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Abstract
Many patients develop coagulation abnormalities due to chronic and hereditary disorders, infectious disease, blood loss, extra-
corporeal circulation, and oral anticoagulant misuse. These abnormalities lead to bleeding or thrombotic complications, the risk
of which is assessed by coagulation analysis. Current coagulation tests pose safety concerns for neonates and small children due
to large sample volume requirement and may be unreliable for patients with coagulopathy. This study introduces a containerless
drop-of-blood method for coagulation analysis, termed “integrated quasi-static acoustic tweezing thromboelastometry” (i-
QATT™), that addresses these needs. In i-QATT™, a single drop of blood is forced to levitate and deform by the acoustic
radiation force. Coagulation-induced changes in drop turbidity and firmness are measured simultaneously at different instants.
The parameters describing early, intermediate, and late stages of the coagulation process are evaluated from the resulting
graphical outputs. i-QATT™ rapidly (<10 min) detected hyper- and hypo-coagulable states and identified single deficiency in
coagulation factors VII, VIII, IX, X, and XIII. The linear relationship (r2 > 0.9) was established between fibrinogen concentration
and two i-QATT™ parameters: maximum clot firmness and maximum fibrin level. Factor XIII activity was uniquely measured
by the fibrin network formation time (r2 = 0.9). Reaction time, fibrin formation rate, and time to firm clot formation were linearly
correlated with heparin concentration (r2 > 0.7). tPA-induced hyperfibrinolysis was detected in the clot firmness output at 10min.
i-QATT™ provides comprehensive coagulation analysis in point-of-care or laboratory settings, well suited to the needs of
neonatal and pediatric patients and adult patients with anemia or blood collection issues.
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Introduction

Plasma and whole-blood coagulation tests are routinely per-
formed to assess bleeding and thrombosis risks in critical care
patients [1, 2], patients with coagulation disorders [3, 4], and
patients on anticoagulant therapy [5]. Using a photo-optical
turbidimetric or nephelometric technique [6, 7], plasma tests
predict the onset of fibrin formation (reaction time) upon ex-
posure to activators of extrinsic (PT/INR) or intrinsic pathway
of coagulation (aPTT). The information about later stages,
which is essential for bleeding/thrombotic risk prediction,

can be obtained from whole-blood elastometric tests (TEG
or ROTEM) in which temporal changes in blood elasticity
(firmness) are measured [8, 9]. However, both TEG and
ROTEM require frequent calibration, have high variability,
and are not standardized for coagulation measurements [8,
10, 11].

The available coagulation analyzers operate with a relative-
ly large sample volume, thus wasting this precious resource.
Two to three milliliters of blood collected for one set of coag-
ulation tests is a significant amount for neonates and small
children [12]. With multiple tests performed at relatively short
time intervals, pediatric patients may lose too much blood and
become anemic. Due to a lack of clinically validated devices
that can operate with small blood samples, monitoring of co-
agulation abnormalities in small children remains challenging
[13, 14].

There also is a growing concern that coagulation tests are
unreliable [15], particularly, in coagulopathic and thrombotic
patients [8, 10, 13, 16, 17]. Diagnostic errors can be caused by
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Fig. 1 Quasi-static acoustic tweezing thromboelastometry (QATT) inte-
grated with photo-optical turbidimetry. Shown are a schematic diagram
of the experimental system: the shape of a levitated blood drop is recorded
by camera 1 and blood turbidity is measured from light intensity in the
central square region of the drop recorded by camera 2 or photodiode; b
photographs of an acoustically levitated and deformed (acoustically
tweezed) sample drop of normal blood plasma before the onset of coag-
ulation (0 min), during coagulation (10 min), and when plasma is fully

clotted (15 min); c location vs. aspect ratio curves for a sample drop of
normal blood plasma at 1, 10, 13, and 19 min of sample tweezing; d
mechanical tweezograph (elasticity vs. time curve) for coagulating nor-
mal blood plasma; and e photo-optical tweezograph (darkness in
greyscale value vs. time) for coagulating normal blood plasma. Blood
plasma was exposed to an intrinsic pathway activator (APTT-XL) and
calcium chloride. The columns in b and symbols in c are the data collect-
ed during the deformation phase of the pressure sweep
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direct contact of a blood sample with artificial materials, e.g.,
container or cartridge walls, during coagulation. Blood is a
very sensitive biological material, and its coagulation in the
body is triggered by activated endothelial cells, collagen, and/
or external environment such as air. When it is exposed to
artificial materials, improper changes in this process may
occur.

