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Abstract: Heparin-induced thrombocytopenia (HIT), a severe autoimmune disorder, occurs in pa-
tients undergoing heparin therapy. The presence of platelet-activating antibodies against platelet
factor 4/Heparin in the blood confirms patients suffering from HIT. The most widely used methods
for HIT diagnosis are immunoassays but the results only suit to rule out HIT as the assays provide
only around 50% specificity. To confirm HIT, samples with positive results in immunoassays are
retested in functional assays (>98% specificity) that track platelet-activating antibodies via platelet
aggregation. However, the protocols in functional assays are either time-consuming (due to the
requirement of the detection of serotonin release) or require highly trained staff for the visualization of
platelets. Here, we applied a cheap and easy-to-use contactless sensor, which employs high-frequency
microwaves to detect the changes in the resonant frequency caused by platelet aggregation/activation.
Analysis of change in conductivity and permittivity allowed us to distinguish between HIT-like
(KKO) and non-HIT-like (RTO) antibodies. KKO caused a stronger reduction of conductivity of
platelet samples than RTO. Our results imply that the high-frequency contactless sensor can be a
promising approach for the development of a better and easier method for the detection of HIT.

Keywords: HIT; platelet aggregation/activation; KKO/RTO antibody; microwave contactless sensor;
reflection coefficient; resonant frequency; conductivity

1. Introduction

Heparin-induced thrombocytopenia (HIT) develops in up to 5% of patients undergo-
ing unfractionated heparin therapy and occurs predominantly in females [1,2]. The etiology
involves the presence of antibodies, which are produced in response to the ultra-large com-
plexes formed between positively charged chemokine platelet factor 4 (PF4, CXCL4) and
negatively charged heparin (H) [3–5]. HIT involves a severe loss of platelet counts which
occurs in about 30–50% of associated cases with thromboembolic complications [6–8]. IgG
isotype antibodies have Fc fragments that can bind and activate platelets via FcγRIIa recep-
tors. Whereas the Fab parts of antibodies adhere to bound PF4/H complexes on platelets,
the resulting immune PF4/H/Antibody complexes cross-link and activate platelets [9].
The PF4/H antibodies are divided into two subtypes, (i) type 1 (asymptomatic) binds to
PF4/H complexes but does not activate platelets, and (ii) type 2 (symptomatic) activates
platelets [10]. Additionally, some autoimmune HIT antibodies that bind to PF4 alone have
been detected [11]. Asymptomatic antibodies normally do not cause HIT but they can be
a possible risk for HIT. Symptomatic (HIT) antibodies cause HIT whereas autoimmune
antibodies can trigger severe HIT in which platelet count reduces by around 30–50% in
associated cases with thromboembolic complications. Recently, antibodies with similar
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characteristics as HIT antibodies have been detected in severe COVID-19-infected pa-
tients [12–15] as well as in some COVID-19 vaccinated cases [16]. The PF4/H/Antibody
complexes can also bridge monocytes, neutrophils, and bind to endothelial cells [5], stimu-
lating the response of the immune system, and causing an increased risk for procoagulant
activity and life-threatening complications [6].

The presence of platelet-activating (HIT) antibodies in the sera confirms that patients
suffer from HIT. Early and accurate diagnosis of HIT is of primary importance because
failure to diagnose HIT antibodies can lead to catastrophic thrombosis if heparin therapy is
continued. To detect these abnormal antibodies, highly sensitive and rapid antigen tests
such as PF4 Enzyme-Linked Immunosorbent Assays (ELISA) are widely used in clinical
laboratories because of their high sensitivity and rapid performance [17]. Immunoassays
such as ELISA are widely used to detect PF4/H antibodies in clinical laboratories. However,
ELISA is only suited to rule out HIT as it detects both type-1 and type-2 PF4/H antibodies
as well as autoimmune HIT PF4 antibodies. Notably, it has been reported that around
50% of patients testing positive for ELISAs do not develop HIT [18]. To confirm HIT, the
ELISA-positive samples must be retested in functional assays including Serotonin-release
assays (SRA) or heparin-induced platelet aggregation assays (HIPA) [19–21]. Functional
assays are reliable techniques as they provide around 98% specificity. The assays are carried
out by stirring washed platelets or platelet-rich plasma together with the patient’s sera. If
platelet aggregation is observed, the presence of platelet-activating (type 2 or autoimmune)
antibodies in the sera is confirmed. However, the functional assays are time-consuming
and require well-trained staffs as well as specialist laboratories [22,23].

