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Abstract 

Fibrin hydrogels are promising carrier materials in tissue engineering. They are biocompatible and 

easy to prepare, they can bind growth factors and they can be prepared from a patient's own blood. 

While fibrin structure and mechanics have been extensively studied, not much is known about the 

relation between structure and diffusivity of solutes within the network. This is particularly relevant 

for solutes with a size similar to that of growth factors. A novel methodological approach has been 

used in this study to retrieve quantitative structural characteristics of fibrin hydrogels, by combining 

two complementary techniques, namely confocal fluorescence microscopy with a fiber extraction 

algorithm and turbidity measurements. Bulk rheological measurements were conducted to determine 

the impact of fibrin hydrogel structure on mechanical properties. From these measurements it can be 

concluded that variations in the fibrin hydrogel structure have a large impact on the rheological 

response of the hydrogels (up to two orders of magnitude difference in storage modulus) but only a 

moderate influence on the diffusivity of dextran solutes (up to 25% difference). By analyzing the 

diffusivity measurements by means of the Ogston diffusion model we further provide evidence that 

individual fibrin fibers can be semi-permeable to solute transport, depending on the average distance 

between individual protofibrils. This can be important for reducing mass transport limitations, for 

modulating fibrinolysis and for growth factor binding, which are all relevant for tissue engineering. 
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1. Introduction 

Hydrogels are an interesting class of biomaterials, with mechanical, biochemical and transport 

properties that can be tailored to the needs of a specific application [1–5]. This makes them promising 

candidates as extracellular matrix (ECM) substitutes in tissue engineering, because they can offer 

mechanical support to cells while providing necessary signals for the development of new tissue. 

Structural cues are important as they influence cell behavior [6], and matrix stiffness is also known to 
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mediate cell fate [7] with mechanical properties of the substrate having an impact on cell behavior in 

terms of morphology [8], migration [9] and differentiation [10]. At the same time, microstructural and 

mechanical properties may affect cell behavior through similar mechanisms, as variations in structure 

induce mechanical changes to the cells [11]. Therefore, making a clear distinction between the 

influence of microstructure and mechanical properties is not straightforward. Mass transport properties 

of the ECM are important because they influence local solute concentrations and their gradients, 

thereby modulating cell behavior and multicellular organization, during development and tissue 

regeneration, such as part of a tissue engineering strategy [12]. Knowing the diffusivity of a solute 

within a carrier material gives information not only on the local transport processes of the solutes but 

also on the release kinetics of the system. Therefore, solute diffusivity can be used as a marker for the 

potential of a carrier to release embedded growth factors and other proteins [13]. Hence, it is clear that 

a combination of the desired structural, transport and mechanical properties of a scaffold is of great 

importance for tissue engineering applications. 

Fibrin hydrogels are natural biomaterials which have been used in tissue engineering for multiple 

applications, such as in skin, cartilage, bone and vascular regeneration [14]. The fibrin clot is the 

natural product of the coagulation cascade. Fibrinogen, the precursor protein to fibrin, is a 340,000 Da 

glycoprotein comprised of three nodules with a total length of 45 nm. Thrombin (factor IIa), a 

protease, cleaves the fibrinopeptides A and B from the fibrinogen molecule resulting in fibrin 

monomers that spontaneously polymerize once they are formed [15]. Fibrin hydrogels exhibit a 

fibrous structure which has been the subject of many studies [16–19] and encompasses a range of 

scales, as illustrated in Fig. 1. Thrombin, calcium, fibrinogen, pH and ionic strength are all known to 

influence the geometrical features of the fibrous mesh, mainly by changing the radius and average 

length of the individual fibers, the branch density, as well as molecular packing density of the fibers. 

For example, it is well known that the total fiber length and the fiber diameter are inversely 

proportional to thrombin concentration [20]. These observations can be linked to fibrin polymerization 

kinetics, as thrombin acts as a promoter of the polymerization and a decrease in the thrombin to 

fibrinogen ratio leads to increased lateral aggregation of the protofibrils and a larger fiber radius [17]. 
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Ionic strength [18], specifically the concentrations of calcium [21] and chloride ions [22] also have an 

effect on structure. Finally, changes in factor XIIIa concentration have been shown to affect the 

packing of protofibrils within the fibers, with higher concentrations of factor XIIIa leading to fibers 

with a smaller distance between the constituent protofibrils [23].  

Besides playing an important role in hydrogel structure and mechanical properties, these factors are 

also known to affect solute transport within fibrin hydrogels [24–26]. Hydrogels, as the name implies, 

are materials that mainly consist of water. In the case of fibrin, water exists not only in the space 

between fibers but also within the individual fibers that constitute the hydrogel. It has been estimated 

that only a small part of the actual fiber volume, between 10 and 30 vol %,  is occupied by the protein 

with the rest being taken up by water [18,27,28]. Several studies have focused on unraveling the 

details of the internal fiber structure, showing that it is strongly influenced by the concentrations of 

fibrinogen and thrombin as well as the ionic strength during polymerization [17,18,27]. 

The fact that water is the main constituent of fibrin fibers can also cause complications when 

measuring the fiber thickness by certain techniques. For example, scanning electron microscopy 

(SEM), involves a dehydration step in the preparation of the samples. This step is likely to cause fiber 

shrinkage, hampering a straightforward extraction of the fiber radius, although SEM still provides 

valuable quantitative information about the average length of the fibers or the branch density [29]. 

Turbidimetry on the other hand is a non-invasive technique, which is based on the Rayleigh scattering 

theory, to characterize fibrin hydrogels in the native hydrated state [30]. Starting from the assumption 

that the hydrogel consists entirely of an isotropic collection of rigid rods, turbidimetry relates changes 

in optical absorbance over a range of wavelengths with the diameter and mass-length ratio of the 

fibers. However, the analysis critically relies on several assumptions to relate light scattering to 

hydrogel structural properties as these are not directly observed, and literature findings until now have 

mainly been limited to hydrogels of rather low fibrinogen concentrations (less than 2 mg/mL) 

[18,19,30]. Confocal microscopy has mainly been used to quantify pore sizes in fibrin hydrogels 

[31,32]. Determination of fiber diameters is difficult since values of the fiber diameter typically fall 

well below 200 nm and therefore below the diffraction-limited spatial resolution of (non-



5 
 

superresolution) optical microscopy. Therefore, measurement of fiber thickness based on optical 

microscopy images is not trivial and relies on mathematical approximations based on the point spread 

function of the microscope [33]. In this study we overcome the drawbacks of the individual methods 

by implementing a novel combined approach, using confocal fluorescence microscopy and 

turbidimetry to quantitatively analyze different fibrin compositions. 

The complexity of fibrin hydrogels is not only limited to their structure, but it is also evident in their 

mechanical behavior, which also depends on the fibrin composition [23] and therefore on the 

structural details of the hydrogel [34,35]. Dilute fibrin networks (0.5-8 mg/mL) exhibit a complex 

nonlinear elastic response with a transition from entropic elasticity at small strains to enthalpic 

elasticity at large strains [34]. The storage modulus in the linear elastic regime is well-described by 

entropic models valid for semiflexible polymers [36], being governed by the total fiber length and the 

fiber persistence length, which in turn is dependent on the number of protofibrils per fiber. Dense 

fibrin networks with small fiber segment lengths between junctions and networks of thick fibers 

behave as athermal fibrous networks even at low strain [37,38]. 

Diffusivity of solutes through fibrin hydrogels has been studied to assess the influence of cell density 

on the diffusion of small molecules such as Rhodamine B (4 mg/mL fibrinogen) [39] and the influence 

of mechanical strain on anisotropic diffusion [40]. Novel experimental setups have been developed to 

probe the diffusion of insulin-like growth factor I (IGF-I) and ribonuclease through fibrin hydrogels of 

low density (2.25 mg/mL) and low volume fraction (0.27 vol% of a dry hydrogel), yielding diffusivity 

values comparable to that in water and pointing to a negligible influence of the open, fibrous network 

[41]. Moreover, variations in fibrinogen (5-20 mg/mL) and thrombin (2-20 U/mL) concentrations have 

been shown to affect the permeability of fibrin hydrogels and the release of dextran solutes (3 and 70 

kDa) [42]. However, to the best of our knowledge, a quantitative analysis assessing the effect of 

specific fibrin hydrogel architectures on solute diffusivity over a wide range of pore sizes has not been 

tested so far. Moreover, although it has been shown that void spaces in-between protofibrils within the 

fibrin fibers can serve as “nanocavities” that could entrap therapeutic agents [43], there has not been a 

quantitative assessment of the effect of intrafibrillar structure on the diffusion of solutes. Whether or 
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not solutes can diffuse through individual fibers has remained an open question since it was stated in a 

seminal paper on fibrin formation [44], even though intrafibrillar diffusion has been demonstrated and 

measured for collagen [45]. 

In this study we demonstrate that structural variations have a profound impact on the mechanical 

properties of the hydrogels but only a moderate influence on solute transport. The in-depth, 

quantitative characterization of the hydrogel architecture was derived from confocal fluorescence 

imaging in combination with a fiber extraction algorithm and this information was complemented with 

turbidimetry for individual fiber characterization. Based on combined results from the structural and 

diffusional characterization, we provide evidence that individual fibrin fibers can be permeable to 

small solutes under assembly conditions that promote a porous fiber structure.  

