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Essentials

•	 The factor XII–driven contact pathway initiates intrinsic coagulation and inflammation.
•	 Clinical assays evaluating the contact system are limited, and not standardized.
•	 Measured levels of complexes are higher in EDTA-anticoagulated samples

1  | INTRODUCTION

The contact system (CS) is composed of the zymogens factor 
XII (FXII) and prekallikrein (PK) and the cofactor high-molecular-
weight kininogen (HK). Factor XI (FXI), of the intrinsic coagulation 

pathway, is often considered a component of this pathway, as 
it is activated by the enzymatically active form of FXII (FXIIa). 
Thereafter, activation of FIX by FXIa proceeds to the common 
coagulation pathway resulting in thrombin generation. Activation 
of the CS is by direct contact of FXII with negatively charged 
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Abstract
Mounting evidence suggests that a variety of disease states are pathophysiologically 
related to activation of the contact system in vivo. The plasma contact system is 
composed of a cascade of serine proteases initiated by surface activation of factor 
XII, which can then proceed through a procoagulant pathway by activating the intrin-
sic coagulation factor XI, or a proinflammatory pathway by activating prekallikrein. 
Serpins are the primary endogenous inhibitors of the contact system, which irrevers-
ibly inhibit their respective protease(s), forming a stable complex. We modified an 
existing assay strategy for detecting these complexes in plasma using ELISAs and 
determined the effect of preanalytical variation caused by anticoagulant selection 
and processing time. The assays were sensitive and specific to inherited deficiency of 
individual contact factors. We conclude that these assays are robust and represent 
a relatively simple approach to the assessment of contact factor activation in plasma 
samples.
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surfaces, an interaction that results in a conformational change 
to reveal the active site of FXII. FXIIa can then cleave and activate 
FXI and/or PK, resulting in the generation of the active enzymes, 
FXIa or kallikrein (PKa), respectively. Additionally, activation of 
FXII and PK generates a reciprocal feedback loop, which may over-
come the inhibitory capacity of the checkpoint serine protease 
inhibitors.1 The dominant inhibitor of FXIIa and PKa in plasma is 
C1 esterase inhibitor (C1).2 Although FXIa is also principally inhib-
ited by C1, it may also be inhibited by alpha-1 antitrypsin (α1at), 
apha-2 antiplasmin, and (particularly in the presence of heparin) 
antithrombin (AT).3 Finally, activated FIX (FIXa) is mainly inhibited 
by AT in plasma, the efficacy of which is logarithmically increased 
by the addition of heparin.4

A recent resurgence of interest in the role of the CS in throm-
bosis and inflammatory disorders5-7 has not been accompanied by a 
widespread adoption of assays to assess acute or chronic activation 
of the CS in clinical settings. We therefore reevaluated and adapted 
an existing methodologic approach to measure in vivo CS activation 
using an ELISA platform.8 The panel of assays we describe allow 
quantification of complexes of the CS enzymes with their serpins 
in human plasma. We herein describe assays that allow detection 
of the following complexes: FXIIa:C1, PKa:C1, FXIa:C1, FXIa:α1at, 
FXIa:AT, and FIXa:AT. A major challenge in measuring CS complexes 
is the potential for artifactual ex vivo contact activation after blood 
is drawn into collection vials. Thus, in order to determine the ideal 
conditions for assaying activity of CS complexes, we also sought to 
identify the preanalytical variables that could influence assay results 
and data interpretation.

2  | MATERIALS AND METHODS

2.1 | Reagents

All reagents are commercially available. Monoclonal antibod-
ies against FIXa and FXIa were purchased from Haematologic 
Technologies (Essex Junction, VT, USA). Anti-PKa was purchased 
from Molecular Innovations (Novi, MI, USA) and anti-FXIIa was 
also acquired from Molecular Innovations. A polyclonal antibody 
against AT was purchased from Haematologic Technologies, 
and anti-α1at was purchased from Abcam (Cambridge, MA, 
USA). Polyclonal anti-C1 was purchased from Agrisera (Vännäs, 
Sweden), and monoclonal anti-C1 was purchased from R&D 
Systems (Minneapolis, MN, USA). All detection antibodies were 
biotinylated using EZ-Link Sulfo-NHS-Biotin (ThermoFisher 
Scientific, Waltham, MA, USA). Assay plates were Nunc Maxisorp 
(ThermoFisher Scientific). Blood collection tubes containing so-
dium citrate (105-109  mmol/L), sodium heparin, and EDTA were 
purchased from Becton Dickinson (Franklin Lakes, NJ, USA). SCAT-
27 tubes containing citrate and corn trypsin inhibitor (CTI) were 
purchased from Haematologic Technologies. Factor-deficient 
plasmas for factors IX, XI, and XII were purchased from George 
King Bio-Medical (Overland Park, KS, USA), and PK-deficient 

