(Abs).
Trends
Ab–Antigen (Ag) Binding
The binding efficiency between Abs and
Ags is influenced by the nanoenvironment
around them. Immobilizing Abs on a sen-
sor surface achieves a high concentration
of macromolecules in the close vicinity of
the transducer surface. Abs on solid sur-
faces show different binding constants
compared with what is measured during
conventional assays (e.g., ELISA in a
microtiter plate) [1–4]. If the reading of a
binding assay is localized to the very close
vicinity of the immobilized Abs, it should
be possible to exploit the apparent differ-
ences in binding constants.

The binding of Ags to Abs is normally
described by Equation 1.
½Ag� � ½Ab� ¼ ½AgAb� ½1�
If [Ab] is increased dramatically, the equi-
librium will shift towards Ab–Ag complex
formation. Therefore, an Ab preparation
that under normal conditions might be
regarded as a relatively weak binder might
be very efficient.
Ag½ �Tot ¼ AgAb½ � þ Ag½ �free ½2�
The kinetics of the binding is described by
Equation 3.
K ¼ AgAb½ �= Ag½ � Ab½ � ½3�
If [Ag] is very low and all or most of the Ag
binds to the Ab, [AgAb] = [Ag], giving
K = 1/[Ab] (see Equation 2). This simplifi-
cation is based on the assumption that
the binding between Ab and Ag is very
strong. Under conditions of excess Ab,
improved binding strength becomes
apparent since dissociating Ag can be
captured by the surplus Abs in the vicinity
of this small environment and rebind, thus
forming firm binding.

Some literature reports cite very high sen-
sitivities for certain immunoassays [5–8].
Exploiting Ab–Ag interactions at a
surface where a high concentration of
Abs is located is less efficient by conven-
tional spectrophotometric assays, which
involve thick layers of liquid being
assayed. However, the use of assay pro-
cedures that measure only the binding
in Biotechnology, November 2017, Vol. 35, No. 11 1021
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close to the surface would give informa-
tion that is more appropriate. Examples of
such methods are immunoassays based
on biosensor technology, where Abs are
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measurements are based on displace-
ment of counter ions, which requires only
a minimal nanospace.
Nanoenvironmental Conditions
Nanoenvironmental effects may look
unrealistic at first sight, but the extreme
concentrations of crucial reagents open a
new field for binding assays. The concept
of concentration is usually not applied to
extremely small volumes, but to get a
better understanding of the immuno-
chemical binding reactions the following
calculation might be useful.

For a general surface-based binding
application, the concentration of Abs
on a sensor surface with a monolayer
of Abs can be calculated theoretically.
The hydrodynamic diameter of an Ab is
on the order of 40 Å. Assuming Abs to be
cubes with each side of 40 Å, there
would be 0.6 � 1014 molecules
per cm2. A layer with a thickness of
40 Å has a volume per cm2 of
4 � 10�7 cm3. With that number of mol-
ecules, there will be a local concentration
of approximately 25 mM (Figure 1).

Ultrasensitive Assays
An example where the nanoenvironmen-
tal concept plays a role is a capacitive
immunosensor for cholera toxin detection
where the use of gold nanoparticles con-
siderably improved sensitivity by increas-
ing the amount of Ab immobilized on the
transducer surface (Figure 1) and thus
contributed to the ultrasensitivity of the
capacitive sensor. In this work the sensor
could detect the target cholera toxin at
subattomolar levels [9].

Other examples are the comparative
study of capacitive immunosensors
versus ELISA for the detection of micro-
cystins (L. Lebogang, PhD thesis, Lund
University, 2014) and the HIV-1 p24 Ag
[10]. The sensitivity of the capacitive
immunosensor was 1000 times better
than that of ELISA. A conventional
ELISA may have the same density of
Abs immobilized on the bottom of a
microtiter plate. However, the readout
of such an analysis is spectrophotomet-
ric, and the usual light path length is
10 mm, where the Ab layer is sitting
on the very bottom. It is therefore
impossible to differentiate what is in
the bulk and what is sitting at the bottom
of the well, and thereby much of the
assay’s sensitivity is lost.

Capacitive Biosensors
By contrast, capacitive assays are based
on registering the capacitance at the
electrode–solution interface. The binding
of Ag to Ab on the sensor surface dis-
places ions in the diffused layer to the bulk
solution [11]. The more Ag bound, the
further the layer of counter ions is dis-
placed with a concomitant decrease in
the capacitive signal. At a certain distance
from the electrode surface, further
decreases in signal cannot be detected;
that is, the range suitable for measure-
ments has been surpassed. This behavior
was observed when capacitance mea-
surement was performed with gold nano-
particles added layer by layer, as
illustrated in Figure 1 (K. Teeparuksapun,
PhD thesis, Lund University, 2013).

The arrangement of ions on the electrode
surface is based on long-range electro-
static interaction, so if the measuring
layer is too thick, the electrostatic force
will be weak. Thus, the ionic arrangement
in the electrolyte solution might be very
weak: most of the ions may be present in
the diffused layer and the electrode–
solution interface would not resemble a
capacitor.

Considering the sensor as a capacitor
comprising two plates separated by a
dielectric layer, the capacitance can be
calculated using Equation 4.
C ¼ ee0A=d ½4�
where e is the dielectric constant of the
medium between the plates, e0 is the
permittivity of free space (8.85419 pF/
m), A is the area of the plates, and d is
Trends
the distance between them. Hence, a
change in the distance (d) from the inter-
action of the analyte to the biological
sensing element will result in decreased
capacitance. If the layer over the elec-
trode is too thick, the change in capaci-
tance will be very small. Therefore,
preparing the immobilization for a capaci-
tive biosensor requires a thin and suffi-
ciently insulated layer.

That the distance from the surface for the
reading has a strong influence is clearly
seen in the capacitance change on bind-
ing of bacteria (1–2 mm), which are
detectable, but when the size of the
organism increases towards that of yeast
cells (5 mm) the resolution is lost.

The influence of the nanoenvironmental
conditions on the binding properties of
the affinity binder leads to the conclusion
that weaker-affinity binders can also be
used due to their apparent stronger bind-
ing under the conditions studied. This
phenomenon was furthermore observed
when studying hydrophobic interactions
in chromatography [12].

By concentrating an affinity binder in a
small volume where the measurement
occurs, it is possible to substantially
improve the sensitivity. In addition, it is
possible to utilize affinity binders that have
been regarded as of no interest due to
weak binding in free solution. It would
therefore be advantageous to use prep-
arations with small volumes of immobi-
lized Abs that are concentrated in a
small space where the assay can be
conducted.
Concluding Remarks
A high concentration of affinity binder on
the sensor surface and detection with a
method that operates only in close prox-
imity to that layer results in binding assays
with sensitivities far beyond what has
been reported before. The high sensitivity
makes it possible to perform analyses
using very small sample volumes. It is
in Biotechnology, November 2017, Vol. 35, No. 11 1023



furthermore possible to detect, for exam-
ple, infections at an earlier stage than [107_TD$DIFF]that
achieved with conventional assays.
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