 

2. Materials and Methods 

2.1 Fibrin hydrogel preparation 

Fibrin hydrogels were prepared by mixing fibrinogen and thrombin components in equal volumes 

(pH=6.6). Plasminogen depleted fibrinogen (Enzyme Research Laboratories, USA) derived from 

human plasma, was dissolved in a 20 mM HEPES and 150 mM NaCl, fibrinogen buffer. Stock 

solutions of thrombin (Sigma, USA), derived from human plasma, and factor XIII (Fibrogammin, CSL 

Behring, Germany) were prepared using a 20 mM HEPES, 150 mM NaCl, 40 mM CaCl and 0.1% 

BSA thrombin buffer and pure water, respectively. Thrombin and factor XIII were mixed with the 

thrombin buffer and were kept in a waterbath at 37°C for 30 minutes in order to activate factor XIII to 

factor XIIIa. Fibrinogen and thrombin components were thoroughly mixed to a total volume of 60 μL 

and pipetted directly on a 24 imaging well plate (Cellvis). Subsequently, the hydrogels were left to 

polymerize for 60 minutes at 37°C in a 100% humid environment and then PBS was added in each 

well to keep the gels hydrated. The samples were left at room temperature for at least 15 hours before 

further measurements. 
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Compositions were selected based on a 3-parameter, mixed-level full factorial design. Fibrin 

hydrogels derived from three different fibrinogen concentrations (final concentrations of 5, 10 and 20 

mg/ml), which are typically used in tissue engineering applications [46–48], were investigated in this 

study. As thrombin and factor XIII act as enzymes on fibrinogen for the formation of fibrin, the weight 

concentration ratios of thrombin and factor XIII to fibrinogen were kept constant when changing the 

fibrinogen concentration. However, because of the reconstitution of factor XIII in pure water, the salt 

concentrations of the final gels were not constant for the high factor XIII compositions. Details on the 

concentrations of each constituent are presented in Table 1. For each fibrinogen concentration, we 

considered the influence of a 10-fold difference in thrombin concentration (Low = 0.02 and High = 0.2 

U/mg fibrinogen) and a 100 fold difference in factor XIII concentration (Low = 0.02 and High = 2 

U/mg fibrinogen) on the fiber organization and mechanical properties of the gels, as well as the 

diffusion of dextran probes. Moreover, a steady decrease in CaCl2 (20-4 mM; see Table 1) while 

increasing the fibrinogen concentration allowed us to assess the combined effect of CaCl2 and factor 

XIII concentrations. For visualizing the internal fibrous structure of fibrin hydrogels with confocal 

microscopy, fluorescent fibrin hydrogels were prepared for the same compositions described in Table 

1, using fibrinogen conjugated with Alexa Fluor 488 (Sigma) at 2% of the total weight of fibrinogen in 

solution. A three-parameter, two-level factorial design, using the lowest (5 mg/mL) and the highest 

(20 mg/mL) fibrinogen concentrations as the two extreme cases, was used to assess differences in the 

rheological response of the hydrogels. 

 

2.2 Confocal fluorescence imaging 

Images of fluorescent hydrogel networks were acquired on an inverted confocal laser scanning 

microscope (Olympus Fluoview 1000) equipped with a 60x water immersion objective (UPLSAPO, 

NA=1.20), with a pixel dwell time of 200 μs and a pinhole size of 69 μm. Image stacks were obtained 

covering a total volume of 25.6 × 25.6 × 6.08 μm3 with a voxel size of 50 × 50 × 160 nm3. All images 

were taken approximately 30 μm deep in the gel. The image stacks were further processed using the 

fiber extraction algorithm described below. 
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2.3 Fiber extraction algorithm 

A detailed description of the 3D analysis including image processing steps and fiber extraction 

routines is presented in Supporting Material. In brief, multiple slices of image stacks (Fig.2a) acquired 

by confocal fluorescence microscopy were processed in several steps (Fig. 2b) following which the 

network topology was extracted using the FIRE algorithm [49], for an optimized set of parameters 

(Fig. 2c). The extracted network (Fig. 2d) was then analyzed for fiber and network characteristics, 

such as average fiber length and total fiber length, hydrogel fiber density and branch density (see 

Tables 2 and 3 for a full list of characteristics). 

 

2.4 Turbidimetry 

Turbidity measurements were used to quantitatively describe network characteristics, based on a 

method developed by Carr and Hermans [30] and later elaborated by Yeromonahos et al. and 

Piechocka et al. [18,34]. Given the spectral range of the measurement (λ1 - λ2) the method works under 

the assumption that fibrin hydrogels consist of a network of randomly oriented, thin (rf << λ1) and long 

(L >> λ2) cylindrical fibers [19]. Then the mass to length ratio (μ) and the average radius (rf) of the 

fibers can be estimated as [23]:  

      (1) 

where 

     (2)  

      (3) 
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t= OD l ln(10), λ is the wavelength, OD is the optical density, l is the path length in cm, ns is the 

refractive index of the solvent, dn/dc is the specific refractive index increment for fibrin (= 0.17594 

cm3/g) [18], c is the fibrinogen concentration in g/mL and NA is the Avogadro number. In the 

wavelength range of 500-800 nm the dependence of tλ5 to λ2 is typically linear and the slope of that 

line gives μ, while the intercept is dependent on both μ and rf. Knowing the mass to length ratio of the 

protofibrils, μ0 = 1.44 · 1011 Da/cm [17] one can calculate the average number of protofibrils as 

Np=μ/μ0, while the fiber internal density can be estimated as  

       (4) 

Since the concentration of fibrinogen is defined as c = mass of protein/volume of the hydrogel and the 

fiber internal density as ρf = mass of protein/volume of the fiber, we can therefore define the fiber 

volume fraction as the percentage of volume occupied by the fibrin fibers within the total volume of a 

hydrogel:  

Φ =
c
ρf

= 
cNAπ

μ
 

Φ = 
cNAπ

      (5) 

Turbidity measurements were performed with a spectrophotometer (Shimadzu, UV1650PC) within a 

wavelength range of 350-1000 nm. Fibrin hydrogels for each composition (n ≥ 3) were mixed and left 

to polymerize in disposable cuvettes (Eppendorf UVettes) at 37°C for 1h in a humidified environment. 

Subsequently, PBS was added, and the top of each cuvette was covered with parafilm to keep the 

samples hydrated overnight at room temperature. The next day, measurements were performed with a 

0.5 nm wavelength increment. To compensate for the high fibrinogen concentrations (5-20 mg/mL), 

the 2 mm path length was used instead of the standard 10 mm. For all samples there was a linear 

relation between tλ5 and λ2 in the 500-800 nm wavelength range (Fig. S1). Therefore, this range was 

used for further analysis except for the hydrogels of 10LL, 10HL, 20LL and 20HL where a range of 
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700-1000 nm was retained, as at smaller wavelengths there was significant noise due to the high 

turbidity of the samples.  

Total fiber length (ρL, defined per unit of hydrogel volume) cannot be directly estimated from the 

turbidity measurements. However, assuming that fibers are cylindrical and knowing the average fiber 

radius and the fiber volume fraction of each composition, total fiber length can be calculated as 

follows:  

      

so that:  

      (6) 

with Vtot the volume of the hydrogel imaged via confocal microscopy, Vfib the total fiber volume within 

the same hydrogel volume and L the total length of all cylindrical fibers. In this manner, a direct 

comparison between the fiber extraction algorithm and turbidimetry was possible via the cross-

validation of ρL obtained from each method.  

Following Yeromonahos et al. [18], the distance between protofibrils is calculated starting from their 

packing geometry. Protofibrils are expected to take a hexagonal close packing formation as cylinders 

within the fiber bundle [44]. The protofibril volume fraction (protofibril volume/fiber volume) would 

then be:  

           (7) 

Assuming that each protofibril stands in the center of a cylinder of radius rc/2 and height h, the 

distance between the centers of two protofibrils equals rc. Then the protofibril volume fraction can be 

calculated as:      

     (8) 
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Equating (7) and (8) yields: 

         (9) 

Finally, the end-to-end distance between the surfaces of adjacent protofibrils, i.e. protofibril distance, 

is  

       (10) 

with rpf = 6.7 nm the protofibril diameter [17].  

 

2.5 Fluorescence recovery after photobleaching (FRAP) 

FRAP experiments were performed to assess the influence of various fibrin formulations on the 

diffusive transport of solutes. As a model solute, dextran-FITC (Sigma), a highly branched globular 

polysaccharide was used. In particular, molecular weights of 10 and 40 kDa were used, as these sizes 

are similar to those of growth factors of interest for tissue engineering. Fluorescein isothiocyanate 

(FITC) is randomly conjugated to the dextran backbone at concentrations ranging from 0.003 to 0.02 

mole FITC per mole of glucose. The approximate hydrodynamic radii for the two solutes are 2.3 nm 

for 10 kDa and 4.5 nm for 40 kDa, as provided by the manufacturer. The solutions were diluted in 

PBS to a final concentration of 100 μM for 10 kDa and 50 μM for 40 kDa dextran. 

Diffusivity within the fibrin hydrogels is expressed here in terms of relative diffusivity, or D/D0, where 

D is the diffusion coefficient in the hydrogel and D0 is the diffusion coefficient in PBS. The 

experimental procedure has been described in detail previously [50]. Briefly, a selected region in a 

solution containing the fluorescent solute was photobleached and subsequently the fluorescence 

recovery within this region was monitored. By fitting analytical solutions of Fick’s second law to the 

obtained recovery curve, the diffusion coefficient could be derived.  
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In our experiments we used an inverted confocal microscope (Olympus Fluoview 1000) with a 10x air 

objective (UPLSAPO, NA = 0.40). The pixel size was set to 0.355 × 0.355 μm2 and images of 512 × 

512 pixels were recorded which yielded a 181.76 × 181.76 μm2 field of view. The photobleached 

region was defined as a circle with a diameter of 35.5 μm, with a bleaching time of 500 ms. For each 

measurement a time series of 18.27 s or 70 images for 10 kDa and 25.89 s or100 images for 40 kDa 

was recorded. In these time series the first five images were used to establish the background intensity 

before bleaching. All measurements were performed at 37°C at a depth of approximately 30 μm inside 

the hydrogel (measured from the glass bottom of the imaging well plate) to avoid surface artifacts. For 

every hydrogel composition 6 samples were tested, using for each replicate the average value of 5 

measurements performed on different regions of the examined hydrogel. The experiments were 

performed on different days for two sets of triplicates for each composition in order to avoid possible 

systematic errors. 

FRAP experiments were analyzed using an algorithm [51] that implements image averaging and 

spatial frequency analysis for improved accuracy of measurements with occasional heterogeneities or 

non-ideal signal to noise ratio (Fig. S4). The diffusion coefficients of 10 and 40 kDa dextran solutes in 

PBS buffer (147.3 ± 2.1 and 73.7 ± 3.5 μm2/s, respectively) were obtained experimentally via FRAP 

and they are in good agreement with the Stokes-Einstein (S-E) equation: 

      (11) 

where kB is the Boltzmann’s constant (J/K), T is the temperature (K), η is the dynamic viscosity of the 

solvent (Pa·s) and rs is the hydrodynamic radius (m) of the solute. The predicted values for passive 

diffusion in water from S-E equation were 143 μm2/s for 10 kDa and 73 μm2/s for 40 kDa dextran. 

