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Abstract: Anticoagulants can complicate the interpretation of routine and specialised coagulation as-
says. Several methodologies have been developed to minimise or eliminate anticoagulant-associated
interferences; however, no ‘universal methodology’ that encompasses different anticoagulant classes
is currently available. Ciraparantag is a promising reversal agent that can bind both direct oral
anticoagulants (DOACs) and heparin-like anticoagulants. As such, we aimed to investigate whether
ciraparantag could be employed as a ‘universal’ anticoagulant chelator in vitro. Human plasma
was spiked with ascending concentrations of ciraparantag, with or without DOACs or heparin,
and assayed for routine coagulation parameters. Ciraparantag had minimal effects on coagula-
tion testing when added to human plasma at concentrations similar to pharmacokinetic maxima;
however, ciraparantag did not remove DOAC- or heparin-associated activities in vitro, which was
likely due to the preferential chelation of anionic substances in the coagulation reagents. In contrast,
DOAC-Stop™, a commercial activated charcoal-based adsorbent, efficiently removed both DOAC-
and ciraparantag-associated interferences. In conclusion, although ciraparantag is not effective as a
‘universal’ anticoagulant chelator in vitro, we report that activated charcoal-based adsorbents may
be clinically useful in situations where laboratory investigations are complicated by the presence of
DOACs and/or ciraparantag.
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1. Introduction

The development of direct oral anticoagulants (DOACs) revolutionised the prevention
and treatment of thrombosis by offering superior pharmacokinetic and pharmacodynamic
profiles compared to contemporary coumarin-based vitamin K antagonists [1,2]. How-
ever, the presence of these DOACs in patient-derived plasma samples is associated with
significant interferences in both clotting and chromogenic coagulation assays, due to the
inhibition of either factor IIa or factor Xa activities, respectively [3].

As a result, clinical laboratories require supplementary methodologies to prevent
the misinterpretation of routine and specialised coagulation assays due to the presence of
DOACs ex vivo.

We have previously reported that the addition of raw activated charcoal (AC) to
plasma is a cost-effective and efficient method that removes DOAC-associated interfer-
ences in coagulation assays [4,5]. There are also two commercially available AC-based
adsorbents—DOAC-Stop® (Haematex Research) and DOAC-Remove® (5-Diagnostics)—
that have been consistently shown to facilitate the correct interpretation of various coagula-
tion parameters [6], and are recommended in the latest guidelines of the British Society for
Haematology [7] and the International Society on Thrombosis and Haemostasis [8,9].
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However, AC-based removal agents only adsorb low molecular weight substances
and, therefore, are ineffective against larger heparin-like anticoagulants [10]. Similar to
DOACs, the removal of heparin-associated interferences is sometimes required in laboratory
investigations [11]; however, methodologies are heparin-exclusive and no gold standard
has been established [6].

As such, no ‘universal methodology’ that encompasses the different anticoagulant
classes is currently available.

Ciraparantag, a small cationic molecule composed of two arginine residues coupled by
a piperazine ring, is a promising anticoagulant reversal agent currently under investigation
in clinical trial [12]. Dynamic light scattering experiments have shown that ciraparantag
directly associates with DOACs and heparins through non-covalent, charge-charge interac-
tions [13]. In pre-clinical models of DOAC- and heparin-associated bleeding, a single dose
of ciraparantag significantly reduced blood loss when administered either prophylactically
or therapeutically [13]. Furthermore, in phase I and phase II clinical trials, disruption
of the interaction between both DOACs and heparins with intended coagulation factors
effectively reversed anticoagulant-associated activities in treated patients [14–16].

Interestingly, a previous in vitro investigation with ciraparantag suggested a complete
concentration-dependent removal of rivaroxaban- and apixaban-associated interferences in
human plasma by the in vitro addition of the anticoagulant reversal agent [17].

As ciraparantag can bind DOACs and heparins, we aimed to determine whether
ciraparantag could be employed as a ‘universal methodology’ to remove anticoagulant-
associated activities in routine and specialised coagulation assays.