plasma was purchased from Diapharma (West Chester, OH, USA). 
Kaolin was purchased from Sigma-Aldrich (St Louis, MO, USA).

2.2 | Sample collection and processing

Seven healthy control individuals (3 male, 4 female; mean age 
34.6 ± 9.3 years) were recruited. No subject had a history of throm-
bosis, bleeding, or angioedema, and none had never received a blood 
product. No individual was currently taking any antiplatelet or anti-
coagulant therapies. All patients were fasted for at least 10 hours 
before collection. The same phlebotomist conducted all of the blood 
draws to limit variability in sampling technique. All samples were col-
lected under an approved Institutional Review Board protocol for 
venipuncture. Blood samples were obtained by antecubital veni-
puncture using a 21G butterfly needle. The first 3 mL of blood was 
discarded. Blood was drawn into vacuum tubes containing antico-
agulant, mixed by 5 end-to-end inversions, and plasma was prepared 
by 2 successive centrifugations at 2500 g for 15 minutes at 21°C. All 
plasmas were frozen within 40 minutes of initial blood draw, includ-
ing centrifugation time, aside from studies evaluating the effect of 
time until processing.

2.3 | Enzyme:serpin complex ELISA assays

Assay standards were generated by incubating the active enzyme 
with its respective inhibitors at a 1:8 molar ratio for 5 hours at 37°C, 
with gentle mixing every 1 hour, in phosphate buffered saline (PBS). 
When using AT, 1 U/mL heparin was added to the mixture. Enzyme-
inhibitor complex standards were diluted to a 1μM enzyme con-
centration and aliquoted for storage at −80°C. It was assumed that 
the molar concentration of the complexes is equivalent to the con-
centration of the coagulation enzyme in the standard preparation. 
Each standard was tested for enzymatic activity using the follow-
ing chromogenic substrates: FXIIa-S2302 (Diapharma); FXIa-S-2366 
(Diapharma); PKa-PKAL (American Diagnostics, Nashville, TN, USA); 
FIXa-Pefachrome IXa (Pentapharm, Aesch, Switzerland). Standards 
were diluted into deficient plasma for the respective factor of inter-
est, obtained from individuals with severe genetic deficiency, and 
certified to have < 1% factor activity; for example, FXIIa:C1 com-
plexes were serially diluted into FXII-deficient plasma. Deficient 
plasmas were used as blank calibration controls.

Capture plates (either 96- or 384-well formats) were coated (100 
µL) with either 1 μg/mL (FIX or FXI) or 2 μg/mL (FXII or PK) capture 
antibody overnight (15 hours) at 4°C, in a commercially available coat-
ing buffer (eBioscience, San Diego, CA, USA). Wells were washed 3 
times with PBS containing 0.01% Tween 20, inverting and blotting 
after each wash to absorb excess buffer. Wells were then blocked 
with 1% bovine serum albumin at room temperature for 1 hour. The 
wash steps were repeated prior to sample loading. Plasmas for assay 
of FIXa:AT, FXIa:AT, or FXIa:α1at were diluted 1:20, while for FXIa:C1 
and FXIIa:C1, samples were diluted 1:40, and for PKa:C1, 1:160, unless 
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otherwise noted. These samples were diluted into PBS containing 5 
mM of benzamidine and 25 µM of Phe-Pro-Arg-chloromethylketone 
(FPRck) to inhibit further enzymatic activity. After a 2-hour sample 
incubation at room temperature plates were again washed 3 times as 
before. Biotinylated anti-C1 antibody was then added at 50 ng/mL 
in PBS, while anti-AT or anti-α1at were added at a final concentra-
tion of 90 ng/mL. All were incubated for 1 hour at room temperature. 
Following another series of washes, streptavidin horseradish peroxi-
dase was added according to the manufacturer’s specifications. After 
a final series of washes, 3,3′,5,5′-tetramethylbenzidine substrate was 
added, and quenched with 0.18 M sulfuric acid after a development 
period of 10 minutes at room temperature, making sure to shield the 
plate from light. The colorimetric readout was assessed using a spec-
trophotometer measuring absorbance at 450-nm wavelength.