To date, many technologies have been developed to improve the detection of HIT.
Methods such as microscopy [24] and flow cytometry [25] are robust and powerful tech-
niques but require complex staining procedures. Several HIT test kits such as quick test
(STic Expert) [26], chemiluminescent immunoassays (AcuStar) [27], particle gel immunoas-
say (PaGIA) [28], chemiluminescence immunoassay (CLIA) [29], and Rapid Latex Enhanced
Immunoassay (LIA) [30] are commercially available. However, they are complex, expen-
sive, and time-consuming and were not suited for routine testing, especially, during the
COVID-19 pandemic. In patients suspected of COVID-19 vaccine-induced thrombotic
thrombocytopenia (VITT), abnormal antibodies (VITT antibodies) that behave similarly to
HIT antibodies have been detected. Only PF4 ELISAs allow for ruling out VITT, whereas
other available test kits are insensitive [31,32]. However, similar to HIT, patients must
be additionally tested with functional assays to confirm if they develop VITT. Although
functional assays are crucial in the confirmation of both HIT and VITT, the protocols for the
recognition of positive results in these tests are to date not optimized, i.e., the platelet ag-
gregation is normally visually inspected by highly trained staff or confirmed by a complex
and lengthy process to determine the level of serotonin release [33].

In this study, we introduce a contactless microwave sensor for the detection of HIT an-
tibodies via platelet aggregation/activation. Microwave resonators have gained increased
attention for their use in biosensors as this method is cost-effective, non-invasive, con-
tactless, capable of automation/simplification, easy to use, fast, and suitable for real-time
monitoring while utilizing a disposable and sterilizable adapter to avoid sample contamina-
tion. This methodology allows for the determination of dielectric properties of the samples
based on microwave measurements employing a waveguide cell filled with homogeneous
media. It utilizes a microwave resonator for determining the reflection coefficient S11.
Microwave sensing involves electromagnetic waves [34], undergoing reflection, refrac-
tion, and scattering. The scatter parameter S11 corresponds to the reflection coefficient
if the transmission is zero can be measured between 1.8 and 2.0 GHz using a single port
network analyzer. The S11 relates to the incident power (Pi) and reflected power (Pr)
(Equation (1)) [35],

S11(dB) = 10 log
Pr

Pi
(1)
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The dielectric loss is associated with the conductivity of the medium whereas a sole
shift in resonance frequency indicates a permittivity change. Thus, the S11 is a frequency-
dependent complex value where its amplitude and phase depend on the conductivity
and permittivity of the sample. Properties of the resonator itself, and to some extent,
the material inside the sample tube affect the measured S11 as well. The design was
optimized for a maximal electrical field strength (E-field) at the position of the sample
flow to gain the highest sensitivity. The real part permittivity ε′ of the material signifies
the capacitance of the system, denoting the storage capability for the electrical energy of
the sample whereas the imaginary part ε” is related to its conductivity or the dielectric
loss. Utilizing calibration with samples of known permittivity (ethanol-water mixture), the
real part of the permittivity (ε′) of the material under test (MUT) can be obtained from the
resonant frequency f0 (Equation (2)),

ε′ = εEtOH, 30% +

(
f0, EtOH,30% − f0, MUT

f0, MUT

)
k1 (2)

The k1 is obtained by linear fitting and k2 could be obtained by calibration using
permittivity and conductivity of known substances such as ethanol and KCl [36]. The
dielectric loss associated with the conductivity reduces the quality factor Q, which is
the ratio of the resonant frequency f0 and the full width at half maximum (∆fFWHM),
Q = f0/∆fFWHM. The conductivity of the MUT using the fitted parameter k2 could be finally
calculated (Equation (3))

σ′ =

(
1

QMUT
− 1

QH2O

)
k2 (3)

We expected a microwave resonator could detect that platelet activation/aggregation
induced by HIT antibodies. The hypothesis is that aggregated platelets show a lower
conductivity due to their reduced mobility. A slight effect is also expected when antibodies
bind to PF4. To induce platelet aggregates, we used a model monoclonal HIT-like anti-
body (KKO) that mimics human HIT antibodies and a non-HIT-like antibody (RTO) for
comparison [37]. They both bind to PF4/Heparin complexes, but KKO causes platelet
activation/aggregation whereas RTO does not [38]. Here, we report the possibility to
distinguish between KKO and RTO antibodies by their specific different activity in causing
platelet aggregation using the above-mentioned new microwave-based sensing method.

2. Results
2.1. Experimental Setup

The setup consists of a resonator connected to the vector network analyzer by coaxial
cables and installed in an incubator to fix the temperature to 25 ◦C and minimize noise.
Samples (MUT) were pumped inside the tube to the resonance sensor (Figure 1A) which
was connected to a vector network analyzer (VNA) via the coaxial probe. KKO-induced
platelet aggregation/activation is expected to be distinguishable from the RTO which does
not cause platelet aggregates (Figure 1B).