2. Materials and Methods
2.1. Preparation of Human Plasma with and Without Anticoagulants

Commercial human plasma (catalogue no.: 10446238 ORKL17) was obtained from
Siemens Healthineers (Erlangen, Germany) and was reconstituted with distilled water
according to the manufacturer’s specifications.

Dabigatran (catalogue no.: HY-10163), apixaban (catalogue no.: HY-50667), edoxaban
(catalogue no.: HY-10264), and rivaroxaban (catalogue no.: HY-50903) were obtained from
MedChemExpress (Sollentuna, Sweden). Stock solutions were prepared by dissolving each
anticoagulant in either hydrochloric acid (HCl) or dimethyl sulfoxide (DMSO), as per the
manufacturer’s specifications, to a concentration of 1 mg/mL. Anticoagulants were further
diluted in phosphate-buffered saline to 100 µg/mL before spiking into 1 mL of human
plasma at the time of analysis at a concentration of 500 ng/mL.

Human plasma without dabigatran, apixaban, edoxaban, or rivaroxaban was spiked
with an equal volume of either HCl-phosphate-buffered saline or DMSO-phosphate-
buffered saline, as appropriate, as a vehicle control. The addition of vehicle controls
did not affect the routine coagulation parameters of human plasma (Table S1).

Enoxaparin (catalogue no.: HY-109509) was obtained from MedChemExpress (Sol-
lentuna, Sweden). Stock solutions were prepared by dissolving in distilled water, as per
the manufacturer’s specifications, to a concentration of 100 mg/mL. Enoxaparin was fur-
ther diluted in distilled water to 1 mg/mL before spiking into standard human plasma.
Enoxaparin was then assayed with a chromogenic anti-factor Xa BIOPHEN™ Heparin LRT
assay (HYPHEN Biomed, Neuville-sur-Oise, France); the concentration of enoxaparin was
adjusted to 0.7 IU/mL by the addition of either human plasma or by the addition of human
plasma spiked with higher concentrations of enoxaparin.

Human plasma without enoxaparin was spiked with an equal volume of distilled
water as a vehicle control. The addition of the vehicle control did not affect the routine
coagulation parameters of human plasma (Table S1).
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2.2. Removal of Anticoagulant-Associated Activities from Human Plasma

Two methods were compared to remove anticoagulant-associated activities from
plasma: anticoagulant chelation with ciraparantag and anticoagulant adsorption with
DOAC-Stop™.

Ciraparantag (catalogue no.: HY-18660) was obtained from MedChemExpress (Sol-
lentuna, Sweden). Stock solutions were prepared by dissolution in distilled water, as per
the manufacturer’s specifications, to a concentration of 10 mg/mL. The stock solution
was used neat or further diluted in distilled water to intermediate concentrations before
spiking into human plasma at the time of analysis at a concentration between 100 ng/mL
and 100,000 ng/mL. Briefly, ciraparantag was added to 1 mL of human plasma—with
or without anticoagulants, or vehicle control—and incubated for various time points
at ambient temperature with gentle agitation. Then, the plasma was analysed without
further processing.

DOAC-Stop™ was generously gifted by Haematex Research (Hornsby, Australia)
and used according to the manufacturer’s specifications. Briefly, one DOAC-Stop™ tablet
was added to 1 mL of human plasma—with or without direct oral anticoagulants, and/or
ciraparantag—and incubated for 5 min at ambient temperature with gentle agitation. The
plasma was then centrifuged at 2000× g for 5 min to remove the activated charcoal, and
the clarified plasma was analysed without further processing.

2.3. Routine and Specialised Coagulation Testing of Human Plasma

The prothrombin time (PT), activated partial thromboplastin time (APTT), and fibrino-
gen assay were performed using reagents from Siemens Healthineers (Erlangen, Germany):
Dade® Innovin®, Dade® Actin® FS, and Dade® Thrombin, respectively. Calcium chlo-
ride and Dade® Owren’s Buffer were used as assay supplements (Siemens Healthineers,
Erlangen, Germany).