2.4 | Substrate cleavage assay

Factor XII zymogen (370 nM) was added to buffer containing 100 µM 
S-2302 substrate, and varying concentrations of dipotassium EDTA. 
Substrate cleavage was indicated by optical density at 405 nm using 
a Synergy H1 plate reader (BioTek, Winooski, VT, USA).

2.5 | FXIa unactivated clotting time

FXI-deficient plasma was supplemented with 30 nM of syn-
thetic phospholipid, and mixed with 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid) buffered saline  ±  FXIa and 12.5  mM of 
calcium. Immediately, using a Start hemostasis analyzer (Stago, 
Mississauga, ON, Canada), the protocol for activated partial throm-
boplastin time was initiated. Clotting time was assessed when me-
chanical translocation of a bead was inhibited by coagulation and 
increased plasma viscosity. Kaolin was used as a positive control, and 
vehicle was used as a negative control.

2.6 | Statistical analysis

Statistical analysis was conducted using Prism version 8 (GraphPad 
Software, La Jolla, CA, USA). Comparison of 2 groups was performed 
using Student’s t test. Comparison of 3 or more groups was performed 
using 1- or 2-way analysis of variance, as appropriate, and the Student-
Newman-Keuls post hoc test. Data are displayed as mean ± standard 
error of the mean. P <.05 confers statistical significance.

3  | RESULTS

3.1 | Assay design and validation of standards

The basic design of enzyme:inhibitor complex ELISA, which cap-
tures the enzymatic component and probes for complexes using 

antibodies against the respective inhibitor is shown in Figure  1. 
Zymogen-deficient plasma was used as the diluent for the respective 
enzyme:serpin standard. Figure 2 depicts the standard curves gener-
ated by adding complexes into these deficient plasmas, compared to 
complexes in buffer alone. Additionally, use of monoclonal versus pol-
yclonal antibody for detection was compared, revealing no significant 
differences for FXIa and FXIIa complexes with C1 (Figure S1). These 
data demonstrate that enzyme capture, and assay range is accurate 
in both plasma and buffer. Moreover, usage of either a polyclonal or 
monoclonal antibody for serpin detection maintains the assay range.

We used substrate cleavage assays to verify that the standards 
contained minimal residual enzymatic activity. Enzyme-serpin com-
plexes were incubated with an appropriate chromogenic substrate 
for 45 minutes at 37°C and change in optical density over time was 
recorded (Figure 3). Enzyme alone was used as a positive control. In 
all assays, activity of the enzyme:serpin complexes was <1.5% of the 
respective enzyme concentration.

3.2 | Assay development and analytical performance

ELISAs were tested for specificity and cross-reactivity by assaying 
200 nM of each preformed complex in each assay. Percent cross-re-
activity was calculated by dividing the calculated concentration of a 
cross-reactive complex by the calculated concentration of the antigen 
with its intended antibody pair. These data are summarized in Table 1. 
For enzymes inhibited by AT or α1at, there was < 1% cross-reactivity 
in all assays. For enzymes inhibited by C1, there was slightly more 
cross-reactivity, with the highest level of cross-reactivity seen in com-
plexes of FXIIa:C1 at a level of 3.2% in the assay intended for PKa:C1. 
These data indicate that all assays have acceptably low cross reactiv-
ity at > 10-fold saturating concentrations of the analytes.