The reflection coefficient S11 was recorded between 1.8 and 2.0 GHz to ensure that a
large shift of resonant frequencies caused by platelet aggregation could be measured. The
change in the electrical properties of the platelet sample after aggregation and activation
causes a shift in the frequency (Figure 1C). Concerning the sensitivity of the sensor, it is
important to concentrate on the E-field where the tubing platelet sample is situated. To
identify an optimal position to place the sample tube, we simulated the distribution of the
electromagnetic field using WIPL-D software utilizing the finite element method [39]. The
model electromagnetic field was excited at the SubMiniature version A (SMA) connector
and after being reflected by the metallic walls of the resonator, the electric component of the
field was formed and distributed (green/yellow, Figure 1A). Thus, we placed our sample
in the region of the maximal electric field (E-field).
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Figure 1. Schematic describes the setup of the contactless microwave sensor for the detection of HIT. 
(A) Simulation of electric field distribution (green/yellow) shows the maximal electromagnetic field 
at the site of the sample tube (top-left, enlargement). The tube was filled with platelets by pumping 
the samples (left) through the resonator into the waste container (right). (B) Sample components 
including platelets, PF4 released from platelets, and RTO or KKO under E-field are oriented accord-
ing to dipole moments. (C) The expected resonant frequency vs. S11 plot shows a shift of frequency 
(Δf0) measured in platelet samples caused by (red) KKO (HIT) compared to (blue) RTO (non-HIT). 
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is induced by KKO but not RTO. HIPA tests were performed in which antibodies were 
mixed with platelets and stirred for 45 min. to induce aggregation before transferring to a 
petri dish. Platelets were fixed and stained with mouse anti-CD42a-FITC before visualiz-
ing with a confocal laser scanning microscopy (CLSM). The platelet alone (red, Figure 2A) 
and RTO (Figure 2B) did not show any major aggregation, but strong aggregates were 
induced by KKO (arrows, Figure 2C). 

 

Figure 1. Schematic describes the setup of the contactless microwave sensor for the detection of HIT.
(A) Simulation of electric field distribution (green/yellow) shows the maximal electromagnetic field
at the site of the sample tube (top-left, enlargement). The tube was filled with platelets by pumping
the samples (left) through the resonator into the waste container (right). (B) Sample components
including platelets, PF4 released from platelets, and RTO or KKO under E-field are oriented according
to dipole moments. (C) The expected resonant frequency vs. S11 plot shows a shift of frequency (∆f0)
measured in platelet samples caused by (red) KKO (HIT) compared to (blue) RTO (non-HIT).

2.2. Visualization of Platelet Aggregation by Confocal Laser Scanning Microscopy (CLSM)

It has been known that KKO causes platelet activation/aggregation in the heparin-
induced platelet aggregation (HIPA) test [40]. We first confirmed that platelet aggregation
is induced by KKO but not RTO. HIPA tests were performed in which antibodies were
mixed with platelets and stirred for 45 min. to induce aggregation before transferring to a
petri dish. Platelets were fixed and stained with mouse anti-CD42a-FITC before visualizing
with a confocal laser scanning microscopy (CLSM). The platelet alone (red, Figure 2A) and
RTO (Figure 2B) did not show any major aggregation, but strong aggregates were induced
by KKO (arrows, Figure 2C).

2.3. Platelet Aggregation Causes a Change in Resonant Frequency

Platelet samples after HIPA tests were then loaded into the resonator for tracking the
changes in resonant frequency caused by antibodies of different characteristics. Before
starting the experiment, the calibration of the coaxial cable was carried out by standard
open, short, and load calibration [41] to remove background noise caused by DC resistance
from the coaxial cable. The frequency was then set in the range of 1.8 to 2 GHz with
1000 points and swept for 30 measurements with 20 s of the gap among measurements. As
expected, the resonant frequency vs. S11 plot shows a shift of frequency to the right for the
sample containing KKO (red) whereas RTO (blue) did not show any significant difference
as compared with the platelet alone (violet) sample (Figure 3A). The negative magnitude of
S11 (or f0) was highest for the platelet alone, followed by RTO (non-aggregated platelets),
and lowest for KKO (aggregated platelets) (Figure 3A). The resonant point of spectra was
different along with a slight shift of frequency, indicating that the change in conductivity
and permittivity due to platelet aggregation that was induced by KKO. The S11 around
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f0 from independent platelet donors exhibited the same trend. Samples containing KKO
showed the lowest negative S11 values, followed by RTO, and the highest for the platelet
alone (Figure 3B).
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Figure 2. Visualization of platelet aggregation by confocal microscopy. No or very small aggregates
and only minor change in platelet morphologies were seen in (A) platelet alone and (B) RTO, which
can be considered as the background, but (C) KKO strongly caused platelet aggregates (arrows). The
scale bar is the same for all images.
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Figure 3. Detection of platelet aggregates with contactless microwave sensor. (A) Enlargements show
typical−distinguished S11 vs. frequency curves for platelets (purple), RTO (blue), and KKO (red)
that allow determining maximal S11 around resonant frequency f0, S11(f0), arrows. (B) Collection of
values from different platelet donors (n = 3) shows the same trend, that is, the lowest negative S11 for
KKO, followed by RTO, and highest for the platelet alone.