Routine coagulation assays were performed on a CS-5100 analyser (Sysmex, Kobe,
Japan), which was routinely monitored and maintained according to the manufacturer’s
specifications.

Dabigatran was measured by a dilute thrombin time assay using Thromboclotin®

(Siemens Healthineers, Erlangen, Germany). Apixaban, edoxaban, rivaroxaban, and enoxa-
parin were quantitatively measured using a chromogenic anti-factor Xa BIOPHEN™ Hep-
arin LRT assay (HYPHEN Biomed, Neuville-sur-Oise, France). Assays were calibrated
against known standard concentrations, and the lower limits of quantification (LLoQ) for
dabigatran, apixaban, edoxaban, rivaroxaban, and enoxaparin were 20 ng/mL, 10 ng/mL,
15 ng/mL, 5 ng/mL, and 0.08 IU/mL, respectively.

Specialised assays were performed on a CS-2500 analyser (Sysmex, Kobe, Japan),
which was routinely monitored and maintained according to the manufacturer’s specifica-
tions.

2.4. Statistical Analysis

Data were curated using Microsoft Excel (version 2018; Microsoft Corporation, Red-
mond, WA, USA). All statistical analyses were performed using GraphPad Prism (version
10.1.1; GraphPad Software, Boston, MA, USA).

Data were compared using one-way ANOVA, as appropriate, with the post hoc Dun-
nett’s test for multiple comparisons. A p-value of less than 0.05 was considered statistically
significant (*, p-value < 0.05; **, p-value < 0.01; ***, p-value < 0.001; ****, p-value < 0.0001).

3. Results
3.1. Ciraparantag Has Minimal Impact on Routine Coagulation Parameters In Vitro

Anticoagulant removal agents for use in coagulation testing should minimally impact
coagulation parameters. As such, we assayed commercially available human plasma before
and after the in vitro addition of ascending concentrations of ciraparantag to determine
any ciraparantag-associated interferences in routine testing. A concentration range of
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100 ng/mL to 10,000 ng/mL was chosen for our investigations based on the maximum
ciraparantag concentrations reported in recent pharmacokinetic trials [13,18].

The addition of ciraparantag to human plasma had minimal impact on coagulation
parameters between 100 ng/mL and 1000 ng/mL (Table 1); however, at the highest concen-
tration, a mild prolongation of the APTT clotting time (26.2 ± 0.60 s versus 30.9 ± 1.43 s;
p-value < 0.001) was observed compared to baseline (Table 1).

Table 1. Concentration-dependent interference of ciraparantag on coagulation parameters.

Parameter PT (s) APTT (s) Fibrinogen (g/L)

Reference Range 9.5–11.1 21.0–29.0 1.7–4.1

N † 5 5 5

Baseline 10.5 (0.97) 26.2 (0.60) 2.44 (0.15)
+100 ng/mL Ciraparantag 10.6 (0.51) 25.6 (0.80) 2.51 (0.13)
+250 ng/mL Ciraparantag 10.9 (0.58) 24.8 (0.89) 2.42 (0.08)
+500 ng/mL Ciraparantag 10.5 (0.47) 25.5 (0.30) 2.54 (0.12)
+1000 ng/mL Ciraparantag 11.0 (0.56) 26.1 (1.22) 2.58 (0.12)

+10,000 ng/mL Ciraparantag 11.7 (0.87) 30.9 (1.43) *** 2.36 (0.12)
Data are presented as mean (standard deviation). Note: Data in bold indicate statistically significant differences
compared to baseline without ciraparantag. Statistically significant differences were determined by one-way
ANOVA with the post hoc Dunnett’s test for multiple comparisons; a p-value < 0.05 was considered significant
(***, p < 0.0001). † For each sample (N), five aliquots of reconstituted standard human plasma were repeatedly
assayed for each concentration of ciraparantag (n = 5). Abbreviations: APTT, activated partial thromboplastin
time; PT, prothrombin time.