 

2.6 Model of molecular diffusion in hydrogels 

Obstruction models are often used to rationalize molecular diffusion in hydrogels. Such models are 

based on the assumption that interactions between solutes and the solid part of the hydrogel are steric 
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in nature. This means that the fibers are considered merely as obstacles for solute diffusion, effectively 

increasing the total path and hence decreasing the effective macroscopic diffusion coefficient. For the 

hydrogels used in this work the obstruction models are most suitable, since the solute radius is much 

smaller than the fiber radius (0.019 < rs/rf < 0.065), thus no solute-solute or solute-fiber interactions 

are expected. The model of Ogston [52] focuses on the obstruction effects, but in addition to the 

volume fraction (Φ) it also incorporates the solute radius (rs) and fiber radius (rf): 

     (12) 

Here, the solutes are assumed to be ‘hydrodynamically equivalent spheres’, and the fibers are 

considered as long impermeable cylinders. 

 

2.7 Shear rheometry 

All 5 and 20 mg/mL fibrinogen compositions (8 compositions in total, see Table 1) were tested under 

small-amplitude oscillatory shear (SAOS) rheometry in order to measure the storage and loss shear 

moduli. Three types of tests were conducted: time-sweep, strain amplitude-sweep and frequency 

sweep. For each test type, results from 3 samples per composition were averaged. Time sweeps and 

strain sweeps were performed for 4 compositions in order to estimate the time needed for the hydrogel 

to reach a steady state (ts) and the linear region of strain amplitude (γLVE). This information was then 

further used in the frequency-sweep tests that were performed at the same polymerization time and 

strain amplitude for all 8 compositions. A Physica MCR 501 rheometer (Anton Paar GmbH, Austria) 

was used with a parallel-plate set-up and a Peltier system and a hood for temperature control. 

Immediately after dispensing a 200 μL drop of unpolymerized solution on the bottom plate (pre-

cooled to 15°C), a 20 mm diameter top plate was lowered from an initial gap of 20 mm to a final gap 

of 0.5 mm (final gaps of 2 mm were also tested for a few samples and the rheological response was 

shown to be independent of the gap distance). After the top-plate reached the final gap, the 

temperature of the bottom plate was raised to 37°C. Next, heavy mineral oil was poured over the 
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exposed surface of the gel to reduce evaporation, and in addition a solvent trap was placed over the 

entire setup. This point in time was defined as the time origin (t=0). 

In the time-sweep tests, starting at t = 0 oscillations were performed at a (engineering) strain amplitude 

γ = 1% and angular frequency ω = 1 rad/s. The value of the storage modulus G' was monitored 

continuously at 10 s intervals as it increased and asymptotically reached a steady state. The time-

sweep curves (variation of G' with time t) resulted in the determination of time of steady state ts. In 

particular, ts was defined as the first instant (rounded up to a multiple of 20 minutes) when the slope Ġ  

= dG′/dt dropped below 2.1% of its maximum attained value (see Supporting Material C).  

In the strain amplitude-sweep tests, the gel was allowed to polymerize for the ‘at-rest’ duration 0 < t < 

ts with exact ts depending on each composition. After this duration a fixed frequency (ω = 1 rad/s) 

oscillation was applied with γ increasing from 0.01% – 100%. A linear viscoelastic (LVE) region was 

determined by the condition that inside the LVE G′ varies by less than 10%. 

In the frequency-sweep tests, similar to the strain amplitude-sweep test, fibrin was allowed to 

polymerize at rest initially for a duration ts. Next, at a fixed strain amplitude value selected from 

within the LVE (γLVE), oscillation was applied with ω decreasing from 100 rad/s to 0.01 rad/s. 

 

2.8 Statistical analysis 

All statistical analysis was performed in R. For the results derived from the fiber extraction algorithm 

Tukey and Games-Howell multiple comparison tests were performed. Significant differences in the 

diffusivity study were assessed with Tukey, and for turbidimetry Games-Howell was used due to the 

differences in sample sizes and heteroscedasticity of the data. Equality of variances was assessed using 

Levene’s test. 
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3. Results 

3.1 Fibrin hydrogel network characterization 

The hydrogel structure was initially studied using confocal fluorescence microscopy. Fig. 3 shows a 

typical single image from the 3D image stacks as obtained for every examined composition (see Table 

1). As expected, the individual fibrin fibers are randomly oriented within the fibrin hydrogels. The 

network structure is strongly dependent on the hydrogel composition and highly concentrated fibrin 

hydrogels (20 mg/mL) show a very dense appearance. In two of these hydrogels (20LH and 20HH) it 

is difficult to discern individual fibers due to the diffraction-limited resolution. Focusing more on the 

hydrogel appearance it is clear that for a given thrombin and factor XIII concentration, i.e. within a 

column of images in fig. 3, the hydrogel fiber density increases with higher fibrinogen concentrations. 

At the same time, for a given fibrinogen concentration, i.e. within a row of images in fig. 3 

compositions with higher thrombin and/or factor XIII concentrations tend to yield a higher hydrogel 

fiber density and a higher branch density. 

The confocal fluorescence images alone give a clear but qualitative view of the hydrogel architecture 

for the different fibrin compositions. In order to obtain quantitative information from the three-

dimensional image stacks a fiber extraction algorithm was implemented. This allowed for the 

deduction of five structural parameters, mainly fiber network properties (see also Fig. 1 and Tables 2 

and 3): average fiber length, total fiber length, hydrogel fiber density, branch density and fiber 

connectivity, shown in Fig. 4.  

Because the hydrogel fiber density of the 20LH and 20HH hydrogels exceeded the diffraction-limited 

resolution, fiber network characteristics could not be extracted. Average fiber length, total fiber length, 

hydrogel fiber density and branch density were all found to be significantly higher for compositions 

with higher fibrinogen concentrations in cases with the lower factor XIII concentration (LL and HL; 

Fig. 4a-d). Increased concentrations of thrombin increased the hydrogel fiber density for the same 

fibrinogen concentrations in all cases (Fig. 4c) and also increased total fiber length and branch density, 

even though these differences were not significant for all fibrinogen concentrations (Fig. 4b and d). 
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Fiber connectivity was not affected by variations in fibrin constituents, except for 10LH composition 

(Fig. 4e). Variations in fibrinogen concentration had a bigger impact on network characteristics related 

to total fiber number than on average fiber length: total fiber length, hydrogel fiber density and branch 

density showed a 4.1, 3.1 and 3.1-fold increase respectively, for a 4-fold increase in fibrinogen 

concentration (from 5 to 20 mg/mL), compared to only a 33% increase in average fiber length (LL 

compositions). On the other hand, the branch density was most influenced by a 10-fold increase in 

thrombin concentration with up to 81% more branches in 5HL compared to 5LL, followed by 57% 

increase of hydrogel fiber density and 56% increase of total fiber length for the same conditions. 

To complement the data obtained from the confocal images in combination with the fiber extraction 

algorithm and in particular for a better view into individual fiber characteristics (Fig. 1 and Table 3), 

turbidimetry was used. Apart from fiber radius (Fig. 5a) which is difficult to be correctly estimated 

from the confocal images, the other structural features obtained were the number of protofibrils (Fig. 

5b), fiber internal density (Fig. 5c) and fiber volume fraction (Fig. 5d).  

The fiber radius was found to significantly decrease with increasing thrombin concentration for 10 

mg/mL fibrinogen and between 20LL and 20HL (Fig. 5a). Variations in fibrinogen concentration did 

not influence fiber radius at high thrombin concentrations (HL and HH compositions), while it led to 

significant differences at low thrombin concentrations. The number of protofibrils was significantly 

different between compositions with different factor XIII concentrations. Other significant differences 

in numbers of protofibrils were found between 5LH, 10LH and 20LH on the one hand and between 

5HH, 10HH and 20HH on the other hand. In particular, one can notice the rather low numbers (~25-

28) of protofibrils for the 20LH and 20HH compositions (Fig. 5b). In general, differences in numbers 

of protofibrils cause differences in fiber internal density (Fig. 5c) and fiber volume fraction (Fig. 5d) 

between compositions of low versus high factor XIII and differences between compositions with 

different fibrinogen concentrations. One of the most striking results is the very high fiber volume 

fraction for 20LH and 20HH (Fig. 5d).  
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The structural characteristics of fibrin hydrogels were determined by two independent techniques, 

turbidimetry and confocal fluorescence imaging with fiber extraction algorithm. A direct comparison 

between the results of both approaches in terms of total fiber length can be seen in Fig. 6. The data are 

in good agreement for low fibrinogen concentrations (5 mg/mL), while some discrepancies are found 

for 10LH, 10HH and 20HL compositions that can be attributed to the diffraction limited resolution of 

the confocal fluorescence imaging in combination with the large hydrogel fiber density in the hydrogel 

networks. At the same time, the turbidimetry analysis requires that rf << λ and fiber length L >> λ and 

that fibers are monodisperse. Moreover, there is no direct observation of the structure that can serve as 

quality control over the results it yields. Hence, cross-validation of the two methods suggests that the 

results from turbidity measurements can be trusted over this range of fibrinogen concentrations. 

 

3.2 Diffusivity of dextran solutes 

Diffusion coefficients of FITC-conjugated 10 kDa and 40 kDa dextran were measured by FRAP for 

the different fibrin compositions and normalized with respect to the diffusion coefficient of the same 

molecular weight dextran measured in PBS. Results presented in Fig. 7 demonstrate that relative 

diffusion coefficients tend to decrease with increasing fibrinogen concentration for all enzyme 

concentrations. Statistical analysis of the results showed that large differences in fibrinogen 

concentration (5 versus 20 mg/mL) led to significant differences in diffusivity. The lowest diffusion 

coefficients were found for the 20LH and 20HH compositions both for 10 and 40 kDa dextran. 

Overall, fibrinogen concentration was found to be the most important parameter affecting dextran 

diffusivity for both solutes, but changes in the enzyme composition at the same fibrinogen 

concentrations significantly influenced diffusivity of the larger solute as well. 