We have developed acoustic tweezing technology that ad-
dresses the issues of sample size and sample-wall contact in
coagulation analysis [18, 19]. In our approach, temporal
changes in blood viscoelasticity during coagulation are
assessed from a single drop of blood (4–6 μL in volume)
levitated and deformed in air in a standing acoustic wave field.
Simultaneously with this mechanical measurement, we

measure changes in blood turbidity from acquired images of
the blood drop. The focus of this study is to assess the feasi-
bility of this integrated quasi-static technique (i-QATT™) to
detect coagulation factor deficiency, measure functional levels
of coagulation factors and fibrinolytic agents, and monitor
anticoagulant therapy.

Materials and methods

Reagents Pacific Hemostasis® PT (Thromboplastin-D) and
aPTT reagents (aPTT-XL) were purchased from Fisher
Scientific (Hampton, NH). Thromboplastin-D was suspended
in 4 mL PBS. Calcium chloride, porcine heparin sodium, and

Fig. 2 Graphical output of i-QATT™. a, b Shown are the mechanical
(left) and photo-optical tweezographs (right) of 3–4 drops of normal
blood plasma (FACT) and factor-deficient plasmas exposed to an intrin-
sic (APTT-XL, a) or extrinsic (TF, b) pathway activator. c Mechanical
and photo-optical tweezographs of normal blood plasma exposed to

heparin at different doses (4–7 samples per dose) and then activated via
the extrinsic pathway. dMechanical tweezographs of normal blood plas-
ma exposed to fibrinolytic agent tPA at different doses (5 samples per
dose) and then activated via the extrinsic pathway

3371Drop-of-blood acoustic tweezing technique for integrative turbidimetric and elastometric measurement of...



3372 Luo D. et al.



human tissue plasminogen activator (tPA) were obtained from
Sigma-Aldrich (St. Louis, MO). Calcium chloride was dis-
solved in deionized water at a 222 mg/mL concentration
(2 M). Heparin sodium was diluted in PBS into a 13.5 KU/
mL stock solution. The tPA stock solution was prepared by
dissolving tPA into PBS at a 0.5 mg/mL concentration.
Human fibrinogen solution was purchased from Enzyme
Research Laboratories (South Bend, IN) and diluted in PBS
into a 400 mg/mL stock solution.

Blood plasma preparation FACT plasma and plasmas with
deficiency in FVII, FVIII, FIX, FX, and FXIII (less than 1%
activity) were purchased from George King Bio-Medical
(Overland Park, KA). Low fibrinogen-level plasma was pur-
chased from Fisher Scientific (Hampton, NH). The extrinsic
and intrinsic pathways of coagulation were triggered by
thromboplastin-D (where TF is an active ingredient) and
aPTT-XL, respectively, following either manufacturer’s in-
structions (“commercial recipe”) or a custom recipe. The data
produced using the commercial recipe are discussed in
Supplementary Information (ESM) (see Supplementary
Methods and Results) and shown in ESM Figs. S2 and S3.
In the custom recipe, 2 mL thromboplastin-D was mixed with
18 mL of blood plasma to activate the extrinsic pathway. Six
milliliters aPTT-XL and 2 mL calcium chloride were added to
18 mL blood plasma to activate the intrinsic pathway.

In the fibrinogen study, a batch of FACT plasma with
295 mg/dL fibrinogen concentration, as measured by
Clauss’ method, was used as a base. One hundred eighty mi-
croliters plasma was mixed with 20 μL of either PBS or
fibrinogen-in-PBS solution to reach the final fibrinogen con-
centration of 265, 300, 400, 500, or 600 mg/dL. Low fibrino-
gen plasma (70 mg/dL) was also used in this study.