Statistically significant differences were not observed between the different ascending
concentrations of ciraparantag, suggesting an additive concentration-dependent effect in
human plasma. Moreover, no impact was observed over time for ascending concentrations
of ciraparantag between 100 ng/mL and 10,000 ng/mL up to 8 h post-addition, suggesting
an immediate concentration-dependent effect in human plasma (Table S2).

3.2. Ciraparantag Does Not Remove Anticoagulant-Associated Activities in Routine and
Specialised Coagulation Assays

To determine whether ciraparantag could chelate DOACs or heparins in vitro, leading
to the removal of anticoagulant-associated activities, we assayed commercial human plasma
with and without direct factor IIa or factor Xa inhibitors or enoxaparin, as well as after
the in vitro addition of the anticoagulant reversal agent. A concentration of each DOAC
slightly higher than expected in patient-derived plasma [19], and a concentration of enoxa-
parin representative of anti-factor Xa levels for once and twice-daily dosing [20,21], were
chosen for our investigations to ensure anticoagulant-associated activities were observed
in relevant coagulation assays.

Preliminary experiments with 1000 ng/mL of ciraparantag failed to remove anticoagulant-
associated activities (Figure S1); therefore, a ciraparantag concentration of 10,000 ng/mL
was chosen to maximise the chance of removing anticoagulant-associated activities, despite
the prolongation observed in the APTT-based assay (Figure 1).

In human plasma spiked with 500 ng/mL of each respective DOAC, significant prolon-
gations of the PT- and APTT-based clotting times were observed for dabigatran, apixaban,
edoxaban, and rivaroxaban at 500 ng/mL (Figure 1a–d), and an apparent reduction in
fibrinogen concentrations was also observed for dabigatran (Figure 1a). However, the
subsequent addition of 10,000 ng/mL of ciraparantag did not remove DOAC-associated
activities in PT-, APTT-, or fibrinogen-based assays (Figure 2). Furthermore, ciraparantag
did not remove DOAC-associated activities in either factor IIa- or factor Xa-specific assays
calibrated for dabigatran, apixaban, edoxaban, and rivaroxaban, respectively (Figure 2a–d).
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Figure 1. Ciraparantag does not resolve DOAC-associated interferences in routine coagulation assays.
The means (standard deviations) are shown for the PT, APTT, and fibrinogen for standard human
plasma containing (a) dabigatran (500 ng/mL), (b) apixaban (500 ng/mL), (c) edoxaban (500 ng/mL),
or (d) rivaroxaban (500 ng/mL) before and after the addition of ciraparantag (10,000 ng/mL) or
before and after treatment with DOAC-Stop™. Statistically significant differences were determined
by one-way ANOVA with the post hoc Dunnett’s test for multiple comparisons; a p-value < 0.05
was considered significant (**, p-value < 0.01; ***, p-value < 0.001). For each anticoagulant, five
independent replicates of reconstituted standard human plasma, respectively, were assayed (n = 5).
Horizontal dashed lines represent clinically insignificant ranges (DOAC: <30 ng/mL [22]).
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Figure 2. Ciraparantag does not remove the activity of DOACs or heparin-like anticoagulants in
anticoagulant-specific assays. The means (standard deviations) are shown for the concentration
of anticoagulants in standard human plasma containing (a) dabigatran (500 ng/mL), (b) apixaban
(500 ng/mL), (c) edoxaban (500 ng/mL), (d) rivaroxaban (500 ng/mL), or (e) low molecular weight
heparin (0.7 IU/mL), as measured by the dilute thrombin time or anti-factor Xa assay, respectively,
before and after the addition of ciraparantag (10,000 ng/mL) or before and after treatment with DOAC-
Stop™. Statistically significant differences were determined by one-way ANOVA with post hoc Dun-
nett’s test for multiple comparisons; a p-value < 0.05 was considered significant (***, p-value < 0.001).
For each anticoagulant, five independent replicates of reconstituted standard human plasma were
assayed (n = 5). Horizontal dashed lines represent clinically insignificant ranges, where applicable
(DOAC: <30 ng/mL [22]).
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In human plasma spiked with 0.7 IU/mL of enoxaparin, significant anti-factor Xa ac-
tivity was observed (Figure 2e); however, similar to human plasma spiked with DOACs, the
subsequent addition of 10,000 ng/mL of ciraparantag did not remove heparin-associated
activity in factor Xa-specific assays calibrated for low molecular weight heparins (Figure 2e).

