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Abstract
Background: Fibrin, the main scaffold of thrombi, is susceptible to citrullination by 
PAD (peptidyl arginine deiminase) 4, secreted from neutrophils during the formation 
of neutrophil extracellular traps. Citrullinated fibrinogen (citFg) has been detected in 
human plasma as well as in murine venous thrombi, and it decreases the lysability and 
mechanical resistance of fibrin clots.
Objective: To investigate the effect of fibrinogen citrullination on the structure of 
fibrin clots.
Methods: Fibrinogen was citrullinated with PAD4 and clotted with thrombin. Scanning 
electron microscopy (SEM) and atomic force microscopy (AFM) were used to measure 
fiber thickness, fiber height/width ratio, and fiber persistence length in clots contain-
ing citFg. Fiber density was measured with laser scanning microscopy (LSM) and per-
meability measurements were carried out to estimate the porosity of the clots. The 
intra- fiber structure of fibrin was analyzed with small- angle X- ray scattering (SAXS).
Results: SEM images revealed a decrease in the median fiber diameter that corre-
lated with the fraction of citFg in the clot, while the fiber width/length ratio remained 
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1  |  INTRODUC TION

Cardiovascular diseases (coronary heart disease, cerebrovascu-
lar disease, deep vein thrombosis [DVT]) represent a major global 
health burden accounting for 32% of all global deaths according to 
the latest World Health Organization report.1 The underlying cause 
of acute tissue damage in these diseases is the formation of thrombi, 
the scaffold of which is fibrin. Fibrin is formed from its soluble pre-
cursor, fibrinogen, by thrombin. Multiple studies support the crucial 
role for fibrin clot structure in thrombosis.2 Fibrin structure affects 
the mechanical properties of thrombi, as well as their susceptibil-
ity to dissolution by plasmin formed from plasminogen by plasmino-
gen activators (e.g. tissue- type [tPA]).3 The lytic pattern in altered 
thrombus structure might influence their propensity toward embo-
lization4– 6 as well as the success of catheter- directed thrombolysis 
and pharmacomechanical thrombectomy.7– 10

Consequently, post- translational modifications of fibrin(ogen) 
(oxidation, glyoxylation, carbamylation, glycation) might have a cru-
cial impact on clot stability through the alteration of fibrin struc-
ture.2,11– 13 Citrullination is another post- translational modification 
potentially converting 23 peptidyl– arginyl residues of fibrinogen 
into peptidyl– citrulline.14 The catalysts of citrullination, the pepti-
dyl arginine deiminase (PAD) family of enzymes have recently been 
in the spotlight due to their role in the formation of neutrophil ex-
tracellular traps (NETs)— web- like DNA– histone– granular protein 
complexes released by neutrophils.15 The presence of neutrophils 
and NET scaffolds in human thrombi has been confirmed,16– 19 and 
it has been shown that NET- forming neutrophils secrete PAD4 and 
PAD2,20 which catalyze the citrullination of fibrinogen.21 The pres-
ence of citrullinated fibrinogen (citFg) has been proven in patholo-
gies ranging from inflammatory joint diseases to atherosclerosis.22– 24 
However, it has only been very recently demonstrated by our group 
that citFg is present in murine venous thrombi and that its incorpo-
ration in human model thrombi results in impaired fibrinolysis and 
mechanical stability.25 These recent developments and the fact that 
currently there are only preliminary in vitro observations concerning 
the structure of citFg- containing clots altogether warranted an in- 
depth structural investigation.26– 28

In this study, we employed an orthogonal array of methods 
(scanning electron- , confocal laser scanning- , and atomic force mi-
croscopies [SEM/LSM/AFM], turbidimetry, permeability measure-
ments, small- angle X- ray scattering [SAXS]) and demonstrate that 
this fibrinogen derivative leads to drastically altered clot structure 
characterized by thinner fibrin fibers with increased fiber curvature 
and density combined with decreased porosity.