A comparison of the experimental data with values predicted from the Ogston model suggests that the 

model does not adequately explain the observed relative diffusivities (Fig. 7b and d). The Ogston 

model tends to predict lower diffusivity values, which can be explained by an overestimation of the 

effect of fiber volume fraction. This can also be appreciated from the larger data range for 
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experimental values than for predicted values (see bounding box in Fig. 7b and d). These 

discrepancies are most pronounced for the 20LH and 20HH compositions (cases in circles), which 

exhibit the highest fiber volume fractions (Fig. 5d). 

 

3.3 Shear rheometry 

Time-sweeps were performed in order to find the time when polymerization reached a steady-state. 

Results of the time-sweep measurements are presented in Fig. 8a. 5LL showed the slowest progress in 

polymerization while the other compositions which have at least one of the two enzymes (thrombin or 

factor XIII) in more elevated concentrations showed faster polymerization times. The time required for 

the storage modulus to reach a steady-state (ts) was found to be 4800 s for compositions 5LL and 5HH, 

6000 s for 20LH and 7200 s for 20HL. For the remaining compositions 5LH, 5HL, 20LL, 20HH, in 

frequency-sweep measurements the ts was kept to this maximum (7200 s) in order to ensure that the 

hydrogels had adequately polymerized. Strain amplitude sweep tests were performed to assess the 

linear viscoelastic region of the fibrin hydrogels. All compositions exhibited a constant G' value for 

strain amplitudes up to 4% for 5LL, 10% for 5HH and 16% for 20LH and 20HH (Fig. 8b). In order to 

keep the measurements within the linear viscoelastic regime while giving a good signal to noise ratio, 

the frequency-sweep measurements were carried out at 1% strain amplitude for all 8 compositions.  

Frequency sweep measurements were performed for all compositions of 5 and 20 mg/mL fibrinogen, 

in order to assess the influence of hydrogel structure on the shear rheological response. The results 

show a frequency-independent G' value for all samples, characteristic of a nearly perfect, elastic solid 

(Fig.8c). Therefore, average G' values at 1 rad/s frequency were compared between different 

compositions (Fig. 8d). Higher fibrinogen concentrations resulted in higher G' values for all enzyme 

ratios, with striking differences in the rheological response of hydrogels of equal fibrinogen 

concentrations but different enzyme concentrations. LL compositions exhibited the highest shear 

storage modulus and HL the lowest for both fibrinogen concentrations.  For example, there was a more 

than 20-fold difference between 5LL (313 Pa) and 5HL (14.5 Pa) and more than 8-fold between 20LL 
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(2283 Pa) and 20HL (269 Pa). The loss modulus (G'') was found to follow the same trend between 

different hydrogel compositions but with different response to changes in frequency, showing 

increased values at higher frequencies (Fig. 8e). The loss tangent (tanδ) shows the ratio of energy 

dissipated over the energy stored in the studied system (Fig. 8f). The variations between compositions 

at 1 rad/s were relatively small, but the tanδ values increased for lower (5LL and 5HH) and higher 

frequencies (all compositions).   

A quantitative description of the influence of structural properties (e.g., fiber radius, total fiber length, 

branch density, number of protofibrils, etc.) on rheological properties could not be captured by a single 

power law model. We attempted to find an empirical expression of the form G' = A xaybzc with x, y 

and z values of structural properties and A, a, b and c unknown parameters that were determined by 

means of least squares optimization (Matlab). The structural parameters were selected one at a time 

from three groups: intrafibrous (i.e., number of protofibrils and fiber internal density), individual fiber 

(i.e., fiber radius and average fiber length) and hydrogel network properties (i.e., total fiber length, 

hydrogel fiber density, fiber volume fraction and branch density) at different combinations. However, 

none of these models were able to fit the entire set of experimental results (data not shown). 

 

4. Discussion 

4.1 Fibrin composition affects individual fiber and network characteristics 

A novel methodological approach has been followed for the quantification of network and individual 

fiber properties of dense fibrin hydrogels (as defined in Tables 2 and 3 and illustrated in Fig. 1). By 

combining confocal fluorescence microscopy with a fiber extraction algorithm and turbidimetry the 

obtained results can be cross-validated. Fibrinogen, the main fibrin hydrogel precursor, not only 

determines the total fiber length, but also the hydrogel fiber density, as an increase in fibrinogen 

concentration was observed to result in higher values for both network characteristics (Fig. 4b and c, 

respectively). Further, the hydrogel fiber density also positively correlates with the branch density 
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(Fig. 4d) as expected from the kinetically controlled fibrin polymerization process described earlier. 

Detailed hydrogel structural analysis also showed that fibrinogen concentration positively correlates 

with the average fiber length for low factor XIII compositions (see Table 1 and Fig. 4a).  

Thrombin is responsible for the initiation of fibrin polymerization and an increased thrombin to 

fibrinogen concentration ratio is known to result in thinner fibers and a smaller number of protofibrils 

at the stage of fiber formation [17]. This is confirmed by our data (Fig. 5a and b, between LL and HL 

compositions) and can be rationalized by the role of thrombin during the polymerization process. 

Thrombin cleaves fibrinopeptides A and B from the fibrinogen molecule, initiating the formation of 

protofibrils and their lateral aggregation for the formation of fibrin fibers. However, protofibril 

formation happens more rapidly than lateral aggregation at high thrombin concentrations, while lateral 

aggregation is favored over protofibril formation at low thrombin concentrations [53]. Overall, values 

for fiber radii and the number of protofibrils are in line with those from literature [17,18,23,27] and the 

same trends were observed for the influence of thrombin on these two parameters (Fig. 5a and b) [17]. 

Furthermore, it has been reported that branch formation and lateral aggregation are essentially two 

opposite mechanisms [54] and we see this effect from increased thrombin on higher branch densities 

in Fig. 4d. In turn, higher branch densities should lead to increased total fiber lengths and hydrogel 

densities which are also evident in our analysis for increased thrombin concentrations (Fig. 4b and 4c, 

respectively). The fact that the total fiber length positively correlates with the hydrogel fiber density 

and the branch density but not with the average fiber length, also shows the influence of the 

polymerization process on the formation of the fibers. Fiber connectivity overall does not seem to be 

affected by changes in structure and the values obtained are in the same range with those from 

literature [20]. This suggests that generation of new fibers during polymerization always happens by 

the creation of new branch points and it is unrelated to the fibrin constituents.  

The most remarkable differences observed were the high fiber volume fractions (up to Φ=0.57) of 

20LH and 20HH compositions. This was primarily a result of these compositions possessing a very 

small number of protofibrils relative to the overall fibrinogen concentration. High fiber volume 
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fraction values have been reported before but for hydrogels of much higher fibrinogen concentration 

(Φ = 0.54 at 156 mg/mL) [26]. Similarly, low numbers of protofibrils (Np = 2) have also been 

reported, but at high pH = 8.5 and salt concentrations of 400 mM NaCl [34]. Note that in this study 

20LH and 20HH hydrogels were prepared with the lowest concentration of CaCl2 compared to other 

conditions, only 4 μM (Table 1), which is in line with literature findings where an absence of Ca++ 

causes lower mass to length ratios [21] and consequently a lower number of protofibrils. Moreover, 

factor XIII is known to induce fiber compaction, and thus increase the number of protofibrils [23], 

which suggests that the observed differences in the number of protofibrils between low and high factor 

XIII concentrations are probably attributed to differences in the concentration of CaCl2 and not factor 

XIII. Furthermore, the (weak) influence from factor XIII in compositions of 5 and 10 mg/mL 

fibrinogen, where the differences in CaCl2 are smaller, also suggests that the observed differences in 

number of protofibrils, fiber internal density and fiber volume fraction at 20 mg/mL fibrinogen stem 

from the 5-fold difference in CaCl2.  

 

4.2 Effect of fibrin structure on diffusivity of dextran 

Variations in individual fiber and network characteristics are responsible for different diffusion 

coefficients of dextran molecules within the hydrogels. This is particularly interesting for tissue 

engineering applications, as the solute sizes used here are in the same range as those of growth factors. 

In general, hindrance effects on solute relative diffusivity are moderate and are less than 25%, which is 

the biggest difference observed between highest and lowest diffusion coefficient (relative to lowest 

value) of all measurements performed with the same solute (here 5LH exhibits the highest and 20HH 

the lowest diffusivity for 40 kDa dextran). The largest differences in diffusivity have been 

demonstrated for compositions 20LH and 20HH (Fig. 7) which have the highest fiber volume fraction 

values, as seen in Fig. 5d. A graph of relative diffusivities plotted against fiber volume fraction values 

confirms their correlation (Supporting Material, Fig. S2). This is not surprising, because an increase in 

the fiber volume (solid) fraction of the hydrogel results in more steric interactions with the diffusing 

molecules. Apart from compositions 20LH and 20HH, diffusivity of 10 kDa dextran is not strongly 
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affected by modifications of the network except for differences in fibrinogen concentration (Fig. 7a) 

which positively correlates with total fiber length (Fig. 4b). Although these general remarks apply to 

40 kDa dextran as well, changes in thrombin also become significant (Fig. 7b) because higher 

concentrations significantly increase hydrogel fiber density (Fig. 4c) without affecting the fiber 

internal density (Fig 5c), thus increasing the steric interactions between dextran and hydrogel fibers. 

Diffusivities of dextran molecules of both sizes seem to be independent of fiber radius when all 

compositions are accounted for, but when the outliers 20LH and 20HH are removed a negative 

correlation is revealed (Supporting Material, Fig. S3). For 40 kDa in particular, the radii of conditions 

with low thrombin concentration (LL and LH) and those with high thrombin concentration (HL and 

HH) appear to correlate independently with relative diffusivity. This is meaningful for the effect of 

structure on diffusion, given the fact that an increase in thrombin concentration led to an increase in 

total fiber length and hydrogel fiber density (Fig. 4b and c). As seen in Fig. S3 the compositions with 

increased thrombin show lower relative diffusivity values for the same fiber radii.  