To test the impact of heparin on blood coagulation, 200 μL
FACT plasma was mixed with 20 μL PBS or heparin-in-PBS to
achieve the final heparin concentration of 0, 0.15, 0.225, 0.3, or
0.6 U/mL. After 15-min incubation, the thromboplastin-D solu-
tion prepared by the custom recipe was applied to a heparin-
treated plasma sample to activate the coagulation process. This
procedure was similar to the Rapid TEG test [20]. The effect of
FXIII activity on blood coagulation was measured using normal
(100%activity), FXIII-deficient plasma (<1%), and a 1:1mixture
of normal and FXIII-deficient plasmas (50%).

Experimental system The acoustic tweezing coagulometer
[18] consists of the following: (1) a custom Langevin-type

acoustic transducer; (2) a reflector mounted at full wavelength
away from the transducer; (3) a function synthesizer (Agilent
33220A, Santa Clara, CA) and a wideband power amplifier
(Krohn-Hite 7500, Brockton, MA) that generate the driving
signal at a frequency of 29.4 kHz; (4) two backlit light boxes
and two CMOS camera (acA1920-25um, Basler, Ahrensburg,
Germany) to record drop images; (5) an electronic single-
channel pipette (CappMaestro, Capp, Nordhausen,
Germany) for semi-automatic sample handling; and (6) a cus-
tom environmental chamber integrated with a humidifier that
maintains humidity at 90%. The coagulometer is controlled by
a computer workstation connected to the function generator
and the cameras. The device is 40 cm long, 30 cm wide, and
20 cm high, i.e., it is small enough to be placed on bedside.

In i-QATT™ analysis (Fig. 1a, see also ESM Fig. S1), a
6-μL blood drop was injected into the standing wave field by
the pipette. The drop was first maintained at an aspect ratio
close to 1, referred to as a “resting state.” This was achieved
when the input power of the transducer was 3.9 W. Quasi-
static acoustic tweezing of the drop was induced through a
series of 1-min pressure sweeps. In each sweep, the input
voltage (and thus the acoustic pressure) increased at a fixed
increment for 15 s to deform the drop to a maximum aspect
ratio of ~2.2 and then dropped to its resting state in 5 s. The
resting state was maintained for 40 s, i.e., until the next pres-
sure sweep began. Changes in the drop aspect ratio (applied
strain measure), drop vertical location (measure of the applied
extensional strain), and drop light transparency were assessed
from recorded images of the drop (Fig. 1b). It is important to
say that the drop vertical position in the resting state is below a
pressure node because of gravity. An increase in acoustic
pressure causes the drop to move to a higher location, closer
to the node, and it also induces vertical contraction of the drop,
resulting in an increase in drop aspect ratio.

Data analysis By using a custom image analysis code, we first
plotted drop aspect ratio vs. location at different instances (Fig. 1c).
Please note that times reported there are pressure sweep numbers,
converted to the time scale based on the fact that the sweep dura-
tion is 1 min. The linear part of the aspect ratio vs. location curves
was used to determine the slope angle θ (a measure of sample
firmness), which was then converted into the relative angle.

θr ¼ θ=θ0 ð1Þ
or the normalized angle

θn ¼ θr−1
θr;max−1

� 100% ð2Þ

where θ0 is the initial angle and θr,max is the maximum value of θr.
The set of time plots of θr andd θn and their derivatives is the i-
QATT™ graphical output for blood firmness changes, referred to
as a “mechanical tweezograph” (Fig. 1d). Simultaneously with

�Fig. 3 i-QATT™ measurement of factor-deficient plasma activated
through either the intrinsic pathway (left panel) or the extrinsic pathway
(right panel). The values of coagulation parameters CIT (a, f), TFCF (b,
g), CR (c, h), RT (d, i), and FFR (e, j) for normal and factor-deficient
plasmas, extracted from the tweezographs. Mean ± SEM of 4 indepen-
dent tests. *p < 0.05, **p < 0.01, ***p < 0.001