2  |  MATERIAL S AND METHODS

2.1  |  Chemicals and reagents

Fibrinogen (human, plasminogen depleted) was from Merck Kft. 
Thrombin from Serva Electrophoresis GmbH was further puri-
fied by ion- exchange chromatography on sulfopropyl- Sephadex 
yielding preparation with specific activity of 2100 IU/mg.29 BSA 
(bovine serum albumin) and PAD4 (GST tagged) were from Merck 
Kft. Alexa Fluor® 546- conjugated fibrinogen was from Invitrogen 
Life Technologies. Mouse monoclonal antibody [6C2.1] to citrulline 
(ab240908) was from Abcam. Factor XIIIa inhibitor ZED1301 was 
from Zedira GmbH, which was added at 20 μmol/L final concentra-
tion prior the clotting of fibrinogen by thrombin to prevent uncon-
trolled crosslinking of fibrin by trace contamination of factor XIII in 
the fibrinogen preparation.

unchanged according to AFM. With SAXS we observed that citrullination resulted in 
the formation of denser clots in line with increased fiber density shown by LSM. The 
permeability constant of citrullinated fibrin decreased more than 3- fold indicating sig-
nificantly decreased porosity. SAXS also showed largely preserved periodicity in the 
longitudinal assembly of fibrin monomers.
Conclusion: The current observations of thin fibers combined with dense packing and 
low porosity in the presence of citFg can provide a structural framework for the me-
chanical fragility and lytic resistance of citrullinated fibrin.

K E Y W O R D S
atomic force microscopy, citrullination, fibrin, protein– arginine deiminases, small- angle X- ray 
scattering

Essentials

• Post- translational modifications of fibrinogen, including 
citrullination, affect fibrin function.

• We investigated how incorporation of citrullinated fi-
brinogen (citFg) affects fibrin structure.

• CitFg decreased fiber diameter, bending rigidity, and po-
rosity, and increased the density of fibrin.

• These changes can contribute to the fragility and lytic 
resistance of clots formed with citFg.
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2.2  |  In vitro citrullination of fibrinogen

Human fibrinogen at a standard concentration of 8 μM was incu-
bated with PAD4 at concentrations ranging between 0.25– 2.8 μg/
ml or PAD4 vehicle (50 mM Tris– HCl, pH 7.5, 150 mM NaCl, 10 mM 
glutathione, 0.1 mM EDTA, 0.25 mM dithiothreitol [DTT], 0.1 mM 
phenylmathanesulfonyl, 25% glycerol) in 100 mM TRIS– HCl 10 mM 
CaCl2 1 mM DTT pH 7.5 for 1– 4 h at 37°C. PAD4 concentrations 
and incubation times were adjusted according to the highly variable 
needs of various experimental set- ups. For example, for the pur-
pose of permeability measurements, shorter incubation times were 
chosen (compared to those for SEM and turbidimetry) because 
more extensive citrullination made clots mechanically too unstable 
to withstand the pressure of the fluid column. Citrullination was 
stopped by the addition of PAD4- inhibitor Cl- amidine at 60 μg/
ml. The non- citrullinated fibrinogen used as control contained Cl- 
amidine prior to the addition of PAD4. The efficiency of citrullina-
tion was evaluated with four independent methods: (1) the shift 
of the fibrinogen α- chain relative to the γ- chain in polyacrylamide 
gel electrophoresis (Figure S1),21 (2) the increase in the citrulline- 
positive protein bands in western blotting with anti- citrulline anti-
body (Figure S1), (3) prolongation of the fibrinogen clotting time in 
electromechanical coagulometry from 15 s to values over 80 s as 
described previously,25 and (4) delay in turbidimetric clotting assay 
from 2 min to more than 12 min (Figure S2).

2.3  |  Scanning electron microscopy

Fibrinogen at 8 μM was incubated with 1.15 μg/ml PAD4 for 4 h. 
The generated citFg was added to control Fg (containing equiva-
lent amount of PAD4 inactivated with Cl- amidine) at increasing 
ratios (0%, 25%, 50%, 75%, and 100% of total fibrinogen) and 
clotted at 4 μM with 7.5 nM thrombin for 2 h at 37°C. Fixation 
with glutaraldehyde, dehydration and CO2 critical point drying of 
samples, imaging with SEM EVO40 (Carl Zeiss GmbH), and image 
analysis to determine the diameter of the fibrin fibers were carried 
out as described previously.30,31 Samples were prepared in trip-
licate and 300 individual fiber diameters were measured in each 
SEM image.30,31

2.4  |  Laser scanning microscopy

Fibrinogen at 3.6 μM (citrullinated with 0.4 μg/ml PAD4 for 0/3/4 h) 
supplemented with 0.05 μM Alexa Fluor® 546- conjugated fibrino-
gen was clotted with 16 nM thrombin for 30 min at room tem-
perature in uncoated IBIDI VI 0.4 μ- slides (Ibidi GmbH). Confocal 
fluorescent images (Z- stack mode) were taken using a Zeiss LSM710 
confocal LSM (Carl Zeiss) with a 63× oil immersion objective lens 
at an excitation wavelength of 543 nm and emission wavelength of 
575 nm. Images were analyzed based on a protocol modified from 
Duval et al.32 Briefly, fiber density was determined as the average 

number of fibers crossing two parallel horizontal lines spanning the 
cross section of a single optical section (60 μm from each other). 
Each fibrin clot was prepared in duplicate and two density measure-
ments were performed in each.