Next, the assays were tested for intra- and inter-assay variabil-
ity. Four control samples were generated by the addition of 2, 20, or 
200 µg/mL kaolin or vehicle plus 1 U/mL heparin, 12.5 mM calcium 

F I G U R E  1   Illustrated concept of enzyme:serpin complex ELISA. 
Monoclonal antibodies (blue) specific to the enzymes (E) of the CS 
are used to coat the surface of an assay plate. Enzymes that have 
been inhibited (I) by a serpin are detected by a polyclonal antibody 
(red) specific for that serpin
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chloride, and 4 U/mL hirudin to normal plasma, followed by a 1-hour 
incubation at 37°C. After activation was quenched using benzami-
dine and FPRck, kaolin particulate was centrifuged to pellet, and 
the plasma supernatant was frozen at −80°C. These samples were 
run in octuplicate on each plate. Intra-assay variability was calcu-
lated by averaging the deviation of each test well from the mean 
value of all test wells for the same control sample in a single plate. 
Inter-assay variation was calculated by determining the deviations 
of those averages across 15 plates. Table 2 summarizes the average 
variation of 15 plates of each assay depicted. Overall, the reproduc-
ibility was good, with the coefficient of variance consistent with a 
typical clinical assay.

Verification of the specificity of the assays was performed by 
contact activation of factor-deficient plasmas by kaolin. Following 
activation, samples were spun to pellet the kaolin particulate, and 
supernatants were collected and frozen overnight. Plasma enzyme:-
serpin complexes were then quantified, as summarized in Table 3. 
We did not observe a significant increase in detected enzyme:serpin 
complexes in any factor-deficient plasma following kaolin activa-
tion. However, activation of normal pooled plasma significantly in-
creased the concentration of enzyme:serpin complexes in all cases. 

Collectively, these data suggest that capture of enzyme, and probing 
for serpin is an effective methodology to assay activation of the CS 
and intrinsic coagulation pathway in plasma.

3.3 | Preanalytical variables

3.3.1 | Anticoagulant

To determine if the anticoagulant used in the blood collection 
tubes contributed to variation in results, blood was collected into 
5 different types of vacuum tubes at a single draw. Plasma was 
prepared from these tubes within 40 minutes of blood collection 
and stored at −80°C. These samples were then subjected to assay 
of the various enzyme:serpin complexes. Fold change from cit-
rate for tubes containing EDTA, FPRck (in citrate), heparin, and 
CTI (in citrate) was calculated. In all assays, plasma in tubes con-
taining EDTA differed significantly from citrate alone (Figure  4). 
Specifically, EDTA caused a significant increase in the concen-
tration of detected complexes, possibly due to exogenous acti-
vation. In the assay detecting FXIIa:C1 complexes, CTI + citrate 

F I G U R E  2   Assay sensitivity range. 
Plots of enzyme:serpin complex standards 
diluted into factor-deficient plasmas 
(green), versus buffer (black). (A-F) 
Concentration of complex standard (X 
axis) and respective absorbance (Y 
axis), title indicates assay. α1at, alpha-1 
antitrypsin; AT, antithrombin; C1, C1 
esterase inhibitor; FIXa, activated factor 
IX; FXIa, activated factor XI; FXIIa, 
activated factor XII; PKa, kallikrein
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F I G U R E  3   Generation of assay standards. Equal nanomolar concentration of active enzyme or enzyme:serpin complexes generated 
in vitro, were mixed with chromogenic substrates specific for the respective enzyme. Change in absorption of 450-nm light measured by 
optical density (OD) is indicated on the Y axis, and time in minutes is indicated on the X axis. (A) FIXa and FIXa:AT complexes. (B) FXIa 
and complexes of FXIa:α1at, FXIa:AT, and FXIa:C1. (C) FXIIa versus XIIa:C1 complexes. (D) PKa compared to PKa:C1 complexes. Data 
are representative of 2 independent experiments; each condition was measured in triplicate and the average is depicted. α1at, alpha-1 
antitrypsin; AT, antithrombin; C1, C1 esterase inhibitor; FIXa, activated factor IX; FXIa, activated factor XI; FXIIa, activated factor XII; PKa, 
active enzyme of kallikrein
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TA B L E  1   Cross reactivity of assay standards

