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The diagnostics of the autoimmune hemolytic anemia (AIHA), a rare disease caused by
autoantibody-induced hemolysis, is still prone to false positives for it is based on visual obser-
vation in the so-called Direct Coombs test. In this study, we developed a specific IgG hemolysis
immunosensor produced with layer-by-layer (LbL) films containing a monoclonal antibody against
human immunoglobulin (MAbIMUG) deposited along with a layer of silk fibroin (SF) derived from
Bombyx mori cocoons. Adsorption of mAbIMUG on a SF layer was confirmed by the fluorescence
emission band at 326 nm. Immunosensors were prepared with LbL films deposited on interdig-
itated gold electrodes for impedance spectroscopy and on screen printed carbon electrodes for
electrochemical measurements. When the SF/mAbIMUGLDbL film was exposed to healthy red blood
cells (RBCs), no cell binding was observed by the optical microscopy images. In addition, no major
changes were observed in the signals of the square wave voltammogram and in the impedance
spectra. In contrast, the electrochemical signal was significantly increased and the dielectric loss
curve shifted for the sensing units containing RBCs with the antibody attached on the surface (“sick
cells”). Furthermore, cell attachment was so strong that optical images still showed covered elec-
trodes even after washing in PBS buffer. The detection with two distinct methods seems promising
for an effective diagnosis of AIHA.

Keywords: Immunosensor, Layer-By-Layer Films, Monoclonal Antibody, Autoimmune Hemolytic
Anemia.

1. INTRODUCTION

Extravascular hemolysis can occur in three clinical situ-
ations, namely autoimmune hemolytic anemia, hemolytic
transfusion reactions (HTR) and immune-mediated fetal
maternal allo-sensitization.! The therapeutic choice for
these problems requires fast, accurate diagnostics, which
today is performed with the direct Coombs test or direct
antiglobulin test (DAT).>* Autoimmune hemolytic anemia
(AIHA) is a rare disease caused by autoantibody-induced
hemolysis leading to premature destruction of circulating
red blood cells (RBCs) and consequently to insufficient
plasma concentration.*” ATHA was the first autoimmune

*Author to whom correspondence should be addressed.
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disorder for which an autoantibody was clearly shown to
be involved in its pathogenesis. Hemolysis can occur by
ATHA, HTR and hemolytic disease of the newborn (HDN).
HTR and HDN are caused by allo-antibodies, i.e., antibod-
ies are directed against high-incidence antigens, acting on
allogenic RBCs.>® They are the consequence of transfu-
sion of incompatible blood and passage of maternal anti-
bodies through the placental barrier, destroying antigens
expressed on the erythrocyte membrane of the fetus.’

The diagnostics of AIHA includes a combination of
clinical symptoms attributable to anemia, such as fatigue,
weakness, and pallor, and laboratory tests to detect RBC
hemolysis.!*>® The first antiglobulin test for detecting
antibodies in the red cell surface was developed by
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Coombs et al.? and since then techniques for ATHA diag-
nosis are based on agglutination between RBC antigen
and antibody.6 There are two methods of the Coombs test,
the direct Coombs test, also known as direct antiglob-
ulin test (DAT), and the indirect Coombs test. One is
used for autoimmune hemolytic anemia and the other for
hemolytic transfusion reaction and hemolytic disease of
the newborn."*'® Coombs test is prone to false positives
or false negatives since the results may be affected by
external factors such as temperature, sample preparation,
incubation time, in addition to involving visual observation
of an operator. Immunosensors can be a viable alternative
to improve AIHA detection, since the transduction mech-
anism may be optical and/or electrical.