2.5  |  Atomic force microscopy

Fibrinogen at 3 μM (citrullinated with 0.25 μg/ml PAD4 for 0/3 h) 
was clotted with 10 nM thrombin in a total volume of 20 μl. Samples 
were then washed by rinsing the mica with distilled water, then 
blowing gently with a stream of high- purity N2 gas. Non- contact 
mode (ACmode) AFM images were acquired with a Cipher ES AFM 
instrument (Asylum Research/Oxford Instruments). Scanning was 
performed at relatively high set- point values (0.6– 1.0 V in case of 
0.75– 1.25 V free amplitude, respectively) to avoid sample binding to 
the cantilever tip. Silicon– nitride cantilevers (AC160TS, Olympus) 
were used for scanning in air (at 300 kHz resonance frequency). 
Images (height- , amplitude- , and phase contrast at 512 × 512 pix-
els) were collected at a typical scanning frequency of 0.3– 0.6 Hz. 
Topographical analysis of fibrin fibers was performed with Igor Pro 
6.37 (WaveMetrics) by analyzing the cross- sectional profile of the 
fibers. Average fiber height was obtained by measuring the distance 
between height along the fiber axis and background height values. 
Actual fiber width was calculated from the apparent fiber width, 
measured as the full width at half maximum on the cross- sectional 
profile plot, by correcting for tip geometry.33 Persistence length of 
fibers and the Young's modulus were calculated as previously de-
scribed.33 Briefly, the end- to- end distance and the contour length of 
the fibers were measured using the freehand tool of the software. 
The start-  and endpoints of the fibrin fibers were estimated where 
the fiber branched or could not be followed further. Persistence 
length (the measure of bending rigidity) was estimated by analyz-
ing the relationship between the contour length and the end- to- end 
distance using OriginPro 8 (OriginLab Corporation). It is important to 
note that the studied fibers are part of a complex network; therefore, 
the length of an individual fibrin fiber cannot be reliably assessed. 
The persistence length reported here characterizes the free fiber 
segment between two crossing points. The Young's modulus of the 
fibers was calculated from the persistence length, using the second 
moment of inertia assuming circular fiber cross- section. Because the 
fibers are not individually equilibrated onto the mica surface, fibers 
might be pre- strained over their equilibrium length.34 This inherent 
tension of the fibers could affect their apparent persistence length 
and the calculated Young's modulus. The calculated Young's modu-
lus values reported here serve the purpose to compare the mechani-
cal properties of the citrullinated fibrin sample to that of the control.

2.6  |  Small- angle X- ray scattering

Small- angle X- ray scattering provides information about the in-
ternal structure of the fibrin fibers.35 The general experimental 
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set- up is described in our previous work.36 Briefly, measurements 
were performed using CREDO, an established in- house trans-
mission geometry set- up.37 Fibrinogen at 8 μΜ citrullinated by 
0/0.6/1.4/2.8 μg/ml PAD4 for 1 h was clotted with 10 nM thrombin 
in thin- walled quartz capillaries of 1.5 mm average outer diameter. 
After proper sealing, these were inserted into the vacuum space of 
the sample chamber. Measurements were done using monochro-
matized and collimated Cu Kα radiation (0.1542 nm wavelength), 
and the scattering pattern was recorded in the range of 0.2– 5 nm−1 
in terms of the scattering variable (defined as q = [4π sin θ]/λ where 
2θ is the scattering angle and λ is the X- ray wavelength). To assess 
sample and instrument stability during the experiment, the expo-
sures were made in 5 min units, with frequent sample change and 
reference measurements. These individual exposures were cor-
rected for beam flux, geometric distortions, sample self- absorption 
,and instrumental background, as well as calibrated into physical 
units of the scattering variable (q, nm−1) and differential scattering 
cross- section (absolute intensity, cm−1 × sr−1). The averages of all 
the corrected and calibrated scattering patterns for each sample 
were azimuthally averaged to yield single one- dimensional scat-
tering curves for each sample.37– 40 The tangledness of the fibers 
makes the scattering patterns isotropic. Therefore, their azimuthal 
averages, known as scattering curves, carry all information, but in 
a more tractable form.