 

4.3 Fibrin fibers can be permeable to solute transport 

A few models have been proposed for the internal protofibril packing structure within a fiber 

[18,27,44]. It was suggested that when the protofibrils are not tightly packed (i.e., at lower fiber 

densities), the crystalline structure of the protofibrils is maintained, but with defects (i.e., empty 

protofibril spaces) within the fiber. Individual fibers consist of protofibrils which occupy the space 

within as cylinders in hexagonal close packing [44]. The protofibril distances for the tested 

compositions in this study were in the range of 1.4 – 21.3 nm, with compositions 20LH and 20HH 

displaying the highest values. On the other hand, the hydrodynamic radii of 10 and 40 kDa dextran 

were 2.3 and 4.5 nm respectively, which makes fiber permeability a plausible hypothesis. 

Furthermore, the Ogston model was in agreement with the experimental results for some of the 

compositions which showed high fiber densities but not with others of lower fiber densities. Taking 

into account that in the Ogston model fibers are assumed to be impermeable, we hypothesized that the 

differences between experimental and predicted diffusivity values correlates to the end-to-end 
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protofibril distance (eq. 10). For instance, the fibers with tight protofibril packing, which exhibit 

essentially no void space between protofibrils, would not be expected to deviate from the model and 

thus give (D/D0)experimental – (D/D0)Ogston = 0. As one can see in Fig. 9, our data confirms this hypothesis.  

The Ogston model [52] has been developed for the prediction of relative diffusivity of solutes within 

polymer networks with respect to the size of a solute, the fiber radius of the polymer network and the 

solid fraction in a system (equation 12) and is valid if the following criteria are fulfilled:  

1. Solutes can be represented as hydrodynamically equivalent spheres, which is valid for dextran 

molecules in solution. 

2. The specific volume of the fiber network should not change due to solute perturbation. Here, 

the size of dextran is in every case much smaller than the fiber thickness, thus it cannot affect 

the network specific volume. 

3. The statistical distribution of the fibers is not affected by their own thickness or by the 

insertion of the solute. Effects are only expected when the total fiber length exceeds the order 

of 1016 m-2 [52], whereas the fibrin compositions described here are on the order of 1012 m-2 as 

seen in Fig. 4b and the void spaces between fibers are much larger than the 10 nm limit 

discussed in the work of Ogston et al..  

4. The effective collision radius is equal to the sum of fiber and solute radii, which means that a 

collision is accounted for when there is simple contact between the two. This suggests that the 

fibers are impermeable, an assumption which is challenged for several of the studied 

compositions due to the large distances observed between individual protofibrils. 

Assuming that fibers are permeable, the smaller solutes would be expected to diffuse through the 

fibers more easily than larger ones. This is confirmed in fig. 9 where the fitting curve for 10kDa 

dextran (R2 = 0.95) shows a displacement to higher differences between predicted and experimental 

relative diffusivities as opposed to the curve of 40 kDa dextran (R2 = 0.84), with an overall better 

fitting. Further, the protofibril distances in Fig. 9 represent approximate average values and not 

absolute gap sizes. The reason is that in fibers with lower numbers of protofibrils the original 
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crystalline structure is presumed to be maintained and gaps are formed because of void protofibril 

spaces and not because of a looser packing. Therefore, it is reasonable that a gradual increase is 

observed in the diffusivity differences relative to the protofibril distance of Fig. 9 instead of a certain 

cut-off threshold where the diffusing particles would either be small enough to penetrate or to collide 

with the fiber. 

Furthermore, in order to assess whether fiber porosity is the main reason that the Ogston-predicted 

relative diffusivity deviates from the experimental values, further analysis was performed. This was 

done by adapting the fiber radius and the fiber volume fraction of different compositions to the values 

they would have if the fibers were non-porous, thus compensating for the void space within the fibers 

and the overestimation of the fiber volume fraction in the Ogston model. In such a hypothetical case, 

the fibers would exhibit the same network conformation but different fiber internal density, fiber 

radius and fiber volume fraction. Hence, assuming that the fibers are entirely impermeable, the fiber 

internal density would be equal to the fibrinogen density (ρfib = 1395 mg/mL) for all compositions, 

leaving no space between adjacent protofibrils. Since the protein mass would have to remain constant, 

the new fiber radii and fiber volume fractions were calculated accordingly, to compare the new set of 

Ogston-predicted values with those obtained experimentally. A comparison is demonstrated in Fig. S5. 

Errors are rather small for 10 kDa dextran with up to 7 and 5% difference for 20LH and 20HH 

compositions, respectively. This is expected, as in these conditions the porous fibers create more 

hindrance than the equivalent impermeable fibers. For 40 kDa dextran there is a good agreement for 

the compositions with low thrombin concentration and up to 9% difference for the compositions with 

high thrombin concentration. As discussed earlier, high thrombin concentrations cause faster cleaving 

of fibrinopeptides A and B of the fibrinogen molecule which results in a more violent formation of 

protofibrils and a faster polymerization. Therefore, under these conditions the protofibril voids within 

single fibers could be expected to spread more heterogeneously than in low-thrombin conditions, 

resulting in a greater variance of the protofibril distance estimated here. When the solute is small it can 

transfer through these voids freely, but when the solute reaches a critical size it could be temporarily 

entrapped, resulting in increased hindrance.  
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Having permeable fibers can be beneficial for biomedical applications in different ways. First, 

intrafibrous diffusion can help in reducing mass transport limitations in cell-encapsulated hydrogels 

and therefore promoting cell survival, which is important in tissue engineering [55]. If one interprets 

the difference between measured and predicted relative diffusivities in Fig. 9 as an estimate of the 

importance of intrafibrous diffusion, this effect is clearly becoming important for the high fibrinogen 

concentrations 20LH and 20HH, with a 76 and 64% difference relative to the predicted diffusivity of 

10 kDa dextran, respectively. While measured diffusivities were the lowest for these compositions, 

their order of magnitude is still comparable to diffusivities measured for compositions with lower 

fibrinogen concentrations. Given the fact that diffusion distance is proportional to the square root of 

the diffusion coefficient, this leads to differences in diffusion distances of less than 8% (maximum 

difference found between 5HH and 20LH, for 10 kDa dextran). While one could speculate that such 

differences would not have a strong effect on cell survival in high versus low fibrinogen 

concentrations (at least not based on mass transport limitations), further experiments are needed to 

confirm this hypothesis. Secondly, therapeutic agents could be designed to penetrate individual fibrin 

fibers to induce fibrinolysis. At the same time, due to the affinity of several growth factors for fibrin 

[56], the voids within the fibers could provide additional binding sites for growth factors by increasing 

the area to volume ratio of the protein.  

 

4.4 Changes in the molecular and network structure induce large differences in 

the shear modulus of fibrin hydrogels 

Structural differences at the network and the individual fiber level are shown to induce large variations 

in the rheological response of the hydrogels, with G' values ranging over two orders of magnitude 

from 15 Pa (5HL) to 2283 Pa (20LL). There was up to a 20-fold increase of G' between compositions 

of 5 mg/mL fibrinogen and up to an 8-fold increase for 20 mg/mL fibrinogen. For all compositions, 

hydrogels with LL enzyme ratios exhibit the highest storage modulus, and those with HL ratios exhibit 

the lowest (Fig. 8d). LL ratios yield the fibers with the highest diameters (Fig. 5a) and lowest total 

fiber length, branch density and hydrogel fiber density among the same fibrinogen concentrations (Fig. 
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4b-d). Overall, the results obtained in this study are consistent with those reported in literature 

[20,23,57,58]. For the same enzyme ratios (LL, HL, LH, HH), higher fibrinogen concentrations 

consistently gave higher G' values. The effect of thrombin is not clear as contradictory findings have 

been reported in the literature; while a higher thrombin concentration decreased the material modulus 

in tensile tests of fibrin matrices encapsulating cells [58], a similar effect was only seen for higher 

thrombin to fibrinogen ratios (0.08 U/mg fibrinogen) in another study, with lower ratios having the 

opposite effect [20]. For the LH and HH compositions a different trend with thrombin concentration is 

seen for 5 and 20 mg/mL fibrinogen. However, 20LH and 20HH have a lower CaCl2 concentration 

compared to 5LH and 5HH (4 mM versus 16 mM, see Table 1). This discrepancy in CaCl2 

concentration can also explain the larger relative increase for 20 mg/mL from LL to LH compared to 5 

mg/mL, as stiffness has been reported to decrease in the presence of higher CaCl2 concentrations [20]. 

The rheological response of fibrin hydrogels can be described in terms of their characteristics as 

semiflexible polymers, where individual fibers are treated as bundles of protofibrils of different 

densities that contribute to the overall stiffness in a nonlinear way, depending on how tight the fiber 

packing is. In this situation, the shear modulus would scale with the number of protofibrils as G' ~ 

Np
7x/5, with x having values between 1 and 2 for loose (low Np) and tight bundles (high Np), 

respectively [34]. As shown in Fig. 5b, the number of protofibrils is highest for LL formulations which 

exhibit the highest storage moduli. The lowest values for number of protofibrils are seen for LH and 

HH especially for 20 mg/mL fibrinogen, where the stiffness values are relatively high, but presumably 

there is a trade-off between the effects of molecular structure (number of protofibrils) and network 

structure (fiber volume fraction). 

Diffusivity is related to viscosity via the Stokes Einstein equation. At the same time, viscosity can be 

calculated from rheological measurements from the G''/ω ratio. This means that there is a link between 

relative diffusivity and rheological properties [59], within the linear viscoelastic region, when the time 

frame of the two properties is similar (i.e., at high frequency values in rheological experiments). 

However, no strong correlation was found between relative diffusivity and loss modulus in our data at 

the highest frequency (100 rad/s, fig. S6). This suggests that higher frequencies would be required to 
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probe the viscous response of the hydrogels in a time frame similar to that of the diffusivity 

experiments.  

 

5. Conclusions 

The structural and mechanical properties of fibrin hydrogels have been studied extensively 

[16,18,20,23,27,35], because of the importance of fibrin in blood coagulation and its potential in tissue 

engineering applications. However, so far, the relation between fibrin structure and diffusivity has not 

been studied extensively. 