2.4. Determination of Geometry Parameters of the Sensors

To understand the effect of KKO and RTO in platelet samples, we calculated conductiv-
ity and permittivity. The resonant curves were fitted to the Lorentz model, which yields the
resonant frequency and the quality factor. Using linear regression overall calibration data,
the geometry factors k1 and k2 were obtained. The resonator is geometry dependent, and
therefore, we calculated the permittivity and conductivity through the geometry factors
k1 and k2 (Equations (2) and (3)). The k1 and k2 could be obtained by calibration using
the permittivity and conductivity of known substances such as ethanol and KCl [36], and
thus, we performed a dilution series of ethanol (Figure 4A) up to 30% and KCl (Figure 4B)
in water up to 150 mM. Equation (2) gave us a quasi-linear fit. The resonant curve was
simulated with an inductor-capacitor and resistor circuit (LCR) for the determination of the
geometry factors by titration curves. The k1 and k2 values were determined to be 1546 (no
unit) and 1.24 × 106 µS/cm, respectively.
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Figure 4. Calibration curves for determination of geometry parameters. (A) Ethanol and (B) KCl
titration into water respectively allow the determination of permittivity and conductivity that enable
the calculation of geometry parameters k1 and k2.

2.5. Platelet Aggregation Alters Sample Conductivity

The calculated geometry parameters were used for the determination of the conductiv-
ity of platelet samples following equation (3). The results showed that platelet aggregates
caused by KKO induced a lower conductivity than the non-aggregated platelets induced
by RTO (Figure 5A), whereas there were no significant permittivity differences among the
samples (Figure S1A). To further understand the effect of KKO and RTO in the platelet
samples, we calculated the variation of conductivity,

δv =
δ(KKO or RTO) − δ(Platelet)

δ(Platelet)
× 100 (4)

KKO-induced conductivity change (Equation (4)) is higher than that of RTO which
shows a boundary at ~17% (Figure 5B). The boundary was identified by the average value
obtained from the maximal and minimal δv values for RTO and KKO samples, respectively.
We also calculated the ratio of conductivity change (δc) to better understand the effect of
KKO and RTO in the platelet samples,

δc =
σ(KKO or RTO)

σ(Platelet)
(5)

This way of calculation (Equation (5)) allows for distinguishing KKO from RTO at
every tested platelet donor (Figure 5C), indicating the high sensitivity of the method.
Statistical comparisons show a significant change of δc between KKO and RTO, whereas
no significant difference is obtained between the platelet alone and RTO (Figure 5D). The
results indicate that the microwave contactless sensor allows for distinguishing HIT-like
antibodies from non-HIT ones.
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Figure 5. Platelet activation altered sample conductivity. (A) Platelet donors show the strongest
reduction of conductivity caused by KKO, followed by RTO, whereas the platelet alone does not
cause any change as compared with the buffer (n = 3). (B) Variation of conductivity (δv, inset) for (red)
KKO is higher than that of the (blue) RTO boundary at ~17% (green). (C) Change in conductivity
(δc, inset) from shows distinguishable σc of (red) KKO from (blue) RTO. (D) Statistical comparisons
(T-test) show a significant change of σc between KKO and RTO, whereas no significant difference is
obtained between the platelet alone and RTO (n = 5 repeats). ***: p < 0.001.

3. Discussion

The present study has demonstrated as proof of principle, the application of a contact-
less microwave sensor for the detection of HIT-like antibodies via conductivity change or
frequency shift. To confirm HIT, the current detection procedure requires a combination
of both immunoassays and functional tests. The contactless resonator microwave sensor
can be a promising technique to shorten the protocol for the detection of HIT. We found a
boundary of approx. 17% variation in conductivity that allows us to distinguish between
a sample containing HIT-like antibodies and non-HIT antibodies. Our method shows a
potentially inexpensive electronic instrumentation and label-free protocol for HIT detection
via platelet aggregation in a single test.

Measurements were carried out in the frequency range of 1.8 to 2 GHz in the resonator
system. Depending on materials that cause dissimilar permittivity and conductivity in
platelet samples, the resonant frequency will be shifted under an applied e-field. A tube for
pumping the platelet sample through is placed within the resonator, which is connected to
a network analyzer to measure the reflection coefficient S11 around the resonant frequency
(f0). The S11 depends on the permittivity, conductivity of the samples, and geometry factors
of the set-up. Although permittivity influences the resonance frequency, any change in
conductivity will change both the resonance frequency and the quality factor (Q) due to
damping. The resonator allows for fast and low-cost detection using a portable device and
the method requires only a small sample volume. Importantly, it does not cause sample
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contamination because it is a non-contact method. The vector network analyzer is a robust
and effective instrument for the design and testing of resonator-based biosensors.

The measured resonant curve is used to determine the quality factor of the system. It is
obtained by resonant frequency (f0) and the full width at half maximum ∆fFWHM. Using the
resonances measured in ethanol and KCl, for which permittivity and conductivity values
are known, the geometry factors (k1 and k2) could be obtained by fitting their titration
curves. Knowing geometry factors, permittivity, and conductivity in the platelet samples
with the presence of KKO or RTO can be determined.