FIXa:AT FXIa:AT FXIa:α1at FXIa:C1 FXIIa:C1 PKa:C1 X-reactive

FIXa:AT 0.4 0.0 0.2 0.2 0.3

FXIa:AT 0.9 0.0 0.5 0.2 0.1

FXIa:α1at 0.0 0.0 0.4 0.0 0.2

FXIa:C1 0.0 0.1 0.3 1.8 1.8

FXIIa:C1 0.0 0.0 0.0 0.9 1.7

PKa:C1 0.0 0.0 0.0 2.2 3.2

Capture

Rows represent the intended capture and detection strategy, while columns represent the complex standard used. Intersecting boxes represent the 
percent cross-reactivity. Data depict the average percentages from three independent experiments
Abbreviations: α1at, alpha-1 antitrypsin; AT, antithrombin; C1, C1 esterase inhibitor; FIXa, activated factor IX; FXIa, activated factor XI; FXIIa, 
activated factor XII; PKa, kallikrein.
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significantly reduced the concentration of detected complexes 
compared to citrate alone. However, in no other assay did the ad-
dition of CTI affect complex quantitation. In no assay did the ad-
dition of FPRck to citrate or collection in sodium heparin have a 
significant effect on detected complex levels.

To identify the mechanism of increased complex detection in 
EDTA anticoagulant collection tubes, we designed studies to address 
if this was dependent on the cellular fraction. In the first experiment, 
whole blood collected in EDTA or citrate was mixed in a 1:1 ratio 
prior to separation of plasma. Separately, citrated plasma was added 
to a fresh vacutainer tube containing EDTA before a second centrif-
ugation. These samples, labeled “blood 50/50” and “plasma 50/50,” 
respectively, were assayed for enzyme:serpin complexes (Figure 5). 
Interestingly, the presence of EDTA in the “blood 50/50,” or in 
“plasma 50/50” increased detection of FXIa:α1at and PKa:C1 com-
plexes to levels comparable to direct collection of whole blood into 
EDTA. Using 2 different commercial preparations of FXII, we tested 
the enzymatic activity using a FXIIa-specific substrate in different 
concentrations of EDTA (Figure  S2). In aggregate, these data sug-
gest that FXII activation during blood collection may be enhanced by 
EDTA, but this is independent of the cellular fraction.

3.3.2 | Processing time

The effect of elapsed time following collection on ex vivo activation 
of the CS was evaluated using the respective ELISA. Collection tubes 
were placed upright at room temperature for 0, 1, 2, or 8 hours prior 
to centrifugation, or agitated for 1  hour. In no case were we able 
to detect any significant difference in complex quantitation after 
1 hour of incubation, even when agitated (Figure 6). However, fol-
lowing 2 hours of incubation, FXIIa:C1 levels increased significantly. 
At 8 hours after blood draw, FXIIa:C1, FXIa:C1, and FXIa:α1at dem-
onstrated a significant increase in complex formation, likely indica-
tive of time-dependent ex vivo CS activation.

4  | DISCUSSION

In this communication, we describe the analytic and preanalytic 
characteristics of several ELISA assays that can be used to meas-
ure the in vivo generation of enzymes of the contact and intrinsic 
pathways. The data presented herein suggest that these assays 
provide a sensitive, specific, and reproducible methodologic ap-
proach. The choice of anticoagulant demonstrated significant dif-
ferences within the same patient sample, with EDTA apparently 
causing increased ex vivo formation of all complexes assayed. 
EDTA anticoagulation has been demonstrated to produce higher 
D-dimer levels compared to citrate,9 supporting this rationale. 
It is possible that anticoagulant selection may influence sample 
pH, though reports differ.10,11 However, decreasing pH has been 
demonstrated to reduce FXII-surface interaction.12 The addition 
of CTI was necessary to prevent ex vivo FXIIa:C1 complex forma-
tion, an indicator of ex vivo surface activation of coagulation in 
the collection tubes.13

Measurement of enzyme:serpin complexes in plasma is an 
established approach to assess activation of coagulation path-
ways; for example, quantitation of thrombin:antithrombin and 
plasmin:antiplasmin complexes are accepted biomarkers of co-
agulation and fibrinolysis activation, respectively. The assays 
that we have developed are modified versions of previously 
described ELISAs that have been used to measure in vivo con-
tact activation in sepsis,2,14,15 endotoxemia,16 dengue fever,17 

TA B L E  2   Coefficient of variance (CV) within each assay, and 
across multiple assays. 