2.7  |  Turbidimetric assay

Fibrinogen at 8 μM was incubated with 1.15 μg/ml PAD4 for 4 h. 
The generated citFg was added to control fibrinogen (containing 
equivalent amount of PAD4 inactivated with Cl- amidine) at in-
creasing ratios (0%, 25%, 50%, 75%, and 100% of total fibrinogen) 
and clotted at 4 μM with 7.5 nM thrombin at 37°C. The progress of 
clotting was monitored in 96- well microtiter plates by measuring 
the light absorbance at 340 nm with a CLARIOstar spectropho-
tometer (BMG LABTECH). The maximal absorbance at the end of 
clotting (Amax) was recorded as an indicator of the fibrin structure 
(mass- length ratio of the fibrin fibers),41 whereas the time to reach 
10% Amax was used as an indicator of the changes in the kinet-
ics of clotting (delay in polymerization) caused by citrullination 
Figure S2.

2.8  |  Clot permeability measurements

Fibrinogen at 8 μM pretreated with 0.6 μg/ml PAD4 for 0/1/1.5 h 
was clotted with 16 nM thrombin in plastic pipette tips as de-
scribed previously.42 After 60 min incubation at 37°C, 10 mM HEPES 
150 mM NaCl pH 7.4 was permeated through the clots. Pressure was 
kept constant by maintaining a fixed head volume. KS (permeability 
coefficient) was calculated from the equation

where Q = permeated volume of buffer (cm3); η = viscosity of buf-
fer (10−2 poise = 10−7 N s cm−2); L = clot length (1.5 cm); A = average 
cross- sectional area of the clot (0.102 cm2); t = time (s); ΔP = pres-
sure drop (0.209 N cm−2).42

2.9  |  Statistical analysis

The distribution of fibrin fiber diameter data from SEM was analyzed 
using the algorithm described previously:30 theoretical distributions 
were fitted to the empirical data sets and compared using Kuiper's 
test and Monte Carlo simulation procedures. On other datasets with 
three or more compared subsets, analysis of variance was performed. 
For datasets in which normal distribution of obtained data could not 
be confirmed by the Shapiro– Wilk test, non- parametric statistical 
tests were applied. The Kolmogorov– Smirnov test was chosen be-
cause of its robust power to compare distributions of two datasets 
independently of their type of distribution. For the comparison of 
three or more datasets, the Kruskal– Wallis test was used. All statis-
tical tests were performed using GraphPad Prism 6.00 (GraphPad 
Software) and the Statistical Toolbox 7.3 of MATLAB. Data are 
presented as mean ± standard error of mean, except for fibrin fiber 
diameter measure with standard error mean given as median and 
bottom- top quartile values. Differences between groups were 
considered statistically significant at a probability value of p < .05. 
During the AFM- based topographical analysis one outlier was found 
to be significantly different compared to the other values and was 
therefore excluded (Grubb's test with GraphPad Software) and the 
morphological parameters of citrullinated and control fibrin fibers 
were compared with two- tailed t- test assuming equal variances. For 
persistence length calculations the mean- squared end- to- end length 
of the fibrin segment versus contour length curve was fitted with 
the following exponential equation:

where Y is the square of the end- to- end distance, x is the contour 
length, and p is the persistence length.43 The best fit parameters of 
the citrullinated and the control curves were statistically compared 
using least squares nonlinear regression in the contour length range 
below 7 μm. For the statistical comparison of the Young's moduli 
of the citrullinated and control fibrin network the error propagation 
method was applied and calculated using GraphPad Software.

3  |  RESULTS

3.1  |  Thinner fibers with lower bending rigidity in 
citrullinated fibrin matrices

Scanning electron microscopy demonstrated that increase in the 
ratio of citrullinated/non- citrullinated fibrinogen led to a decrease 
in fibrin fiber diameters following thrombin- induced clotting KS =

Q. L. �

t.A.ΔP
,

Y = 4px ∙
(

1 −
[

2p∕x
]

∙
[

1 − exp
(

− x∕
[
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(Figure 1A). Besides the shift in median diameters, the distribution 
curves of fibrin fibers became more uniform as indicated by the 
narrowing interquartile range of the fiber diameter distribution at 
increasing citrullinated/non- citrullinated ratios (Figure 1B). The 
turbidity of the fibrin clots (red symbols in Figure 1B) that reflects 
the mass– length ratio of the fibers showed the same pattern of 
changes at increasing ratio of citrullinated fibrinogen as the fiber 
diameter in the SEM images.