The sensor was applied to distinguish platelet aggregates induced by the HIT-like
KKO antibodies and compared with that of non-HIT-like RTO antibodies. The ability of
these antibodies in inducing platelet aggregation was confirmed by confocal microscopy.
The measured resonant frequency vs. S11 plot for samples containing KKO shifted to a
higher frequency compared to those containing RTO or only platelets, indicating KKO-
induced changes in the permittivity and conductivity of platelet samples. Fitting resonant
frequency vs. S11 plot together with using the determined geometry factors (k1 and k2),
permittivity, and conductivity of platelet samples were calculated. In comparison with RTO,
KKO caused a higher change in conductivity, which is likely due to the aggregation and
activation of platelets. Whereas activated platelets released multiple molecules that reduce
the charge mobility in the sample buffer, aggregated platelets lead to the reduction of the
platelet density that causes low damping. KKO induced a strong reduction of conductivity
but RTO did not. As human HIT antibodies show similar characteristics as KKO, our results
suggest that HIT sera may also show an above 17% variation in conductivity. In the other
words, our method can be a promising approach to confirming HIT when tracking the
conductivity changes in the presence of the patient’s sera.

We did not observe a significant change in the permittivity of the platelet samples
(Figure S1A). It is likely that the method only allows for the detection of permittivity
dissimilarity if the samples have a significantly high difference in permittivity. Among our
investigated platelet samples including platelets alone and platelets with RTO or KKO, the
change in permittivity is probably too small to be detected.

Though the resonator has been previously tested with inorganic materials, [28] we
showed in this study an application of the sensor to the most sensitive and complicated bio-
logical samples, that is, the detection of platelet aggregation caused by HIT-like antibodies.
Unlike other cell types, platelets are fragile and without a nucleus, therefore, they adhere to
many non-biological surfaces and quickly activate/die. The microwave contactless sensor
measures the changes in the sample medium that contains all proteins and other molecules
released after platelet aggregation/activation. The experiments do not require keeping
platelets in their native forms, which eliminates multiple control steps.

We presented a concept that allows portable and economic instrumentation, fast
measurement, and simple operation. In comparison with current technologies such as
microscopy and flow cytometry, the contactless microwave sensor does not require sample
staining. Our method shows a high sensitivity for the differentiation between symptomatic
HIT-like antibodies and asymptomatic non-HIT-like ones (Figure 5). With the exception of
measurements with bubble effects and freshness of platelets, all tests in our experiments
showed distinguishable conductivity change (δv, δc) of KKO from RTO. In comparison
with ELISAs, our protocol is much shorter. When compared with platelet aggregation tests,
the contactless microwave sensor does not require well-trained specialists or additional
tests such as serotonin assays to confirm sample status caused by platelet-activating anti-
bodies [19–21]. Although other available methods [18–30] including quick tests are of high
cost or single use only, our method-based tubing system can be reused for multiple tests.

Besides having many advantages, the method still shows several technical limitations
that require further development and optimization. First, we observed that the concentra-
tion of platelets and the freshness of platelets had an effect, as in some data sets, or only
a slight change of conductivity was induced, or none at all. (Figure S1B). To effectively
induce platelet aggregation, it is important to use fresh platelets immediately after iso-
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lation from whole blood. Identification of more stable cell types for the test can be very
helpful. Second, our current setup could not overcome the bubble issue as measurements
in the appearance of bubbles did not allow us to distinguish KKO from RTO. Control of
external factors such as tube material, the position of measurement, cable resistance, and
measurement buffer can minimize bubble issues. Third, the minimization of signal-to-noise
ratio as the resonator is highly sensitive to geometry and the external factors should be
investigated. Dipole moment studies can further enhance the dielectric property, and thus,
the sensor portability could be improved. Furthermore, advanced studies to integrate
other techniques as well as automate the measurements will bring the method closer to
applications at the clinics. Lastly, only HIT-like antibodies were tested in this study, and
therefore, future investigation of antibodies spiked with serum or HIT patient sera will
confirm the feasibility of microwave contactless sensors in the confirmation of HIT. The
antibody concentration in the patient’s sera must be investigated in order to determine the
detection limit. Furthermore, the effect of heparin concentration on platelet aggregation
needs to be investigated as HIT antibodies enhance binding to PF4/H complexes compared
to PF4 alone. Nevertheless, the microwave contactless sensor can be a potential method for
diagnosing HIT.

4. Conclusions

A microwave resonator is presented for the detection of HIT-like KKO antibodies via
changes in the characteristics of platelet samples. The HIT-like antibodies (KKO) could
be well differentiated from the non-HIT antibodies (RTO) through analysis of changes in
resonant frequency and conductivity. The assessment of the reflection coefficient does not
require bulky and expensive equipment. The measurement yields different reflection behav-
ior for samples with RTO or KKO added. Aggregated platelets (induced by KKO) showed
a lower conductivity compared to non-aggregated platelets (caused by RTO). Evaluation
of the conductivity change allows us to confirm HIT at the boundary of approximately
17% variation in conductivity. Even though human sera have not yet been tested, our
study indicates that contactless microwave sensors can be a potential technology for the
development of a new method for better diagnosis of HIT.