CV 
intra-assay

CV 
interassay

FIXa:AT 5.9 ± 0.5 11.9 ± 1.1

FXIa:AT 4.1 ± 0.3 10.5 ± 1.8

FXIa:α1at 6.5 ± 0.9 13.2 ± 2.5

FXIa:C1 6.8 ± 0.6 17.1 ± 1.9

FXIIa:C1 4.8 ± 0.4 7.9 ± 0.7

PKa:C1 5.1 ± 0.8 7.5 ± 0.4

Rows specify the assay performed, and columns represent intra- and 
inter-assay CV values as defined. Intra-assay variation was calculated 
as an average variation of 4 different control samples assayed 
in octuplicate per plate. Inter-assay variation was calculated by 
determining the deviation of those averages across 15 plates.
Abbreviations: α1at, alpha-1 antitrypsin; AT, antithrombin; C1, C1 
esterase inhibitor; FIXa, activated factor IX; FXIa, activated factor XI; 
FXIIa, activated factor XII; PKa, kallikrein

TA B L E  3   Activation of factor-deficient plasmas

FIXa:AT FXIa:AT FXIa:α1at FXIa:C1 FXIIa:C1 PKa:C1

NPP 0.71 ± 0.02 0.22 ± <0.00 0.3 ± 0.04 0.14 ± 0.02 9.01 ± 0.24 8.96 ± 0.03

NPP + Kaolin 44.64 ± 2.06 5.99 ± 0.43 4.55 ± 0.09 7.3 ± 0.16 56.36 ± 1.19 236.25 ± 10.88

Deficient 0.84 ± <0.00 0.19 ± <0.00 0.19 ± 0.01 0.13 ± <0.00 1.81 ± 0.44 8.22 ± 0.11

Def + Kaolin 0.82 ± 0.02 0.19 ± <0.00 0.18 ± <0.00 0.13 ± <0.00 2.17 ± 0.15 8.48 ± <0.00

Rows indicate the type of plasma and activation status. Kaolin = 50 μg/mL kaolin at 37°C for 1 hour. Deficient (def) plasmas correspond to the 
complex being assayed; for example, FIX-deficient patient was assayed for FIXa:AT complexes. Columns represent the assay being performed. 
Intersecting boxes indicate the nM concentration of complexes detected in the samples. These data are the result of 2 independent experiments.
Abbreviations: α1at, alpha-1 antitrypsin; AT, antithrombin; C1, C1 esterase inhibitor; FIXa, activated factor IX; FXIa, activated factor XI; FXIIa, 
activated factor XII; NPP, normal pooled plasma; PKa, kallikrein.
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and cardiovascular disease.18,19 Importantly, however, in those 
studies, quantitation of FXIIa:C1 and PKa:C1 complexes was per-
formed by capturing C1 using a monoclonal antibody that detects 
a neoantigen present in cleaved or FXIIa- or PKa-bound C1.2 The 
currently described approach offers several advantages, specif-
ically: (i) quantitation of total antigen (zymogen and complexes) 
within the same dilution allows generation of a ratio of activation 
without extrapolation across separate assays; (ii) samples can 
be probed for multiple discrete serpins while keeping enzyme 
concentration constant to determine inhibition ratios; and (iii) 
given that the zymogens circulate at a much lower concentration 
than the serpins, a much greater sensitivity and a larger analyt-
ical fraction can be achieved. For enzymes that are inactivated 
by several proteases, the plasma concentrations of the various 
serpin-bound complexes will depend on their circulating half-life 

(t1/2). Thus, for example, while C1 is the dominant inhibitor of 
FXIa in plasma (accounting for almost 50% of FXIa inactivation), 
its relatively shorter plasma t1/2 of approximately 100  minutes 
means that in the presence of acute activation of coagulation, 
the measured levels of FXIa:α1at—which accounts for only about 
25% of FXIa inactivation but has a circulating t1/2 of approximately 
350 minutes—will be relatively “overrepresented.”20 Moreover, it 
has been demonstrated that addition of heparin to the sample 
results in a shift in the percentage of FXIa bound to AT.3 This 
serves as an important consideration when analyzing plasmas 
from individuals with central venous access catheters, or hepa-
rinized intravenous needles, such as in hemodialysis patients or 
the critically ill. Inferring circulating enzymatic levels of a factor 
with multiple potential serpins, such as FXIa, from summation 
of the levels of these complexes is one strategy that could be 