A novel combined methodological approach was used for the estimation of network and individual 

fiber properties relevant for fibrin clot mechanics and solute transport, from confocal fluorescence 

image stacks via the implementation of a fiber extraction algorithm, and turbidimetry. Turbidimetry 

has been extensively used for the quantification of individual fiber characteristics [19,23,35,60]; 

nevertheless, most studies have been performed with fibrin hydrogels at low fibrinogen concentrations 

(less than 2 mg/mL). On the other hand, fiber extraction algorithms have only recently been 

implemented for quantifying structural characteristics of fibrous networks [49,61–64]. In this study the 

two techniques were combined to yield complementary quantitative data, and at the same time this 

also allowed a comparison of the two methods in terms of total fiber length estimation, thus validating 

the results of turbidimetry for hydrogels of fibrinogen concentrations up to 20 mg/mL and at the same 

time showing the applicability and limitations of the fiber extraction algorithm for various 

compositions. Results from the fiber extraction algorithm for compositions which were poorly 

resolved such as 10LH, 10HH and 20HL should be treated with caution.  

This quantitative structural analysis has shown that changes in fibrinogen, thrombin, factor XIII and 

calcium concentrations induce significant changes in the structure of the hydrogels, both in terms of 

the overall network organization and individual fiber characteristics. These variations only moderately 

affect the relative diffusivity of dextran solutes (25% difference between lowest and highest diffusivity 
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value for 40 kDa dextran). On the contrary, such changes in composition and structure have a large 

influence on the linear viscoelastic properties of the hydrogels (two orders of magnitude difference 

between lowest and highest modulus value). Finally, a combined structural and diffusional analysis 

provided evidence that loosely packed fibrin fibers are permeable to small solutes and this 

permeability is dependent on the average distance between individual protofibrils.  

The structural, diffusional and mechanical characteristics of ECM substitutes are of crucial importance 

in tissue engineering, as they affect cell fate. Our findings support the potential of fibrin hydrogels in 

this context, as they can be tailored to the needs of a specific application simply by changing the 

concentrations of individual constituents. As discussed earlier, the fact that fibrin fibers can be 

permeable to solute transport may help in reducing mass transport limitations and promote cell 

survival. Further, fibrin is known for its ability to bind growth factors via its heparin-binding domains 

[56]. This, again in combination with the semi-permeability of fibrin fibers shown in this study, can 

prove to be a promising feature because it would allow the entrapment of growth factors within 

individual fibers and the formation of growth factor gradients by using hydrogel layers of different 

fiber densities in an ECM substitute. As this study merely concerns materials characterization, one can 

only speculate at this stage on how our findings would affect the quest for an optimal fibrin hydrogel 

carrier for a specific application in tissue engineering. Based on our diffusion measurements, no 

substantial differences in mass transport limitations or cell survival due to these limitations are 

expected for the different compositions tested. This is even the case for the high fibrinogen 

concentrations (20 mg/mL), for which intrafibrous diffusion may be an important contributor to mass 

transport (in particular for the 20LH and 20HH compositions). As our data demonstrates a strong 

effect of composition on structural and mechanical (bulk rheological) properties, these may be more 

important to consider for the optimization of fibrin hydrogels for a specific application. Measured 

storage moduli covered two orders of magnitude within a range that is known to affect cell behavior in 

terms of differentiation [10,65], and also independently from the material porosity [66].  Low 

fibrinogen concentrations with relatively low thrombin and factor XIII concentrations (such as 5LL 

here) exhibited a much more open porous structure and therefore less confinement to cells. This may 
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facilitate spreading and proliferation of encapsulated cells in 3D [67]. Again, it is worth noting that 

these are merely speculations, also because cell encapsulation may lead to modification of the fiber 

network structure, and the optimal properties of the carrier material can drastically change, depending 

on the cell type and the specific application. Additional experiments will be needed to address these 

aspects. 

 

Tables  

Table 1: Final fibrin hydrogel compositions used in this study. Structural and diffusional characterization was performed on 

all 12 compositions. Mechanical characterization was performed on 8 compositions (5 and 20 mg/mL fibrinogen 

concentrations). Letters at the top refer to (relative) thrombin (first letter) and factor XIII (second letter) concentrations 

(L=Low, H=High).  

 LL HL LH HH 
Fibrinogen 
(mg/mL) 5 10 20 5 10 20 5 10 20 5 10 20 

Thrombin  
(U/mg fibrinogen) 0.02 0.2 0.02 0.2 

Factor XIII  
(U/mg fibrinogen) 0.02 0.02 2 2 

Ionic strength 
(mM) 210 210 210 210 210 210 208 206 201 208 206 201 

CaCl2 (mM) 20 20 20 20 20 20 16 12 4 16 12 4 
 

 

Table 2: Fibrin hydrogel network properties. Symbols in parentheses are referred to in ‘Turbidimetry’ section. 

Property Units Quantification 
method 

Total fiber length (ρL)  Total fiber length/Hydrogel 
volume (μm-2) 

Fiber extraction 
algorithm 

Hydrogel fiber density Number of fibers/Hydrogel 
volume (μm-3) 

Fiber extraction 
algorithm 

Fiber volume fraction (Φ) Total fiber volume/Hydrogel 
volume Turbidimetry 

Branch density 
Total number of 

branches/Hydrogel volume 
(μm-3) 

Fiber extraction 
algorithm 
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Fiber connectivity Number of fibers/Number of 
branches 

Fiber extraction 
algorithm 

 

 

Table 3: Individual fiber properties 

Property Units Quantification 
method 

Fiber radius (rf) nm Turbidimetry 

Average fiber length Total length of the 
fibers/Number of fibers (μm) 

Fiber extraction 
algorithm 

Number of protofibrils (Np) 
Number of protofibrils/fiber 

cross section Turbidimetry 

Fiber internal density (ρf) 
Protein mass/fiber volume 

(mg/mL) Turbidimetry 

Protofibril distance (dpf) nm Turbidimetry 

 

Figure captions 
 

Fig. 1: Structural parameters for individual fiber and network properties of fibrin hydrogels. Parameters are further 

explained in Tables 2 and 3. 

 

Fig. 2: Image stacks acquired with confocal microscopy (a) were submitted to multiple processing steps (RFD is the 

representative fiber diameter) (b) for an optimal depiction of the fibers before the FIRE algorithm [49] was implemented (c) 

to result in an accurate depiction of the network (d) Pseudocolors depict individual fibers. 

 

Fig.3: Confocal images of the fibrous micro-structure of fibrin. Numbers on the left side refer to fibrinogen concentration. 

Letters at the top refer to (relative) thrombin (first letter) and factor XIII (second letter) concentrations (L=Low, H=High; 

for corresponding values see Table 1). Scale bar is 5 μm. 
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Fig. 4: Network and individual fiber characteristics determined by the fiber extraction algorithm for different fibrinogen 

concentrations (5, 10, 20 mg/mL) and thrombin and factor XIII concentrations (LL, HL, LH, HH; see Table 1).  Symbols § 

and # denote significant differences with 5 and 10 mg/mL of the same enzyme concentration, respectively.  

* followed by a specific enzyme composition denotes significant differences with the specific enzyme composition of the same 

fibrinogen concentration (p<0.05). Error bars represent standard deviations. 

 

Fig. 5: Fibrin hydrogel structural characteristics and average fiber properties determined from turbidimetry for different 

fibrinogen concentrations (5, 10, 20 mg/mL) and thrombin and factor XIII concentrations (LL, HL, LH, HH; see Table 1) 

Symbols § and # denote significant differences with 5 or 10  mg/mL of the same enzyme concentration, respectively. * 

followed by a specific enzyme composition denotes significant differences with the specific enzyme composition of the same 

fibrinogen concentration (p<0.05). Error bars represent standard deviations. 

 

Fig 6: Comparison of total fiber length as determined independently from turbidimetry (TM) and confocal fluorescence 

microscopy with the fiber extraction algorithm (CFM+FEA) for different fibrinogen (5, 10 and 20 mg/mL) thrombin and 

factor XIII concentrations (LL, HL, LH, HH; see Table 1 for more details).  

 

Fig. 7: Relative diffusivities of 10 kDa (a) and 40 kDa (c) dextran in fibrin hydrogels of different fibrinogen (5, 10 and 20 

mg/mL) thrombin and factor XIII concentrations (LL, HL, LH, HH; see Table 1 for more details).  

Symbols § and # denote significant differences with 5 or 10 mg/mL of the same enzyme concentration, respectively.  

* followed by a specific enzyme composition denotes significant differences with the specific enzyme composition of the same 

fibrinogen concentration and with all other compositions for LH and HH in (a) (p<0.05). Error bars represent standard 

deviations. (b) and (d): Comparison of diffusivity values obtained by FRAP experiments and estimated by the Ogston model. 

The encircled data points represent the 20LH and 20HH compositions. Bounding boxes around the other data points indicate 

the data range for predicted and experimental values of all other compositions. Dashed line has slope 1 (equal experimental 

and predicted values). 

 

Fig. 8: Rheological characterization of fibrin hydrogels. (a) Curves of G′ versus time at γ = 1% and ω = 1 rad/s, (b) post-

polymerization strain-sweep curves at ω= 1 rad/s for the estimation of LVE region, (c) frequency-sweep curves for γ=1%, (d) 

G' values averaged from the frequency-sweep measurements at ω=1 rad/s and γ=1%, (e) loss modulus G'' from the 
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frequency-sweep measurements and (f) tanδ=G''/G' values from the frequency-sweep tests. Error bars represent standard 

deviations. 