5. Materials and Method
5.1. Chemicals and Reagents

RTO and KKO from Thermo Fisher Scientific(Aachen, North Rhine-Westphalia, Ger-
many), platelet factor 4 from Chromatec (Greifswald, Mecklenburg-Vorpommern, Ger-
many), Phosphate Buffer Saline (PBS) pH 7.4, ultrapure water, suspension buffer, Apyrase
from SIGMA (Munich, Bavaria, Germany), ACD-A (acid citrate dextrose) from Fresenius
Kabi, (Bad Homburg, Hessen, Germany), washing solution (pH 6.3 composed of 137 mM
NaCl, 2.7 mM KCl, 11.9 mM NaHCO3, 0.4 mM Na2HPO4, 2.5 U/mL Hirudin), suspension
buffer, tissue culture Petri dishes, and 96 well-plates from TPP, (Trasadingen, Schaffhausen,
Switzerland). All the chemicals were either prepared with the highest purity or commer-
cially available.

5.2. Ethics

The use of blood obtained from healthy volunteers was approved by the ethics board
of Thuringia, Germany.

5.3. Isolation of Platelets

Human blood from healthy volunteers (38627/2019/30-Ethics committee of Thuringia,
Germany) who were drug-free within the previous 10 days were collected into a tube of
ACD-A 1.5 mL BD-Vacutainer (Fresenius Kabi, Bad Homburg, Hessen, Germany). Collected
blood tubes were covered with parafilm and inclined at a 45-degree angle for 15 min. After
that, the blood was centrifuged at 120× g for 20 min to obtain platelet-rich plasma that
was then collected and added a solution of 15% ACD-A along with 2.5 U/mL Apyrase,
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followed by centrifugation for 7 min at 650× g. The platelet pellets were suspended in
5 mL of washing solution and kept in incubation at 37 ◦C for 15 min. After centrifugation,
the supernatant was discarded, and platelets were suspended with a suspension buffer.
After 45 min of incubation at 37 °C, platelets were ready to use. The final concentration
of platelets was 300 × 103/µL was counted by blood counter pocH-100i from SYSMEX,
(Möhnesee, North Rhine-Westphali, Germany).

5.4. Platelet Aggregation/Functional Assay

To induce platelet aggregation, the sample components consisted of fresh platelets
at a final concentration of 300 × 103/µL, and KKO or RTO of 10 µg/mL were added to
96-well plates. Samples were prepared in a suspension buffer. Platelet samples were stirred
with two stirrer beads at 2200 rpm for 45 min at room temperature. After stirring, the
samples were transferred to protein-nonbinding Eppendorf tubes and used immediately.
The platelet alone without antibodies added was tested as the Control.

5.5. Confocal Laser Scanning Microscopy (CLMS) to Visualize Platelet Aggregation

To observe platelet aggregations, the above samples after platelet aggregation tests
were transferred to Petri-dishes and kept for 15 min. Subsequently, 4% of paraformaldehyde
was added to fix the platelets. After washing with PBS, anti-CD42a-FITC from Biolegend,
San Diego, CA, USA) (1:1000 dilution) was added to the samples before imaging with the
Zeiss LSM710 (Carl Zeiss, Gottingen, Lower Saxony, Germany) at room temperature in
the dark.

5.6. High-Frequency Contactless Sensor Measuring Platelet Aggregation

The whole setup was placed inside an incubator set at 25 ◦C to keep the temperature
constant. The coaxial cable was connected to the resonator via port 1 of the Vector network
analyzer Master MS2028B from Anritsu, (Munich, Bavaria, Germany). A calibration of
open, short, and load was carried out to match the analyzer and cable. The tube was then
placed across the sensor and firmly held by two screws. The samples (200 µL) from the
platelet aggregation tests were transferred to the test tube and diluted in the water of a
1:1 ratio before pumping into the resonator with a 1.0 mL/min pushing speed. Samples
were kept in the incubator for 30 min to gain a constant temperature of 25 ◦C. Note that
the waste end-tube was also closed to reduce the temperature variation and the closer was
only removed after finishing the measurement to release the sample to the waste container.
For all measurements, a frequency range between 1.8 and 2 GHz with 1000 points sweep
was chosen. For each experiment, a set of 30 measurements were carried out with a gap
of 20 s. The total time observed including incubation and measurement was 40 min for
each sample. The analysis was carried out in MATLAB (The Math Works, Inc., Natick, MA,
USA) and Origin Pro (version 2021. OriginLab Corporation, Northhampton, MA, USA).

5.7. Conductivity and Permittivity Determination

To determine the geometry factors k1 and k2, it is important to calibrate the system with
known conductivity and permittivity. As any well-characterized solution could be used for
this purpose, we chose KCl with dilutions up to 150 mM and ethanol titration to 30%. The
whole setup of resonant frequency was fitted in the LCR circuit with the Lorentz model.
Then, the values were fitted with a linear fit and the k1 and k2 were obtained. Quality
factor (Q) and resonant frequency (f0) were obtained by fitting with the Lorentz model. The
conductivity and permittivity values were calculated according to Equations (2) and (3)
with the obtained Q values and f0 for each sample. The calculations were taken with
respect to water as it was the major solvent for the titration of KCL or ethanol as well as the
suspension buffer for platelets. The program was written in MATLAB (The Math Works,
Inc., Natick, MA, USA) for obtaining Q, f0, k1, and k2. The statistical analysis was carried
out in Origin Pro2021 (version 2021, OriginLab Corporation, Northhampton, MA, USA).