In contrast to the addition of ciraparantag to human plasma, all DOAC-associated ac-
tivities and interferences—but not heparin-associated activities—were efficiently removed
when human plasma was treated with DOAC-Stop™ (Figure 2).

3.3. DOAC-Stop™ May Mitigate Ciraparantag-Associated Interferences in Coagulation Testing

As ciraparantag was observed to prolong APTT-based clotting time in vitro, we next
investigated whether DOAC-Stop™ could remove ciraparantag from human plasma. Al-
though unlikely, ciraparantag removal ex vivo may be necessary in situations where
DOACs and/or ciraparantag are present in patient-derived plasma requiring laboratory
investigation.

Treatment of ciraparantag-containing plasma with DOAC-Stop™ mitigated ciraparantag-
associated prolongations of the APTT (Table 2), suggesting adsorption by the activated
charcoal. Moreover, no unexpected differences were observed for PT-based clotting times
or fibrinogen concentrations after treatment with DOAC-Stop™.

Table 2. DOAC-Stop™ mitigates ciraparantag-associated interferences in coagulation testing.

Parameter PT (s) APTT (s) Fibrinogen (g/L)

Reference Range 9.5–11.1 21.0–29.0 1.7–4.1

N † DOAC-Stop™ 5 5 5

Baseline − 10.4 (0.44) 26.4 (0.84) 2.49 (0.08)
+ 10,000 ng/mL Ciraparantag − 10.4 (0.41) 30.4 (0.91) ** 2.41 (0.09)
+ 10,000 ng/mL Ciraparantag + 10.6 (0.32) 26.9 (1.00) 2.58 (0.09)

Data are presented as mean (standard deviation). Note: Data in bold indicate statistically significant differences
compared to baseline without ciraparantag. Statistically significant differences were determined by one-way
ANOVA with post hoc Dunnett’s test for multiple comparisons; a p-value < 0.05 was considered significant
(**, p-value < 0.01). † For each sample (N), five aliquots of reconstituted standard human plasma were repeatedly
assayed for each concentration of ciraparantag (n = 5). Abbreviations: APTT, activated partial thromboplastin
time; PT, prothrombin time.

It should be noted that at a supratherapeutic concentration of 100,000 ng/mL—10-fold
greater than concentrations reported in recent pharmacokinetic trials [13,18]—slight
ciraparantag-associated interferences were observed in PT-based clotting times and fibrino-
gen concentrations, which were also mitigated by treatment with DOAC-Stop™ (Table S3).

4. Discussion

Anticoagulant-associated activities are a considerable source of diagnostic error in
coagulation testing. Although methodologies have been developed to independently
minimise or eliminate DOAC- and heparin-associated interferences in vitro, no ‘universal
methodology’ is currently available.

Given that ciraparantag can bind both DOACs and heparins, and a previous investi-
gation suggested the removal of DOAC-associated interferences upon supplementation
of human plasma in vitro [17], we investigated whether the addition of the anticoagulant
reversal agent to human plasma would remove anticoagulant-associated activities and
interferences in a series of routine and specialised coagulation assays.

Ciraparantag exhibited minimal impact on coagulation parameters when added to
human plasma at clinically relevant concentrations, with only a slight prolongation of the
APTT observed at the highest concentration tested (10,000 ng/mL). However, even at this
concentration, we could not replicate the previous in vitro findings in our plasma-based
assays [17]: the addition of ciraparantag to DOAC- and heparin-spiked plasma did not
remove anticoagulant-associated activities in PT-, APTT-, or fibrinogen-based assays.
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Higher concentrations of ciraparantag were associated with concentration-dependent
interferences in routine coagulation assays and were therefore not suitable for further
experimentation.