While SEM examines the interior of clots, the AFM experimental 
set- up more closely mimics the morphology of fibrin surface at inter-
phase boundaries. In this set- up, the immediate contact of fibrin with 
the mica surface caused flattening of the cylindrical fibers. AFM ob-
servations confirmed that in the presence of citrullinated fibrinogen 
both mean fiber width and height decreased, but the height/width 
ratio remained unchanged compared to the native fibrin (Figure 2, 
Table 1).

F I G U R E  1  Structural effects of fibrinogen citrullination. A, Representative scanning electron microscropy (SEM) images of fibrin clots 
prepared from 4 μM fibrinogen pre- treated with 1.15 μg/ml peptidyl arginine deiminase 4 (PAD4) for 0/4 h (clotted with 15 nM thrombin 
for 2 h at 37°C). Scale bar = 2 μm. The diameter of 300 fibers per image was measured from three SEM images per clot type using the 
algorithms described in the Materials and Methods section and their empirical (histogram) and fitted theoretical distribution (green line) 
are shown (PDF, probability density function of the distribution). Numbers indicate the median (bottom- top quartile) values of fiber 
diameter. B, Fibrinogen pre- treated with 1.15 μg/ml PAD4 for 4 h was mixed with non- citrullinated fibrinogen (containing the PAD4 at the 
same concentration, but inactivated with 60 μg/ml Cl- amidine) at the indicated ratios, clotted with thrombin and SEM images were taken 
as in (A). The bars show the median values, the whiskers span the interquartile range (bottom and quartile values) of the fitted theoretical 
distributions. All differences are significant at p < .05 level according to Kuiper's test of the distributions. The red symbols represent the 
maximal absorbance measured at 340 nm in the turbidimetric clotting assay of the indicated fibrinogen preparations (mean ± standard 
deviation, one- way analysis of variance p = .03, n = 5).



    |  2867VARJÚ et al.

On the mica surface these thinner fibers appeared generally more 
curved, and quantification showed a drastic decrease in their appar-
ent persistence length (the measure of bending rigidity) from 122 nm in 

control to 5 nm. However, fiber- level elastic attributes of citrullinated 
fibrin remained essentially unchanged by citrullination; that is, the 
Young's modulus remained in the same order of magnitude (Table 2).

F I G U R E  2  Atomic force microscopy studies of citrullinated fibrinogen. A, Fibrinogen at 3 μM citrullinated with 0.25 μg/ml peptidyl 
arginine deiminase 4 for 0/3 h; left and right, respectively clotted with 10 nM thrombin in a total volume of 20 μl on a mica surface. Scale 
bar = 4 μm. B, Topographical analysis of the cross- sectional profile of the fibrin fibers. Fiber height and width were obtained as described in 
the Materials and Methods section. Further quantitative data calculated from similar images are presented in Tables 1 and 2.

TA B L E  1  Morphological parameters of fibrin fibers measured by 
AFM

Width (nm) Height (nm)
Height/width 
ratio (−)

Th + Native Fg 
(n = 126)

200.0 ± 5.8 27.0 ± 0.9 0.136 ± 0.004

Th + citFg (n = 118) 116.0 ± 4.8 15.8 ± 1.0 0.140 ± 0.006

p <.0001 <.0001 .599

Note: Topographical analysis was performed on the quasi- 2D fibrin 
surfaces illustrated in Figure 2. Parameters were calculated as 
described in the Materials and Methods section.
Abbreviations: AFM, atomic force microscopy; citFg, citrullinated 
fibrinogen; Th, thrombin.

TA B L E  2  Mechano- structural data of fibrin fibers estimated 
from AFM measurements

Persistence length 
(nm)

Young 
modulus (kPa)

Th + Native Fg (n = 30) 121.80 ± 13.29 8.43 ± 0.94

Th + citFg (n = 29) 5.07 ± 0.35 3.44 ± 0.25

p <.0001 <.0001

Note: Topographical analysis was performed on the quasi- 2D fibrin 
surfaces illustrated in Figure 2 by tracing fibers with the freehand tool 
along the fiber axis. Parameters were calculated as described in the 
Materials and Methods section.
Abbreviations: AFM, atomic force microscopy; citFg, citrullinated 
fibrinogen; Th, thrombin.
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3.2  |  Increased fiber density and decreased 
porosity in citrullinated fibrin matrices