Int. J. Mol. Sci. 2022, 23, 14395 11 of 13

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232214395/s1.

Author Contributions: N.Z.K. performed platelet isolation, platelet aggregation, confocal imaging,
and microwave dielectric spectroscopy experiments, analyzed results, and wrote the manuscript;
D.M. helped with the setup, calibration, and discussion of the results; U.P. analyzed, discussed the
results, and wrote the manuscript; Y.Z. performed and described the electric field simulations; N.T.
helped with experimental setup and literature; D.H. discussed the results and revised the manuscript;
J.M.K. provided feedback and revised the manuscript; T.-H.N. conceived the project, discussed the
results, and wrote the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by the Freistaat Thüringen (Thüringer Ministerium für Wirtschaft,
Wissenschaft und Digitale Gesellschaft, TMWWDG, Germany). T.-H.N. acknowledges the partial
funding of the German Research Foundation (DFG, Grant number: 469240103).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data is not publically available to due the institute policy but can be
obtained at an reasonable request from the corresponding author.

Acknowledgments: This work was supported by the Freistaat Thüringen, Germany, and the Deutsche
Forschungsgemeinschaft (DFG), Germany (Project number 469240103). We thank Dialysis Eichs-
feld for helping with the platelet donation, Uwe Schirmer for helping with confocal imaging, and
Annerose Lindenbauer for supporting with isolation of platelets.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hogan, M.; Berger, J.S. Heparin-induced thrombocytopenia (HIT): Review of incidence, diagnosis, and management. Vasc. Med.

2020, 25, 160–173. [CrossRef] [PubMed]
2. Warkentin, T.E.; Sheppard, J.A.; Sigouin, C.S.; Kohlmann, T.; Eichler, P.; Greinacher, A. Gender imbalance and risk factor

interactions in heparin-induced thrombocytopenia. Blood 2006, 108, 2937–2941. [CrossRef] [PubMed]
3. Patriarcheas, V.; Pikoulas, A.; Kostis, M.; Charpidou, A.; Dimakakos, E. Heparin-induced Thrombocytopenia: Pathophysiology,

Diagnosis and Management. Cureus 2020, 12, e7385. [CrossRef] [PubMed]
4. Arepally, G.M. Heparin-induced thrombocytopenia. Blood 2017, 129, 2864–2872. [CrossRef] [PubMed]
5. Laber, D.A.; Martin, M.E. Etiology of thrombocytopenia in all patients treated with heparin products. Eur. J. Haematol. 2005, 75,

101–105. [CrossRef]
6. Ahmed, I.; Majeed, A.; Powell, R. Heparin induced thrombocytopenia: Diagnosis and management update. Postgrad. Med. J.

2007, 83, 575–582. [CrossRef]
7. Dahal, S.; Bhatt, V.R.; Upadhyay, S.; Silberstein, P. Heparin Induced Thrombocytopenia. In Reference Module in Biomedical Sciences;

Elsevier: Amsterdam, The Netherlands, 2014.
8. Kowalska, M.A.; Krishnaswamy, S.; Rauova, L.; Zhai, L.; Hayes, V.; Amirikian, K.; Esko, J.D.; Bougie, D.W.; Aster, R.H.; Cines,

D.B.; et al. Antibodies associated with heparin-induced thrombocytopenia (HIT) inhibit activated protein C generation: New
insights into the prothrombotic nature of HIT. Blood 2011, 118, 2882–2888. [CrossRef] [PubMed]

9. Onwuemene, O.; Arepally, G.M. Heparin-induced thrombocytopenia: Research and clinical updates. Hematol. Am. Soc. Hematol.
Educ. Program 2016, 2016, 262–268. [CrossRef]

10. Páramo, J.A.; Lozano, M.L.; González-Porras, J.R.; Mateo, J. Current status of diagnosis and treatment of heparin-induced
thrombocytopenia (HIT). Med. Clín. 2022, 158, 82–89. [CrossRef] [PubMed]

11. Thi-Huong, N. Chapter 3: Not Only Heparin but Also Antibody Induces Thrombocytopenia. In Thrombocytopenia; Pankaj, A., Ed.;
IntechOpen: Rijeka, Croatia, 2018.

12. Althaus, K.; Marini, I.; Zlamal, J.; Pelzl, L.; Singh, A.; Häberle, H.; Mehrländer, M.; Hammer, S.; Schulze, H.; Bitzer, M.; et al.
Antibody-induced procoagulant platelets in severe COVID-19 infection. Blood 2021, 137, 1061–1071. [CrossRef]

13. Dragonetti, D.; Guarini, G.; Pizzuti, M. Detection of anti-heparin-PF4 complex antibodies in COVID-19 patients on heparin
therapy. Blood Transfus. Trasfus. Sangue 2020, 18, 328.