F I G U R E  4   Anticoagulant selection as a 
preanalytical variable in contact activation 
analysis. Seven normal individuals were 
assayed following collection of blood into 
vials prefilled with various anticoagulant(s) 
as depicted on the X axis: citrate = 3.2%, 
EDTA = 7.2mg; FPRck = 25 μM, sodium 
heparin = 75 units; CTI = 50 µg/mL. The Y 
axis shows the fold change in complexes 
detected (μM) relative to concentration 
in citrate alone. **P ≤ .01, ***P ≤ .001, 
****P ≤ .0001. α1at, alpha-1 antitrypsin; 
AT, antithrombin; C1, C1 esterase 
inhibitor; FIXa, activated factor IX; FPRck, 
Phe-Pro-Arg-chloromethylketone; FXIa, 
activated factor XI; FXIIa, activated factor 
XII; PKa, kallikrein
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used. Addition of a known concentration of FXIa directly to FXI-
deficient plasma and using these assays to “recover” the enzyme 
could be calculated as input versus output, providing a measure 
of total enzyme activity.3 An alternative strategy would be to 
couple the analysis of complexes with total zymogen/enzyme 
levels, and to ascertain the percentage of circulating activated 
zymogen, perhaps in a dual-color fluorescent immunoassay. Low 
amounts of FXIa can lead to thrombin generation,21 suggesting a 
need for highly sensitive assays that can detect FXI activation in 
nonsevere disease states. The assays for FXIa used in this report 
are sensitive to FXI concentrations as low as 10-40 pM, similar 
to earlier reports.3 We measured plasma clotting time following 
titration of FXIa (Figure S3) into FXI deficient plasma to demon-
strate that our assays are capable of detecting FXIa activity at 
levels that would affect a typical clotting assay.

Several alternative approaches to assess contact system ac-
tivation in vivo have been proposed. Deficiency of individual 
zymogens and/or HK by one-stage clotting assay has been used 
to infer ongoing factor consumption in some studies.22 Similarly, 
ELISA assays that quantify deficiency of these proteins, which is 
presumed to be acquired, have been similarly interpreted.22,23 
Other groups have used functional assays to measure circulating 
active enzyme concentrations by the use of chromogenic or flu-
orogenic substrates,24 or by clotting activity–based assays.25 In 
addition, a number of specific isoform antibodies or nanobodies 
have been developed to quantify free (uncomplexed) activated 
FXII species.26,27 Finally, several groups have developed assays to 
quantify HK cleavage products, including bradykinin.28,29 To our 
knowledge, no studies have directly compared the performance 
or utility of these assays as diagnostic or prognostic clinical aids, 

F I G U R E  5   Effects of EDTA on contact 
activation in whole blood versus plasma. 
Enzyme:serpin analysis on plasmas 
collected in various anticoagulants as 
indicated. All values shown are relative 
to pM complex concentration detected in 
citrated plasma. **P ≤ .01, ****P ≤ .0001. 
α1at, alpha-1 antitrypsin; AT, 
antithrombin; C1, C1 esterase inhibitor; 
FIXa, activated factor IX; FXIa, activated 
factor XI; FXIIa, activated factor XII; PKa, 
kallikrein
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although the range of applications is potentially very broad. One 
such application is inherited deficiency of C1 esterase inhibitor, 
which is associated with hereditary angioedema, a disorder char-
acterized by episodic and sometimes life-threatening soft-tissue 
swelling due to unregulated FXII activation. Similarly, these as-
says may find utility in the assessment of contact and/or intrinsic 
pathway activation in thrombotic disorders, where animal models 
suggest that inhibition of FXI(a) or FXII(a) may provide safe and 
effective anticoagulation.5-7 Finally, as we have shown, the assays 
may be used to establish the diagnosis of inherited deficiency of 
any of the contact or intrinsic factors following activation of the 
plasma by kaolin.
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