3373Drop-of-blood acoustic tweezing technique for integrative turbidimetric and elastometric measurement of...



drop shape analysis, we measured changes in light intensity in the
center of the drop (20 pixels × 20 pixels area), which provided us

with the graphical output for fibrin formation kinetics (“photo-
optical tweezograph,” Fig. 1e). The light intensity was measured
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in grayscale values (0–255). Darkness was defined as a grayscale
value divided by 255. Normalized darkness was calculated from
Eq. (2) by replacing the angle with the light intensity.

i-QATT™ parameters The following coagulation parameters
were obtained from sigmoidal fitting of tweezographs: (1)
CIT, the onset time of blood firmness change; (2) TFCF, the
time when blood firmness reaches its plateau value; (3) CR,
the maximum rate of firmness change; (4) LY10 or LY15,
blood firmness at 10 or 15 min; (5) MCF, the plateau value
of blood firmness; (6) RT, the onset time of light intensity
change; (7) FFR, the maximum rate of light intensity change;
(8) MFL, the plateau value of the light intensity; and (9)
FNFT, the difference between TFCF and RT.

Statistical analysis Statistical analysis of coagulation parame-
ter values was conducted using GraphPad Prism (GraphPad
Software, La Jolla, CA). The data were presented as mean ±
SEM. The sample size was five or larger. The p value was
calculated by two-tailed, unpaired t-test and set at <0.05 for a
statistically significant difference.

Results

Mechanical and photo-optical tweezographs As seen in
Fig. 2a, the mechanical tweezographs for normal and FVII-
deficient plasmas (black and red lines) activated by APTT-XL
were nearly identical, while plasmas with FVIII (green), FIX
(blue), FX (purple), or FXIII deficiency (orange) showed
prolonged coagulation. In the photo-optical tweezographs,
prolonged coagulation was observed in FVIII-, FIX-, and
FX- but not FXIII-deficient plasmas. These differences are
due to factor deficiency in the intrinsic pathway (FVIII, FIX)
and the downstream common pathway (FX, FXIII; see ESM
Fig. S5). FXIII deficiencywas detected in only the mechanical
tweezograph for the following reason. FXIII is the final en-
zyme in the coagulation cascade that cross-links fibrin mole-
cules formed during early stages of this process. It has no
effect on fibrin formation. Fibrin cross-linking leads to an
increase in clot firmness until the clot reaches its mature state,
which is what the mechanical tweezograph exactly measures.

i-QATT™ accurately predicted defects in the extrinsic path-
way, as evident by prolonged coagulation of thromboplastin-
D- (TF-) but not APTT-XL-activated FVII-deficient plasmas
(Fig. 2b vs. a). As expected, there was a strong delay in the
coagulation process for TF-activated plasmas deficient in FX
or FXIII and normal coagulation for plasmas deficient in
FVIII or FIX (Fig. 2b).

Figure 2c shows i-QATT™ measurement of blood plasma
coagulation at a clinical range of heparin concentration (0–
0.6 U/mL) [21, 22]. Both mechanical and photo-optical data
demonstrated that the coagulation became more prolonged
with an increase in heparin dose. i-QATT™ captures tPA-
induced fibrinolysis, as seen in Fig. 2d. The firmness of a
tweezed blood plasma drop was reduced to its initial value
within 14 min at tPA dose of 0.5 μg/mL or higher.
Additionally, i-QATT™ whole-blood analysis indicates
prolonged coagulation and a reduction in clot firmness with
high doses of heparin and complete fibrinolysis at 15 to
20 min for 0.5 μg/mL tPA (ESM Fig. S4).