14. Thachil, J.; Tang, N.; Gando, S.; Falanga, A.; Cattaneo, M.; Levi, M.; Clark, C.; Iba, T. ISTH interim guidance on recognition and
management of coagulopathy in COVID-19. J. Thromb. Haemost. 2020, 18, 1023–1026. [CrossRef] [PubMed]

15. Uaprasert, N.; Tangcheewinsirikul, N.; Rojnuckarin, P.; Patell, R.; Zwicker, J.I.; Chiasakul, T. Heparin-induced thrombocytopenia
in patients with COVID-19: A systematic review and meta-analysis. Blood Adv. 2021, 5, 4521–4534. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms232214395/s1
https://www.mdpi.com/article/10.3390/ijms232214395/s1
http://doi.org/10.1177/1358863X19898253
http://www.ncbi.nlm.nih.gov/pubmed/32195628
http://doi.org/10.1182/blood-2005-11-012450
http://www.ncbi.nlm.nih.gov/pubmed/16857993
http://doi.org/10.7759/cureus.7385
http://www.ncbi.nlm.nih.gov/pubmed/32337112
http://doi.org/10.1182/blood-2016-11-709873
http://www.ncbi.nlm.nih.gov/pubmed/28416511
http://doi.org/10.1111/j.1600-0609.2005.00503.x
http://doi.org/10.1136/pgmj.2007.059188
http://doi.org/10.1182/blood-2011-02-335208
http://www.ncbi.nlm.nih.gov/pubmed/21772054
http://doi.org/10.1182/asheducation-2016.1.262
http://doi.org/10.1016/j.medcli.2021.05.020
http://www.ncbi.nlm.nih.gov/pubmed/34311973
http://doi.org/10.1182/blood.2020008762
http://doi.org/10.1111/jth.14810
http://www.ncbi.nlm.nih.gov/pubmed/32338827
http://doi.org/10.1182/bloodadvances.2021005314
http://www.ncbi.nlm.nih.gov/pubmed/34543382


Int. J. Mol. Sci. 2022, 23, 14395 12 of 13

16. Greinacher, A.; Thiele, T.; Warkentin, T.E.; Weisser, K.; Kyrle, P.A.; Eichinger, S. Thrombotic Thrombocytopenia after ChAdOx1
nCov-19 Vaccination. N. Engl. J. Med. 2021, 384, 2092–2101. [CrossRef] [PubMed]

17. Chan, M.; Malynn, E.; Shaz, B.; Uhl, L. Utility of consecutive repeat HIT ELISA testing for heparin-induced thrombocytopenia.
Am. J. Hematol. 2008, 83, 212–217. [CrossRef] [PubMed]

18. Pearson, M.-A.; Nadeau, C.; Blais, N. Correlation of ELISA Optical Density With Clinical Diagnosis of Heparin-Induced
Thrombocytopenia: A Retrospective Study of 104 Patients With Positive Anti-PF4/Heparin ELISA. Clin. Appl. Thromb. Hemost.
2014, 20, 349–354. [CrossRef]

19. Greinacher, A.; Amiral, J.; Dummel, V.; Vissac, A.; Kiefel, V.; Mueller-Eckhardt, C. Laboratory diagnosis of heparin-associated
thrombocytopenia and comparison of platelet aggregation test, heparin-induced platelet activation test, and platelet factor
4/heparin enzyme-linked immunosorbent assay. Transfusion 1994, 34, 381–385. [CrossRef] [PubMed]

20. Warkentin, T.E.; Arnold, D.M.; Nazi, I.; Kelton, J.G. The platelet serotonin-release assay. Am. J. Hematol. 2015, 90, 564–572.
[CrossRef]

21. Warkentin, T.E.; Greinacher, A.; Gruel, Y.; Aster, R.H.; Chong, B.H. Laboratory testing for heparin-induced thrombocytopenia: A
conceptual framework and implications for diagnosis. J. Thromb. Haemost. JTH 2011, 9, 2498–2500. [CrossRef]

22. Motohashi, S.; Matsuo, T.; Inoue, H.; Kaneko, M.; Shindo, S. Clinical Significance of the Serotonin Release Assay and Platelet
Count Monitoring After Cardiac Surgery. Clin. Appl. Thromb. Hemost. 2018, 24, 944–949. [CrossRef] [PubMed]

23. Warkentin, T.E.; Smythe, M.A.; Ali, M.A.; Aslam, N.; Sheppard, J.-A.I.; Smith, J.W.; Moore, J.C.; Arnold, D.M.; Nazy, I. Serotonin-
release assay-positive but platelet factor 4-dependent enzyme-immunoassay negative: HIT or not HIT? Am. J. Hematol. 2021, 96,
320–329. [CrossRef] [PubMed]

24. Kelton, J.G.; Warkentin, T.E. Heparin-induced thrombocytopenia: A historical perspective. Blood 2008, 112, 2607–2616. [CrossRef]
[PubMed]
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