Laser scanning microscopy has been used for fibrin fiber density 
measurements in previous studies.32 According to our LSM obser-
vations, citrullination resulted in a fibrin network with increased 
density (from 44.0 ± 1.9 in control to 52.9 ± 2.9 and 56.4 ± 2.0 per 
120 μm in samples preincubated with 0.4 μg/ml PAD4 for 3 and 4 h, 
respectively; Figure 3). Formation of a finer, but denser, fibrin net-
work was confirmed by an almost 50% decreased turbidity of fibrin 
clots formed with fibrinogen citrullinated for 8 h at 1.1 μg/ml PAD 
(not shown), as well as with a mix of citrullinated and native fibrino-
gen (Figure 1B). Permeability measurements demonstrated that the 
increase in fiber density was accompanied by lower permeability 
(more than 3- fold decrease in the Ks of fibrin clots formed with fi-
brinogen pre- treated with 0.6 μg/ml PAD4 for 4 h; Figure 4).

3.3  |  Fiber packing, intrinsic fiber characteristics

The LSM observations that fibrinogen citrullination increased the 
fiber density and convolution of the fibrin fibers formed from it was 
strengthened by SAXS analysis. Citrullination induced significant 
nanostructural changes in the fibrin fibers, observable both in the 
alteration of the correlation peaks and the mass fractal dimension 
of the SAXS curves shown in Figure 5. The fibrin prepared from 
partly citrullinated fibrinogen resulted in the well- known SAXS 
curve reflecting the cross- sectional and longitudinal periodicity 
in the native fibrin fibers.31 On the decreasing initial part of the 
scattering curve, two diffuse peaks were visible at around q = .32 
and 0.9 nm−1, the central positions of which correspond to the 22 nm 
longitudinal periodicity and 7 nm lateral periodicity of the fibrin 
nanostructure, respectively. The first one is approximately the half- 
length of fibrin monomer unit, while the second one corresponds to 

the characteristic distance between the neighboring units packed in 
parallel. Mild citrullination (using PAD4 at 0.6– 1.4 μg/ml for 1 h) only 
weakly affected the scattering curve by broadening these diffuse 
peaks. More extensive citrullination (increasing the concentration 
of PAD4 to 2.8 μg/ml and the exposure time to 2 h) eliminated 
the correlation peaks and the curve adopted a linear shape (in the 
double logarithmic plot shown in Figure 5). This scattering pattern 
indicated definitive nanostructural changes in the citrullinated fibrin 
matrix suggesting a conserved intrafibrillar monomer assembly up to 
a critical degree of citrullination, at which point displacement in both 
dimensions of the fiber structure occurred.35

Previous studies, applying different techniques, have revealed 
that the fibrin fiber system exhibits fractal behavior implying that 
the mass distribution across a fiber cross- section is not uniform (the 
mass density of the periphery is lower than in the center of the fi-
ber).44– 46 In our SAXS analysis, the slope derived from the power- 
law decay in the q range between 0.1 and 1 nm−1 could be exactly 
determined in the absence of correlation peaks in the scattering 
curves of the fully citrullinated fibrin (df = 1.59 ± 0.01, Figure 5). The 
presence of the two diffuse correlation peaks in partly citrullinated 
fibrin (0.6/1.4 μg/ml PAD4 for 1 h) hamper the exact determination 
of fractal dimension; therefore, in these cases we used approximat-
ing lines (Figure 5), the slopes of which showed an ascending trend 
(from ~1 for native fibrin to ~1.2). In view of the smaller diameter of 
the fibers in citrullinated fibrin, this increase in the mass fractal from 
1 to 1.59 can be interpreted as due to the loss of loosely packed 
outer shell protofibrils and retention of the denser core of individual 
fibers, when more citrullinated fibrinogen is incorporated in the clot.

4  |  DISCUSSION

Mounting evidence points to the clinical prognostic value of clot 
structure.47 Denser fibrin networks are associated with early 