Immunosensors have been explored in clinical diag-
nostics owing to their specificity and sensitivity, being
based on detecting the binding of complementary antigens
and antibodies.!!"> In this study, we investigated a spe-
cific AIHA immunosensor produced with layer-by-layer
(LbL) films'® containing a monoclonal antibody against
human immunoglobulin (mAbIMUG) and silk fibroin (SF)
derived from Bombyx mori cocoons. SF was chosen
because it has been proven a suitable matrix for immobi-
lizing biomolecules in LbL films,'”"!” while a monoclonal
antibody offers greater specificity and reproducibility than
polyclonal antibodies.?’ Two principles of detection were
employed here: impedance spectroscopy and square wave
voltammetry measurements.

2. MATERIALS AND METHODS
2.1. Materials
Silk fibroin (SF) was extracted from the cocoons of the
Bombyx mori silkworm silk supplied by Bratac S.A.,
Brazil, using the procedures described by Rockwood
et al?! The cocoons were boiled during 30 min in
0.02 mol - L~' Na,CO, solution at a concentration of
5¢-L7!, and washed with Milli-Q water to remove
sericin. SF was then dissolved in CaCl,/CH,CH,OH/H,0
(1:2:8, m/m/m) solution at 60 °C, and dialyzed with
Milli-Q water using a cellulose acetate membrane at room
temperature for 48 h. For the SF film preparation an aque-
ous solution at concentration of 0.2% (m/m) was used.
The monoclonal antibody against human immunoglobu-
lin (mAbIMUG) was produced at the Cellular Engineering
Laboratory (UNESP/Botucatu) after immunization of five
BALB/c female mice with the suspension containing puri-
fied human IgG and aluminum hydroxide adjuvant on days
0, 7, 14 and 21; on day 28 they received a booster without
adjuvant. The mice were euthanized, and the spleen cells
were collected and fused with NS1 myeloma cells obtained
by Kohler and Milstein?* from the Laboratoire de Genie
D’ Institute National de Transfusion Sanguine (INTS),
Agence Francaise du Sang, Paris. The fused cells in cul-
ture medium from mAb production (RPMI medium/HAT
supplement/20% Fetal Bovine Serum-FBS, Gibco®) were
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dispensed to 96-well tissue culture plates and incubated at
37 °C in a humidified environment with 5% CO,. Super-
natants from hybridomas that grew up were collected and
assayed by Indirect Antiglobulin Test (IAT). Briefly, for
the sensitization of erythrocytes with human IgG antibody,
blood samples from healthy donors with erythrocyte phe-
notyping cceedd (negative RhD phenotype/rr) were incu-
bated with serum from patients with high titers (>1/128)
of anti-c, IgG class. After 30 min of incubation at 37 °C,
the samples were washed three times in isotonic saline
solution (ISS) and resuspended in the same buffer (5%).
Culture supernatants (mAb) were tested in the 2:1 (v/v)
ratio with the sensitized samples.

The hybridomas yielding a positive response in IAT
were cloned by limiting dilution,”® and supernatants from
wells showing single cell colonies were re-assayed by IAT.
The clones were grown in culture medium for mAb pro-
duction and frozen at —196 °C in FBS with 10% dimethyl
sulfoxide (DMSO). The expanded clones were injected
into the peritoneal cavity of 2 month old BALB/c mice
that have been primed with 1 mL Pristane (Sigma® P2870)
15 days earlier. Ascitic fluid was taken and purified by
affinity chromatography (AKTA Prime, GE Healthcare®).

For RBCs preparation, human red blood cells were
washed three times in ISS and resuspended at 5% in ISS.
RBCs from healthy patients were tested as negative control
and identified as normal RBC. Blood from AIHA patients
(positive DAT) was collected for testing positive RBC
samples, and is referred to as AIHA RBC. Both RBCs
samples were prepared as described above. A commercial
reagent (Diamed®) was employed as positive control and
identified as control cell.