Coagulation factor deficiency detection The values of five
coagulation parameters (CIT, TFCF, CR, RT, and FFR) ex-
tracted from mechanical and photo-optical tweezographs of
plasma samples are seen in Fig. 3 and ESM Table S1. Each
of the parameters demonstrated sensitivity to factor deficien-
cy. In the case of the intrinsic pathway activation, CIT signif-
icantly increased from its normal value (4.6 ± 0.45min) to 8.8
± 1.0 min for FVIII-, 7.8 ± 0.96 min for FIX-, 7.2 ± 0.49 min
for FX-, and 7.3 ± 0.14 min for FXIII-deficient plasmas (Fig.
3a). TFCF for FXIII-deficient plasma (13 ± 0.84 min) was
significantly higher than that for normal plasma (7.0 ±
0.31 min) and significantly lower than that for FVIII- (1.1 ±
0.12 min), FIX- (19 ± 0.99 min), or FX-deficient plasma (16
± 0.90 min) (Fig. 3b). Thus, TFCF can be used to rule out
whether blood plasma has a single deficiency in FXIII. FIX
deficiency can be detected fromCR, RT, and FFR values (Fig.
3c–e). Specifically, CR for FIX-deficient plasma (0.80 ±
0.07°/min) was significantly lower than that for normal (2.9
± 0.33°/min), FVIII-deficient (1.14 ± 0.12°/min), or FX-
deficient plasma (0.80 ± 0.07°/min) (Fig. 3c). RT significantly
increased from its normal value (4.7 ± 0.40 min) to 8.2 ±
0.36 min and 8.2 ± 0.39 min for plasma deficient in FVIII
and FX, respectively, and further prolonged to 10 ± 0.15 min
for FIX-deficient plasma. FFR was 53 ± 4.2 min−1 for normal
plasma but dropped to 22 ± 2.0 min−1 with FVIII deficiency or
18 ± 1.7 min−1 with FX deficiency. It reached its lowest value
of 14 ± 1.6 min−1 for plasma deficient in FIX. Note that CIT
was much higher than RT for FXIII-deficient plasma (cf.
Figure 3a and d) because of the prolonged fibrin cross-
linking time.

With extrinsic pathway activation, CIT elevated from 0.55
± 0.11min to 4.8 ± 0.75min or 4.8 ± 0.43min in plasmas with
FVII or FX deficiency, respectively (8.7 times higher than the

�Fig. 4 Effect of fibrinogen and factor XIII on blood plasma coagulation
as assessed by i-QATT™. Shown are a mechanical and b photo-optical
tweezographs for normal plasma reconstituted with fibrinogen at a final
concentration of 70–600 mg/dL. c The coagulation parameters MFL and
MCF show a linear dependence on fibrinogen concentration. d Time
delay between mechanical and photo-optical tweezing data for blood
plasma with different levels of FXIII activity (100%, 50%, and <1% of
the normal level). e The effect of FXIII on coagulation parameter FNFT.
Mean ± SEM of 5–7 independent tests. *p < 0.05, **p < 0.01,
***p < 0.001
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normal value; Fig. 3f). Note that APTT-XL elevated the CIT
by 1.6 times in those plasma samples (Fig. 3a). This result
points out that i-QATT™ is highly sensitive to deficiencies
in FX and other common pathway factors when
anticoagulated blood samples are activated via the extrinsic

pathway. Deficiency in FVII, FXIII, or FX had a significant
effect on TFCF and CR of TF-activated plasma. Particularly,
TFCF rose from the normal plasma value (2.8 ± 0.10 min) to
12 ± 0.40 min for FXIII-, 17 ± 0.36 min for FVII-, and 27 ±
1.4 min for FX-deficient plasmas (Fig. 3g). Normal plasma