 

Fig. 9: Differences between experimental and predicted values of relative diffusivity versus the end-to-end distance of 

individual protofibrils. R2= 0.95 for the linear fit for 10 kDa (a) and R2= 0.84 for 40 kDa dextran (b). 
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Abstract 19 

Fibrin hydrogels are promising carrier materials in tissue engineering. They are biocompatible and 20 

easy to prepare, they can bind growth factors and they can be prepared from a patient's own blood. 21 

While fibrin structure and mechanics have been extensively studied, not much is known about the 22 

relation between structure and diffusivity of solutes within the network. This is particularly relevant 23 

for solutes with a size similar to that of growth factors. A novel methodological approach has been 24 

used in this study to retrieve quantitative structural characteristics of fibrin hydrogels, by combining 25 

two complementary techniques, namely confocal fluorescence microscopy with a fiber extraction 26 

algorithm and turbidity measurements. Bulk rheological measurements were conducted to determine 27 

the impact of fibrin hydrogel structure on mechanical properties. From these measurements it can be 28 

concluded that variations in the fibrin hydrogel structure have a large impact on the rheological 29 

response of the hydrogels (up to two orders of magnitude difference in storage modulus) but only a 30 

moderate influence on the diffusivity of dextran solutes (up to 25% difference). By analyzing the 31 

diffusivity measurements by means of the Ogston diffusion model we further provide evidence that 32 

individual fibrin fibers can be semi-permeable to solute transport, depending on the average distance 33 

between individual protofibrils. This can be important for reducing mass transport limitations, for 34 

modulating fibrinolysis and for growth factor binding, which are all relevant for tissue engineering. 35 

Keywords 36 

Fibrin hydrogels; Structural characterization; Diffusion; Rheology; Fiber permeability 37 

1. Introduction 38 

Hydrogels are an interesting class of biomaterials, with mechanical, biochemical and transport 39 

properties that can be tailored to the needs of a specific application [1–5]. This makes them promising 40 

candidates as extracellular matrix (ECM) substitutes in tissue engineering, because they can offer 41 

mechanical support to cells while providing necessary signals for the development of new tissue. 42 

Structural cues are important as they influence cell behavior [6], and matrix stiffness is also known to 43 
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mediate cell fate [7] with mechanical properties of the substrate having an impact on cell behavior in 44 

terms of morphology [8], migration [9] and differentiation [10]. At the same time, microstructural and 45 

mechanical properties may affect cell behavior through similar mechanisms, as variations in structure 46 

induce mechanical changes to the cells [11]. Therefore, making a clear distinction between the 47 

influence of microstructure and mechanical properties is not straightforward. Mass transport properties 48 

of the ECM are important because they influence local solute concentrations and their gradients, 49 

thereby modulating cell behavior and multicellular organization, during development and tissue 50 

regeneration, such as part of a tissue engineering strategy [12]. Knowing the diffusivity of a solute 51 

within a carrier material gives information not only on the local transport processes of the solutes but 52 

also on the release kinetics of the system. Therefore, solute diffusivity can be used as a marker for the 53 

potential of a carrier to release embedded growth factors and other proteins [13]. Hence, it is clear that 54 

a combination of the desired structural, transport and mechanical properties of a scaffold is of great 55 

importance for tissue engineering applications. 56 

Fibrin hydrogels are natural biomaterials which have been used in tissue engineering for multiple 57 

applications, such as in skin, cartilage, bone and vascular regeneration [14]. The fibrin clot is the 58 

natural product of the coagulation cascade. Fibrinogen, the precursor protein to fibrin, is a 340,000 Da 59 

glycoprotein comprised of three nodules with a total length of 45 nm. Thrombin (factor IIa), a 60 

protease, cleaves the fibrinopeptides A and B from the fibrinogen molecule resulting in fibrin 61 

monomers that spontaneously polymerize once they are formed [15]. Fibrin hydrogels exhibit a 62 

fibrous structure which has been the subject of many studies [16–19] and encompasses a range of 63 

scales, as illustrated in Fig. 1. Thrombin, calcium, fibrinogen, pH and ionic strength are all known to 64 

influence the geometrical features of the fibrous mesh, mainly by changing the radius and average 65 

length of the individual fibers, the branch density, as well as molecular packing density of the fibers. 66 

For example, it is well known that the total fiber length and the fiber diameter are inversely 67 

proportional to thrombin concentration [20]. These observations can be linked to fibrin polymerization 68 

kinetics, as thrombin acts as a promoter of the polymerization and a decrease in the thrombin to 69 

fibrinogen ratio leads to increased lateral aggregation of the protofibrils and a larger fiber radius [17]. 70 
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Ionic strength [18], specifically the concentrations of calcium [21] and chloride ions [22] also have an 71 

effect on structure. Finally, changes in factor XIIIa concentration have been shown to affect the 72 

packing of protofibrils within the fibers, with higher concentrations of factor XIIIa leading to fibers 73 

with a smaller distance between the constituent protofibrils [23].  74 

Besides playing an important role in hydrogel structure and mechanical properties, these factors are 75 

also known to affect solute transport within fibrin hydrogels [24–26]. Hydrogels, as the name implies, 76 

are materials that mainly consist of water. In the case of fibrin, water exists not only in the space 77 

between fibers but also within the individual fibers that constitute the hydrogel. It has been estimated 78 

that only a small part of the actual fiber volume, between 10 and 30 vol %,  is occupied by the protein 79 

with the rest being taken up by water [18,27,28]. Several studies have focused on unraveling the 80 

details of the internal fiber structure, showing that it is strongly influenced by the concentrations of 81 

fibrinogen and thrombin as well as the ionic strength during polymerization [17,18,27]. 82 

The fact that water is the main constituent of fibrin fibers can also cause complications when 83 

measuring the fiber thickness by certain techniques. For example, scanning electron microscopy 84 

(SEM), involves a dehydration step in the preparation of the samples. This step is likely to cause fiber 85 

shrinkage, hampering a straightforward extraction of the fiber radius, although SEM still provides 86 

valuable quantitative information about the average length of the fibers or the branch density [29]. 87 

Turbidimetry on the other hand is a non-invasive technique, which is based on the Rayleigh scattering 88 

theory, to characterize fibrin hydrogels in the native hydrated state [30]. Starting from the assumption 89 

that the hydrogel consists entirely of an isotropic collection of rigid rods, turbidimetry relates changes 90 

in optical absorbance over a range of wavelengths with the diameter and mass-length ratio of the 91 

fibers. However, the analysis critically relies on several assumptions to relate light scattering to 92 

hydrogel structural properties as these are not directly observed, and literature findings until now have 93 

mainly been limited to hydrogels of rather low fibrinogen concentrations (less than 2 mg/mL) 94 

[18,19,30]. Confocal microscopy has mainly been used to quantify pore sizes in fibrin hydrogels 95 

[31,32]. Determination of fiber diameters is difficult since values of the fiber diameter typically fall 96 

well below 200 nm and therefore below the diffraction-limited spatial resolution of (non-97 
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superresolution) optical microscopy. Therefore, measurement of fiber thickness based on optical 98 

microscopy images is not trivial and relies on mathematical approximations based on the point spread 99 

function of the microscope [33]. In this study we overcome the drawbacks of the individual methods 100 

by implementing a novel combined approach, using confocal fluorescence microscopy and 101 

turbidimetry to quantitatively analyze different fibrin compositions. 102 

The complexity of fibrin hydrogels is not only limited to their structure, but it is also evident in their 103 

mechanical behavior, which also depends on the fibrin composition [23] and therefore on the 104 

structural details of the hydrogel [34,35]. Dilute fibrin networks (0.5-8 mg/mL) exhibit a complex 105 

nonlinear elastic response with a transition from entropic elasticity at small strains to enthalpic 106 

elasticity at large strains [34]. The storage modulus in the linear elastic regime is well-described by 107 

entropic models valid for semiflexible polymers [36], being governed by the total fiber length and the 108 

fiber persistence length, which in turn is dependent on the number of protofibrils per fiber. Dense 109 

fibrin networks with small fiber segment lengths between junctions and networks of thick fibers 110 

behave as athermal fibrous networks even at low strain [37,38]. 111 

Diffusivity of solutes through fibrin hydrogels has been studied to assess the influence of cell density 112 

on the diffusion of small molecules such as Rhodamine B (4 mg/mL fibrinogen) [39] and the influence 113 

of mechanical strain on anisotropic diffusion [40]. Novel experimental setups have been developed to 114 

probe the diffusion of insulin-like growth factor I (IGF-I) and ribonuclease through fibrin hydrogels of 115 

low density (2.25 mg/mL) and low volume fraction (0.27 vol% of a dry hydrogel), yielding diffusivity 116 

values comparable to that in water and pointing to a negligible influence of the open, fibrous network 117 

[41]. Moreover, variations in fibrinogen (5-20 mg/mL) and thrombin (2-20 U/mL) concentrations have 118 

been shown to affect the permeability of fibrin hydrogels and the release of dextran solutes (3 and 70 119 

kDa) [42]. However, to the best of our knowledge, a quantitative analysis assessing the effect of 120 

specific fibrin hydrogel architectures on solute diffusivity over a wide range of pore sizes has not been 121 

tested so far. Moreover, although it has been shown that void spaces in-between protofibrils within the 122 

fibrin fibers can serve as “nanocavities” that could entrap therapeutic agents [43], there has not been a 123 

quantitative assessment of the effect of intrafibrillar structure on the diffusion of solutes. Whether or 124 
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not solutes can diffuse through individual fibers has remained an open question since it was stated in a 125 

seminal paper on fibrin formation [44], even though intrafibrillar diffusion has been demonstrated and 126 

measured for collagen [45]. 127 

In this study we demonstrate that structural variations have a profound impact on the mechanical 128 

properties of the hydrogels but only a moderate influence on solute transport. The in-depth, 129 

quantitative characterization of the hydrogel architecture was derived from confocal fluorescence 130 

imaging in combination with a fiber extraction algorithm and this information was complemented with 131 

turbidimetry for individual fiber characterization. Based on combined results from the structural and 132 

diffusional characterization, we provide evidence that individual fibrin fibers can be permeable to 133 

small solutes under assembly conditions that promote a porous fiber structure.  134 

 135 

2. Materials and Methods 136 

2.1 Fibrin hydrogel preparation 137 

Fibrin hydrogels were prepared by mixing fibrinogen and thrombin components in equal volumes 138 

(pH=6.6). Plasminogen depleted fibrinogen (Enzyme Research Laboratories, USA) derived from 139 

human plasma, was dissolved in a 20 mM HEPES and 150 mM NaCl, fibrinogen buffer. Stock 140 

solutions of thrombin (Sigma, USA), derived from human plasma, and factor XIII (Fibrogammin, CSL 141 

Behring, Germany) were prepared using a 20 mM HEPES, 150 mM NaCl, 40 mM CaCl and 0.1% 142 