F I G U R E  3  Fibrin fiber density. 
Fibrinogen at 3.6 μM (citrullinated with 
0.4 μg/ml peptidyl arginine deiminase 
4 for the indicated times) was clotted 
with 16 nM thrombin in the presence of 
0.05 μM Alexa Fluor® 546- conjugated 
fibrinogen. Images were taken after 
30 min incubation at room temperature. 
Optical z- stacks (every 1 μm over 20 μm) 
were combined to construct 3D images. 
Fiber density was determined by counting 
the number of fibers crossing 120 μm long 
sections of 2D- projected laser scanning 
microscopy images. Error bars represent 
standard error of the mean. Each clot was 
prepared in duplicate, and two density 
measurements were performed in each 
(n = 4). *p < .05, **p < .01.
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myocardial infarction48 as well as with increased mortality in 
patients on hemodialysis.49 DVT patients have decreased plasma 
clot permeability compared to controls without a DVT history, and 
densely packed fibrin fibers have been detected in distal pulmonary 
emboli.50,51 Clot structure, however, depends on a multitude of 
factors, including the concentration of thrombin and fibrinogen.52 
In our system the formation of citFg reduces the concentration of 
thrombin- sensitive fibrinogen, because thrombin cleaves next to 
native peptidyl– arginine only.27 The net effects of these (and possibly 
other) factors might have contributed to the decreased median 
fiber diameter in clots containing citFg, which is in alignment with 
a preliminary study on citFg with SEM investigations.28 Here we 
confirm the SEM findings with an independent method that examines 
fibrin structure in a surface- bound and naturally hydrated state 
(AFM) and add structural insights on the level of individual fibers. 
SAXS indicated that the decrease in fiber thickness did not result 
from a change in intra- fiber protofibril density, as the mass fractional 
dimension consistently increased in clots containing increasing 
concentrations of citFg, a finding consistent with the loss of a looser 
peripheral zone in the cross- section of native fibers. The measured 
fiber- level biomechanical parameters are in line with this finding: the 
apparent Young's modulus of citrullinated fibrin, which we assessed 
from the persistence length of individual fibers, remained in the same 
order of magnitude as that of control fibrin. This suggests that the 
decreased stiffness of citrullinated fibrin shown previously (evidenced 
by a decreased elastic modulus [G'])25 was primarily a consequence 
of a thinner fiber structure and not of a change in the mechanical 
properties of individual fibrin protofibrils. Generally, formation 
of thinner fibrin fibers leads to a decrease in porosity of fibrin,50 
which is in line with decreased Ks values observed in permeability 
measurements and the more compact space- filling pattern of the 
clots supported by increased fiber density in LSM, increased mass 
fractal dimension in SAXS, and shortened persistence length in AFM.

The identified structural changes might provide insights into 
earlier results concerning the altered mechanical and lytic suscep-
tibility properties of citrullinated clots. We have recently reported 
that clots formed with citFg are mechanically less stable as re-
vealed by the decrease in the critical shear stress causing gel/fluid 
transition (rheometry) and a trend for lower maximal amplitude in 
nano- thromboelastography.25 These are in agreement with pre-
vious studies that showed that thinner fibrin fiber networks were 
associated with decreased G'53,54 and an increase in the loss tan-
gent (G"/G') in the presence of calcium.54 The decreased persistence 
length identified in our current study could contribute to a decreased 

F I G U R E  4  Fibrin permeability. Permeability of clots prepared 
from fibrinogen at 8 μM pretreated with 0.6 μg/ml peptidyl 
arginine deiminase 4 for the indicated times and clotted with 
16 nM thrombin. The permeability coefficient (KS) was calculated 
as described in the Materials and Methods section. KS values 
and standard error of mean were calculated from at least eight 
samples originating from three independent experiments. *p < .01, 
**p < .0001.

F I G U R E  5  Effect of citrullination on the subfibrillar structure 
of fibrin. Fibrin clots were formed with fibrinogen pre- treated 
with 8 μΜ citrullinated by 0/0.6/1.4/2.8 μg/ml peptidyl arginine 
deiminase 4 for 1 h and clotted with 10 nM thrombin and examined 
with small- angle X- ray scattering as described in the Materials 
and Methods section. Fibrinogen and thrombin solutions were 
used as a reference. The normalized scattering intensity (dΣ/d) is 
plotted as a function of the momentum transfer (q) and empirical 
curves are fitted to the raw data, as described in the Materials and 
Methods section. The slope of the dashed color lines indicates the 
approximated mass fractal dimension of the fibers (df, best fit of the 
slope and its uncertainty). For the scattering curves with a diffuse 
peak at q = .32 lines are fitted to the flanking regions of the peak 
and approximate df values are shown. Curves are shifted vertically 
by the indicated factors for better visualization. The vertical dashed 
lines indicate the positions of the scattering peaks corresponding to 
periodicity of ∼7 nm, and 20 nm. The scattering curve of thrombin 
is also presented to demonstrate the negligibility of the scattering 
contribution of this component.
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macroscopic viscoelasticity (increased G"/G'), as the convoluted fi-
bers of citrullinated fibrin that bear lower bending rigidity according 
to the decreased persistence length allow for a relatively higher en-
ergy loss than energy storage upon deformation.