2.2. Immobilization of mAbIMUG

The monoclonal antibody against human immunoglobulin
(mAbIMUG) was immobilized on the SF layer deposited
onto a quartz substrate, which had been treated with a
1:1:5 solution of NH,OH:H,0,:H,0 for 10 min at 70 °C,
and then with a 1:1:6 solution of HCI:H,O,:H,O for
10 min at 70 °C. The deposition process was carried out
by immersing the substrate in SF and mAbIMUG solutions
for 10 min each, at room temperature. After deposition
the film was washed with Milli-Q water to remove poorly
adsorbed molecules and dried gently with a nitrogen flow.
A step of washing and drying was performed after each
deposited layer. The immobilization of mAbIMUG anti-
body was confirmed by fluorescence spectroscopy using a
Fluorolog FL3-22 Jobin-Yvon spectrometer.

2.3. Electrochemical Measurements

SF and mAbIMUG were deposited on screen-printed car-
bon electrodes as described above, but using a Flow-Cell
to deposit the materials just onto the working electrode.
Flow-Cell and electrodes (model DRP110) were purchased
from Dropsens (Oviedo, Spain). Square wave voltammo-
grams were obtained using a Bipotentiostat/Galvanostat
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uStat 400 with DropView software from DropSens
(Oviedo, Spain). The measurements were performed using
PBS buffer as electrolytic solution, using a scan speed of
0.05 V/s within the potential range from —0.6 to 0.6 V.
Prior to the measurements, 100 uL of red blood cell
(RBCs) samples were added onto the films for 5 min, and
then washed with PBS buffer.

2.4. Electrical Measurements

Impedance spectroscopy measurements were carried out
with a Solartron 1260A impedance/gain phase analyzer in
a frequency range from 1 to 10° Hz. The measurements
were performed using interdigitated electrodes (IDE) made
of 50 pairs of gold electrodes (10 wm in width and
200 nm in thickness) that are 10 um apart from each
other coated with mAbIMUG immobilized on the SF
layer. The experiments were performed by adding RBCs
samples (healthy, sick and control) on the coated interdig-
itated electrode for 5 min., and then the impedance mea-
surements were taken. In another series of experiments,
the measurements were only taken after the electrodes
had been washed with a PBS solution after incubation
with the RBCs. The objective of this latter series was
to verify if irreversible changes occurred with incuba-
tion. The dielectric loss and capacitance values were
obtained by modeling the impedance response with an
equivalent circuit.>* Optical images were obtained using a
Leica DM 2500M optical microscope coupled to a Leica
DFC310 FX camera. The images were collected from
interdigitated electrodes after washing with PBS buffer
solution.
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Figure 1.
substrate (B). Excitation at 280 nm.
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3. RESULTS AND DISCUSSION
3.1. Immobilization of SF and mAbIMUG
The silk fibroin (SF) protein produced by Bombyx mori
consists basically of 12 repeating Gly-X domains, where X
is Ala, Ser and Tyr in 65%, 23% and 9% of the domains,
respectively, being linked by 11 amorphous domains con-
taining tryptophan and charged residues.” Its emission is
assigned to the amino acids tyrosine and tryptophan and
depends on the crystalline form. In aqueous solution, the
emission peaks at 298 nm as shown in Figure 1(A), while
for a deposited film on a quartz substrate the peak appears
at 303 nm in Figure 1(B). This shift is attributed to struc-
tural changes from random coils and a-helices in solu-
tion to B-sheets in the film.2 Also shown in Figure 1
are the emission spectra for mAbIMUG in aqueous solu-
tion and immobilized onto the SF film on a quartz sub-
strate, whose peak appears at 326 nm. That similar spectra
are obtained both in solution and in the film indicates no
conformational change in mAbIMUG upon adsorption on
the SF layer. Therefore, SF is confirmed as being a suit-
able immobilization matrix for antibodies as reported for
peptides.'¢-18.26

The growth of layer-by-layer (LbL) films with
SF/mAbIMUG bilayers on a quartz substrate is depicted
in Figure 2, where the emission maximum at 326 nm
increases linearly up to 5 layers (SF;/mAbIMUG,).
Adsorption of the sixth mAbIMUG layer caused desorp-
tion of the previous SF layer, and the film could no longer
grow. This did not represent a problem because electri-
cal and electrochemical immunosensors could be obtained
with one or two bilayers, as discussed below.
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Fluorescence spectra of silk fibroin (solid line) and mAbIMUG antibody (dashed line) in solution (A) and immobilized onto a quartz
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Figure 2. Emission maximum at 326 nm as a function of the number
of SF/mAbIMUG bilayers, where the first layer is SF.