Fig. 5 Dose effect of heparin and tPA on blood plasma coagulation, as
assessed by i-QATT™. The values of coagulation parameters CIT (a),
TFCF (b), CR (c), RT (d), and FFR (e) for control and heparin-treated

plasma and LY10 (f) for tPA treated plasma. Mean ± SEM of 4 indepen-
dent tests. *p < 0.05, **p < 0.01, ***p < 0.001
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CR was 3.3 ± 0.23°/min, while FXIII-, FVII-, and FX-
deficient plasmas had much lower values: 2.3 ± 0.24°/min,
0.66 ± 0.02°/min, and 0.33 ± 0.02°/min, respectively (Fig.
3h). Therefore, the TFCF or CR data can be used to rule out
single factor deficiency in FVII and FXIII and to detect FX
deficiency. RTwasmuch slower in FVII- (2.2 ± 0.22min) and
FX-deficient plasma (2.0 ± 0.13 min) than in normal plasma
(0.74 ± 0.20 min) or plasma with deficiency in other factors
(Fig. 3i). FFR also showed sensitivity to FVII and FX defi-
ciencies (normal: 41 ± 2.7 min−1, FVII: 10 ± 0.31 min−1, and
FX: 2.8 ± 0.12 min−1; Fig. 3j).

Measurement of functional levels of fibrinogen and FXIII
During the initial stage of coagulation, the fibrin concentration
increases until reaching a plateau that uniquely depends on its
initial concentration [23]. The photo-optical tweezograph pro-
vided the information about how the fibrin level changed over
time, with the plateau value referred to as MFL (Fig. 1d).
Similarly, in the mechanical tweezograph, clot firmness
reached its plateau value (MCF) at the final stage of clotting
(Fig. 1c), which is highly correlated with fibrinogen concen-
tration [24]. Figure 4a–c demonstrate that plasma MCF and
MFL values were linearly correlated (r2 ≥ 0.8) with fibrinogen
concentration ranged from 70 to 600 mg/dL. Within this
range, MCF and MFL increased from 1.05 ± 0.01 to 1.3 ±
0.02 and from 127 ± 5.8 to 227 ± 2.5, respectively.

By integrating photo-optical and mechanical data, we can
measure the time for fibrin cross-linking. This parameter, re-
ferred to as fibrin network formation time (FNFT), is a func-
tion of FXIII activity, a major fibrin cross-linker. As seen in
Fig. 4d, FNFT significantly increased from its normal plasma
value (2.4 ± 0.11 min, 100% FXIII activity) to 8.3 ± 0.21 min
and 10.3 ± 0.39 min for plasmas with 50% and < 1% FXIII
activity, respectively. FNFT had a strong linear correlation
with FXIII activity level (r2 = 0.9; Fig. 4e).

Heparin and tPA dose responses Four coagulation parameters
(TFCF, CR, RT, FFR) showed a strong linear correlation with
heparin dose (r2 between 0.71 and 0.99; Fig. 5b–e).
Specifically, heparin had a significant effect on TFCF at a
concentration as small as 0.15 U/mL (9.7 ± 1.2 min vs. 6.0
± 0.15 min for the control group; Fig. 5b). TFCF for 0.225 U/
mL and 0.3 U/mL heparin was 20 ± 1.6 min and 26 ± 5.5 min,
respectively. CR and FFR decreased with the heparin dose,
with a significant change from their normal values (3.1 ±
0.59°/min and 37 ± 1.6 min−1) at 0.225 U/mL (1.1 ± 0.07°/
min and 29 ± 1.3 min−1) or 0.3 U/mL (0.71 ± 0.08°/min and
6.4 ± 0.33 min−1) (Fig. 5c, e). RT also was significantly dif-
ferent from the normal plasma value (2.3 ± 0.20 min) at hep-
arin concentration of 0.225 U/mL (5.7 ± 0.23 min) and 0.3 U/
mL (6.9 ± 0.28 min) (Fig. 5d). CIT increased but showed in-
significant difference between plasma without heparin (2.3 ±
0.52 min) and with 0.3 U/mL heparin (3.7 ± 0.50 min) (Fig.

5a). MCF and MFL changed insignificantly with heparin con-
centration between 0 and 0.3 U/mL (ESM Table S2).
However, a decrease in clot firmness (MCF) was observed
in whole blood for heparin concentrations greater than
1.0 U/mL (ESM Fig. S4a).