While we and others have previously demonstrated the marked 
effects of DNA, histones, and NETs on clot lysis,31,42 our current 
findings point to another potential mechanism through which neu-
trophils might influence clot lysibility through structural alterations, 
namely, generation of citFg via PAD enzymes released from (or pres-
ent on the surface of) neutrophils. In pure fibrin clots, thinner fibers 
and lower porosity typically result in slower fibrinolysis, even though 
mathematical modeling of this system has shown more complexity.55 
This phenomenon is traditionally explained by the different ratios 
of two processes, namely, inter- fiber diffusion of plasmin (slower) 
versus cutting across individual fibers (faster), in dense versus coarse 
fibrin.56 Thus, the current findings that citrullination of fibrinogen 
results in fibrin with thinner fibers and decreased porosity adds a 
structural mechanism contributing to the lysis resistance of such fi-
brin reported by us previously,25 with implications for thrombolytic 
efficacy. Nevertheless, important caveats should be articulated.

First, it remains to be shown which peptidylarginineºcitrulline 
conversions are critical in the detected effects, and if fibrinogen ci-
trullinated by PAD4 (as in this and previous studies) has the same 
effect as forms arising from PAD2-  or even pathogen- derived PAD- 
dependent citrullination.21,57 A recent study found more prominent 
effects on fibrin clot turbidity using PAD2 versus PAD4,28 probably 
related to the known differences in the susceptibility of the citrulli-
nation sites in fibrinogen to the two deiminases.21

Second, in vivo, a range of other plasma proteins might be-
come citrullinated when PADs are released into the forming clot, 
as highlighted by a rheumatoid arthritis citrullinome analysis and 
the recent discovery of A Disintegrin And Metalloprotease with 
ThroboSpondin- 13 citrullination.58– 60 Nevertheless, given that fi-
brinogen is the precursor of the primary scaffold, and that it is pres-
ent in the micromolar concentration range, outweighing several 
other potential PAD substrates in plasma, its citrullination might be 
of central importance with regard to the properties of the formed 
thrombus.

Last, our findings warrant further studies to investigate citFg in 
human samples as neutrophils and NETs are abundant in arterial and 
venous thrombi alike. In this respect, at present only indirect data 
suggest the in vivo relevance of the conditions applied in our current 
in vitro study, as quantitative data on the local PAD4 activity at sites 
of NETosis are still not available. In certain disease states (sepsis, 
cancer) PAD4 concentrations of about 5 ng/ml have been reported 
in systemic blood circulation.61,62 The local PAD4 concentration 
at sites of neutrophil activation could be estimated from the data 
about neutrophil elastase, another NET component that has been 
more extensively studied in the past. The mean concentration of 
elastase in the azurophil granules of neutrophils is 160 mg/ml, which 
upon degranulation maintain 0.1 mg/ml active enzyme concentra-
tion in a pericellular zone of 5 μm radius and 0.2 mg/ml within 3 μm 

around the cells,63 whereas its level in blood circulation is about 
0.2 μg/ml.64 If we assume the same dilution and clearance pattern 
for PAD4 as neutrophil elastase, the estimated pericellular concen-
tration of PAD4 that corresponds to the reported blood levels would 
be 2.5– 5 μg/ml, which is higher than the concentrations used by us 
in the current study.

Our in vitro results likely have implications beyond thrombo-
sis only. CitFg has been detected previously alongside PAD4 in 
a murine model of wound healing65 as well as in human athero-
sclerotic plaques, the rupture of which often trigger thrombosis. 
CitFg is found in the synovia and serum of patients with rheuma-
toid arthritis,21– 23 and recent studies suggest a role for citFg in the 
long- known elevated risk for cardiovascular disease in this con-
dition.66,67 Furthermore, PAD4- catalyzed citFg formation might 
attract attention from a therapeutic perspective. Even though 
the exact role of PAD4 in NETosis is still debated,68 inhibition of 
PAD4 has shown promising in vitro results in inhibiting NET for-
mation69 and, in a previous study using the inferior vena cava ste-
nosis model, genetic knockout of PAD4 decreased the likelihood 
of thrombosis.70 However, therapeutic inhibition of PAD in the 
circulation would not only silence NETosis but also likely affect 
the amount of citrullinated plasma proteins such as fibrinogen. 
With specific regard to thrombosis, it is tempting to visualize cell- 
impermeable PAD inhibitors that hinder the formation of the an-
tifibrinolytic citFg, but avoid the hazards of histone modification 
leading to altered gene expression. Future studies will decide if 
this vision becomes reality.
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