3.2. Immunosensors Response

Immunosensors were prepared with SF/mAbIMUGLbL
films containing one or two bilayers. Apparently, the
coverage provided by one bilayer was not sufficient for
detection using electrochemistry, and therefore only the
2-bilayer film deposited on a screen printed carbon elec-
trode was used. In these experiments, the electrode was
exposed to either normal or sick RBC samples for 5 min,
followed by washing procedures with PBS buffer. All
measurements were performed after washing the elec-
trodes with PBS buffer. Figure 3(A) shows half-cycles of
square wave voltammetry where no reduction or oxidation
peaks were observed for electrodes exposed to normal
RBC or PBS buffer. In contrast, a well-defined oxida-
tion peak appeared at —0.25 V for the electrode exposed
to sick RBCs, which is ascribed to RBC cells attached
onto the surface (AIHA RBC). Note that only half-cycles
were shown because the process is irreversible. In sub-
sidiary experiments we observed no electrochemical sig-
nal when sick RBCs were dispensed onto an uncoated
screen printed carbon electrode (bare) or coated only with
a SF layer (Fig. 3(B)). This confirms the specificity of the
immunosensor, which requires the molecular-recognition
interaction between AbmIMUG and sick RBCs.

For the immunosensor based on impedance spec-
troscopy, optimized performance was obtained with
1-bilayer SF/mAbIMUGLbL film deposited on a gold
interdigitated electrode (IDE). The frequency dependence
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Figure 3. Square wave voltammograms (direct current) for 2-bilayer
SF/mAbIMUGLDbL films (A) and 1-layer SF (B) on screen printed carbon
electrode exposed only to PBS buffer, to normal RBCs and sick RBCs
(positive control).

of the dielectric loss in Figure 4 shows a clear shift in the
relaxation peak when either sick RBCs or positive control
were exposed to the electrode, compared to the PBS buffer
and normal RBC samples.

1x1077
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Figure 4. Dielectric loss for one-bilayer SF/mAbIMUGLDbL films in
the presence of PBS buffer, normal RBCs, AIHA sample and positive
control.
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Figure 5. Optical microscopy images of interdigitated -electrodes
containing one-bilayer SF/mAbIMUG LbL film after exposure to
normal RBCs (A) and AIHA-RBCs (B) and washing with PBS
buffer.

Both the electrochemical signal and the shift in the
relaxation peak may be attributed to adsorption of sick
RBC cells on the electrodes, and this is confirmed with
the optical microscopy images in Figure 5. Indeed, no cell
attachment could be noted on the images of one-bilayer
SF/mAbIMUG film deposited on the interdigitated elec-
trode after exposure to normal RBC samples. In contrast,
AIHA-RBCs were attached so strongly on the electrode
surface, as seen in Figure 5(B), that even after washing
in PBS buffer, the optical images still pointed to covered
electrodes.

4. CONCLUSIONS

Silk fibroin (SF) has been confirmed as a suitable
matrix for immobilization of biomolecules in layer-by-
layer (LbL) films. In this study, the monoclonal antibody
mAbIMUG immobilized in LbL films, alternated with
SF layers, could recognize sick red blood cells (RBCs).
This biorecognition was proven with two detection meth-
ods, namely square wave voltammetry and impedance
spectroscopy. With various control experiments, we could
ensure that the electrical and electrochemical response of
mAbIMUG-containing LbL films was only altered when
adsorption of sick RBCs occurred. The strategy is thus
suitable for an effective diagnosis of immune hemolytic
anemia (IHA).
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