The effect of tPA-induced hyperfibrinolysis is clearly seen
on mechanical tweezographs (Fig. 5f). LY10 linearly de-
creased with tPA concentration (r2 = 0.98), with a significant
difference between control (1.13 ± 0.005) and 0.5 mg/mL
(1.07 ± 0.024) or 1.0 mg/mL tPA groups (1.03 ± 0.017) and
between 0.1 mg/mL (1.09 ± 0.011) and 1.0 mg/mL tPA
groups.

Discussion

Results of this study indicate that acoustic tweezing technol-
ogy can simultaneously measure turbidity and firmness of a
single drop of blood devoid of red blood cells, e.g., platelet-
poor or platelet-rich plasma. The integration of photo-optical
measurements into QATT analysis [18] allowed for this tech-
nology to assess early stages of the coagulation cascade, such
as fibrin formation, in addition to the late stage analysis (fibrin
network formation and maturation) done by the QATT. This
integrative noncontact approach, referred to as i-QATT™,
enables rapid (<10 min) diagnosis and treatment monitoring
of bleeding and thrombotic disorders and identification of
coagulation factor deficiency. Due to small volume require-
ment, i-QATT™ analysis can be done on blood samples col-
lected via finger or heal pricking [25–27]. The functional
levels of fibrinogen and factor XIII can be measured directly
from the MCF and MFL output.

One of the biggest advantages of i-QATT™ is its capability
to monitor anticoagulant therapy, e.g., heparin therapy during
major surgery [8, 28]. There is a strong linear correlation be-
tween heparin concentration and three coagulation parameters
(RT, FFR, and TFCF). i-QATT™-based heparin therapy
monitoring requires a small amount of blood that does not
disturb blood circulation in a critical care patient.

Acoustic tweezing technology detects hyperfibrinolysis or
the dose effect of fibrinolytic agents such as tPA at 10 to
15 min. tPA is produced endogenously by endothelial cells
to accelerate the plasminogen-to-plasmin reaction, necessary
for clot dissolution [29]. Recombinant tPA is an essential
component of fibrinolytic therapy for patients with stroke or
heart attack [30–32].

Using i-QATT™, the time delay between fibrin formation
and clot maturation (FNFT) can be measured. FNFT uniquely
depends on the functional level of FXIII, a fibrin cross-linker.
When activated by thrombin, FXIII covalently binds the glu-
tamine and lysine residues of forming fibrin strands, thus in-
creasing clot firmness [33]. Patients with congenital FXIII
deficiency (1–2% of the normal FXIII level) have serious
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hemorrhagic complications such as intracranial hematoma.
FXIII deficiency is often acquired, e.g., in pediatric malignan-
cies [34], hyperfibrinolysis [35], and disseminated intravascu-
lar coagulation (DIC) [36, 37]. On the other hand, elevated
FXIII levels contribute to the development of arterial and ve-
nous thrombosis [38]. Changes in FXIII activity cannot be
measured by PT or aPTT tests, and the existing FXIII assays
[39] are expensive and not readily available.

i-QATT™ addresses the issues of large sample volume and
high variability of coagulation analyzers. Due to a minimum
amount of blood sampled, this technology benefits neonatal
and pediatric patients and adult patients with anemia or blood
collection difficulties. Since both the device and sample are
small in size, i-QATT™ can be used for rapid screening of
coagulation abnormalities, e.g., in patients with infectious dis-
ease such as COVID-19, and for monitoring of anticoagulant
therapy in outpatient settings or at home.

The next step in establishing clinical utility of i-QATT™ is
to expand it to whole-blood analysis. While QATT itself
works with whole blood, our photo-optical method is de-
signed for blood plasma. Red blood cells abundantly present
in whole blood mask the optical signal coming from fibrin
molecules at wavelengths above 600 nm. Recent data obtain-
ed by UV-visible spectrophotometry [40, 41] and multi-
wavelength light scattering [42] indicate that fibrin formation
can be detected from the absorption spectrum, particularly,
from absorbance at wavelengths of 350 nm and 600 to
800 nm where the contribution of red blood cells becomes
relatively small. The implementation of the light absorption
technique will be the focus of our future studies.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03278-8.
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