The inability of ciraparantag to remove anticoagulant-associated activities may be due
to the inherent mechanism of action of ciraparantag as an anticoagulant reversal agent.
It was noted initially in preclinical models that inconsistent and variable results were
obtained for routine coagulation parameters when ciraparantag was administered as an
anticoagulant reversal agent [13]. Ciraparantag failed to correct APTT-based clotting times
and anti-factor Xa activities despite quantitative reductions in anticoagulant-associated
blood loss [13]. It was subsequently demonstrated that ciraparantag preferentially chelates
anionic substances available in standard blood collection tubes and plasma-based assays,
leading to the release of functional anticoagulant ex vivo [13]. Given this understanding of
the mechanism of action of ciraparantag, we believe that the chelation of anionic substances
in our coagulation reagents may render ciraparantag ineffective as an anticoagulant removal
agent in vitro.

Furthermore, the binding of anionic substances necessary for routine coagulation
testing may also explain the interferences observed in the presence of ciraparantag.

It is important to note that these observations do not rule out ciraparantag as a viable
anticoagulant reversal agent in vivo, as clinical trial data from phase I and phase II trials
remain very promising [23]. The data presented herein are specific only to the in vitro
addition of ciraparantag as an anticoagulant removal agent.

Furthermore, our study of ciraparantag in vitro is limited by performing our investiga-
tions in commercially available human plasma and by the limited range of assays evaluated.
Commercial human plasma may not completely replicate fresh or fresh-frozen patient-
derived plasma samples under anticoagulation therapy. However, we have previously
employed commercial human plasma for the evaluation of AC-based removal agents and
have observed similar efficacy to patient-derived plasma. Moreover, it has been reported
that in vitro approaches to investigating anticoagulant removal are suitable mimetics for
in vivo conditions, as both produce consistent results [24–27]. It is also noteworthy that
ciraparantag-associated interferences may be pronounced in alternative routine or spe-
cialised coagulation assays, even in similar assays from different manufacturers, depending
on composition. A greater understanding of the effects of ciraparantag in the evaluation of
patient-derived plasma samples is necessary.

Pharmacokinetic data suggest that maximum serum ciraparantag concentrations are
reached within several minutes of administration [13,15,16], and that ciraparantag is rapidly
cleared by the kidneys and urinary bladder within 24 h [13]. Therefore, ciraparantag-
associated interferences may not be significant in patient-derived plasma samples. How-
ever, the presence of both anticoagulant- and ciraparantag-associated activities in patient-
derived plasma following the administration of ciraparantag may occur and may, in turn,
complicate the interpretation of routine and specialised coagulation assays—an area that
has not been fully explored herein.

Given that the molecular weight of ciraparantag is similar to other APTT-prolonging
agents adsorbed by AC-based removal agents [10], our findings suggest that it is possible
that DOAC-Stop™ may be a simple method to evaluate underlying haemostatic measur-
ands in rare cases of both anticoagulant- and ciraparantag-associated activities. However,
as we could not measure the effectiveness of ciraparantag—nor its precise concentration—
with the assays described herein, these findings would require validation with alternative
systems in patient-derived plasma.

5. Conclusions

In conclusion, although ciraparantag universally reverses anticoagulation therapy
in vivo, the effect does not appear to be reproducible in vitro due to the inherent mecha-
nism of action of the anticoagulant reversal agent itself. Anticoagulant-associated activities
were consistently observed in plasma spiked with clinically relevant concentrations of both
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DOACs and heparins, regardless of ascending concentrations of ciraparantag. However,
DOAC-Stop™ was shown to remove both DOAC- and ciraparantag-associated activi-
ties, and may be suitable for the laboratory investigation of haemostatic measurands in
situations where DOACs and/or ciraparantag are present in human-derived plasma.
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dependent interference of ciraparantag on coagulation parameters; Table S3: DOAC-Stop™ mitigates
supratherapeutic ciraparantag-associated interferences in coagulation testing; Figure S1: Ciraparantag
does not resolve DOAC-associated interferences in routine coagulation assays at 1000 ng/mL.
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