BSA thrombin buffer and pure water, respectively. Thrombin and factor XIII were mixed with the 143 

thrombin buffer and were kept in a waterbath at 37°C for 30 minutes in order to activate factor XIII to 144 

factor XIIIa. Fibrinogen and thrombin components were thoroughly mixed to a total volume of 60 μL 145 

and pipetted directly on a 24 imaging well plate (Cellvis). Subsequently, the hydrogels were left to 146 

polymerize for 60 minutes at 37°C in a 100% humid environment and then PBS was added in each 147 

well to keep the gels hydrated. The samples were left at room temperature for at least 15 hours before 148 

further measurements. 149 



7 
 

Compositions were selected based on a 3-parameter, mixed-level full factorial design. Fibrin 150 

hydrogels derived from three different fibrinogen concentrations (final concentrations of 5, 10 and 20 151 

mg/ml), which are typically used in tissue engineering applications [46–48], were investigated in this 152 

study. As thrombin and factor XIII act as enzymes on fibrinogen for the formation of fibrin, the weight 153 

concentration ratios of thrombin and factor XIII to fibrinogen were kept constant when changing the 154 

fibrinogen concentration. However, because of the reconstitution of factor XIII in pure water, the salt 155 

concentrations of the final gels were not constant for the high factor XIII compositions. Details on the 156 

concentrations of each constituent are presented in Table 1. For each fibrinogen concentration, we 157 

considered the influence of a 10-fold difference in thrombin concentration (Low = 0.02 and High = 0.2 158 

U/mg fibrinogen) and a 100 fold difference in factor XIII concentration (Low = 0.02 and High = 2 159 

U/mg fibrinogen) on the fiber organization and mechanical properties of the gels, as well as the 160 

diffusion of dextran probes. Moreover, a steady decrease in CaCl2 (20-4 mM; see Table 1) while 161 

increasing the fibrinogen concentration allowed us to assess the combined effect of CaCl2 and factor 162 

XIII concentrations. For visualizing the internal fibrous structure of fibrin hydrogels with confocal 163 

microscopy, fluorescent fibrin hydrogels were prepared for the same compositions described in Table 164 

1, using fibrinogen conjugated with Alexa Fluor 488 (Sigma) at 2% of the total weight of fibrinogen in 165 

solution. A three-parameter, two-level factorial design, using the lowest (5 mg/mL) and the highest 166 

(20 mg/mL) fibrinogen concentrations as the two extreme cases, was used to assess differences in the 167 

rheological response of the hydrogels. 168 

 169 

2.2 Confocal fluorescence imaging 170 

Images of fluorescent hydrogel networks were acquired on an inverted confocal laser scanning 171 

microscope (Olympus Fluoview 1000) equipped with a 60x water immersion objective (UPLSAPO, 172 

NA=1.20), with a pixel dwell time of 200 μs and a pinhole size of 69 μm. Image stacks were obtained 173 

covering a total volume of 25.6 × 25.6 × 6.08 μm3 with a voxel size of 50 × 50 × 160 nm3. All images 174 

were taken approximately 30 μm deep in the gel. The image stacks were further processed using the 175 

fiber extraction algorithm described below. 176 
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 177 

 178 

2.3 Fiber extraction algorithm 179 

A detailed description of the 3D analysis including image processing steps and fiber extraction 180 

routines is presented in Supporting Material. In brief, multiple slices of image stacks (Fig.2a) acquired 181 

by confocal fluorescence microscopy were processed in several steps (Fig. 2b) following which the 182 

network topology was extracted using the FIRE algorithm [49], for an optimized set of parameters 183 

(Fig. 2c). The extracted network (Fig. 2d) was then analyzed for fiber and network characteristics, 184 

such as average fiber length and total fiber length, hydrogel fiber density and branch density (see 185 

Tables 2 and 3 for a full list of characteristics). 186 

 187 

2.4 Turbidimetry 188 

Turbidity measurements were used to quantitatively describe network characteristics, based on a 189 

method developed by Carr and Hermans [30] and later elaborated by Yeromonahos et al. and 190 

Piechocka et al. [18,34]. Given the spectral range of the measurement (λ1 - λ2) the method works under 191 

the assumption that fibrin hydrogels consist of a network of randomly oriented, thin (rf << λ1) and long 192 

(L >> λ2) cylindrical fibers [19]. Then the mass to length ratio (μ) and the average radius (rf) of the 193 

fibers can be estimated as [23]:  194 

      (1) 195 

where 196 

     (2)  197 

      (3) 198 
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t= OD l ln(10), λ is the wavelength, OD is the optical density, l is the path length in cm, ns is the 199 

refractive index of the solvent, dn/dc is the specific refractive index increment for fibrin (= 0.17594 200 

cm3/g) [18], c is the fibrinogen concentration in g/mL and NA is the Avogadro number. In the 201 

wavelength range of 500-800 nm the dependence of tλ5 to λ2 is typically linear and the slope of that 202 

line gives μ, while the intercept is dependent on both μ and rf. Knowing the mass to length ratio of the 203 

protofibrils, μ0 = 1.44 · 1011 Da/cm [17] one can calculate the average number of protofibrils as 204 

Np=μ/μ0, while the fiber internal density can be estimated as  205 

       (4) 206 

Since the concentration of fibrinogen is defined as c = mass of protein/volume of the hydrogel and the 207 

fiber internal density as ρf = mass of protein/volume of the fiber, we can therefore define the fiber 208 

volume fraction as the percentage of volume occupied by the fibrin fibers within the total volume of a 209 

hydrogel:  210 

Φ =
c
ρf

= 
cNAπ

μ
 

Φ = 
cNAπ

      (5) 211 

Turbidity measurements were performed with a spectrophotometer (Shimadzu, UV1650PC) within a 212 

wavelength range of 350-1000 nm. Fibrin hydrogels for each composition (n ≥ 3) were mixed and left 213 

to polymerize in disposable cuvettes (Eppendorf UVettes) at 37°C for 1h in a humidified environment. 214 

Subsequently, PBS was added, and the top of each cuvette was covered with parafilm to keep the 215 

samples hydrated overnight at room temperature. The next day, measurements were performed with a 216 

0.5 nm wavelength increment. To compensate for the high fibrinogen concentrations (5-20 mg/mL), 217 

the 2 mm path length was used instead of the standard 10 mm. For all samples there was a linear 218 

relation between tλ5 and λ2 in the 500-800 nm wavelength range (Fig. S1). Therefore, this range was 219 

used for further analysis except for the hydrogels of 10LL, 10HL, 20LL and 20HL where a range of 220 
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700-1000 nm was retained, as at smaller wavelengths there was significant noise due to the high 221 

turbidity of the samples.  222 

Total fiber length (ρL, defined per unit of hydrogel volume) cannot be directly estimated from the 223 

turbidity measurements. However, assuming that fibers are cylindrical and knowing the average fiber 224 

radius and the fiber volume fraction of each composition, total fiber length can be calculated as 225 

follows:  226 

      227 

so that:  228 

      (6) 229 

with Vtot the volume of the hydrogel imaged via confocal microscopy, Vfib the total fiber volume within 230 

the same hydrogel volume and L the total length of all cylindrical fibers. In this manner, a direct 231 

comparison between the fiber extraction algorithm and turbidimetry was possible via the cross-232 

validation of ρL obtained from each method.  233 

Following Yeromonahos et al. [18], the distance between protofibrils is calculated starting from their 234 

packing geometry. Protofibrils are expected to take a hexagonal close packing formation as cylinders 235 

within the fiber bundle [44]. The protofibril volume fraction (protofibril volume/fiber volume) would 236 

then be:  237 

           (7) 238 

Assuming that each protofibril stands in the center of a cylinder of radius rc/2 and height h, the 239 

distance between the centers of two protofibrils equals rc. Then the protofibril volume fraction can be 240 

calculated as:      241 

     (8) 242 
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Equating (7) and (8) yields: 243 

         (9) 244 

Finally, the end-to-end distance between the surfaces of adjacent protofibrils, i.e. protofibril distance, 245 

is  246 

       (10) 247 

with rpf = 6.7 nm the protofibril diameter [17].  248 

 249 

2.5 Fluorescence recovery after photobleaching (FRAP) 250 

FRAP experiments were performed to assess the influence of various fibrin formulations on the 251 

diffusive transport of solutes. As a model solute, dextran-FITC (Sigma), a highly branched globular 252 

polysaccharide was used. In particular, molecular weights of 10 and 40 kDa were used, as these sizes 253 

are similar to those of growth factors of interest for tissue engineering. Fluorescein isothiocyanate 254 

(FITC) is randomly conjugated to the dextran backbone at concentrations ranging from 0.003 to 0.02 255 

mole FITC per mole of glucose. The approximate hydrodynamic radii for the two solutes are 2.3 nm 256 

for 10 kDa and 4.5 nm for 40 kDa, as provided by the manufacturer. The solutions were diluted in 257 

PBS to a final concentration of 100 μM for 10 kDa and 50 μM for 40 kDa dextran. 258 

Diffusivity within the fibrin hydrogels is expressed here in terms of relative diffusivity, or D/D0, where 259 

D is the diffusion coefficient in the hydrogel and D0 is the diffusion coefficient in PBS. The 260 

experimental procedure has been described in detail previously [50]. Briefly, a selected region in a 261 

solution containing the fluorescent solute was photobleached and subsequently the fluorescence 262 

recovery within this region was monitored. By fitting analytical solutions of Fick’s second law to the 263 

obtained recovery curve, the diffusion coefficient could be derived.  264 
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In our experiments we used an inverted confocal microscope (Olympus Fluoview 1000) with a 10x air 265 

objective (UPLSAPO, NA = 0.40). The pixel size was set to 0.355 × 0.355 μm2 and images of 512 × 266 

512 pixels were recorded which yielded a 181.76 × 181.76 μm2 field of view. The photobleached 267 

region was defined as a circle with a diameter of 35.5 μm, with a bleaching time of 500 ms. For each 268 

measurement a time series of 18.27 s or 70 images for 10 kDa and 25.89 s or100 images for 40 kDa 269 

was recorded. In these time series the first five images were used to establish the background intensity 270 

before bleaching. All measurements were performed at 37°C at a depth of approximately 30 μm inside 271 

the hydrogel (measured from the glass bottom of the imaging well plate) to avoid surface artifacts. For 272 

every hydrogel composition 6 samples were tested, using for each replicate the average value of 5 273 

measurements performed on different regions of the examined hydrogel. The experiments were 274 

performed on different days for two sets of triplicates for each composition in order to avoid possible 275 

systematic errors. 276 

FRAP experiments were analyzed using an algorithm [51] that implements image averaging and 277 

spatial frequency analysis for improved accuracy of measurements with occasional heterogeneities or 278 

non-ideal signal to noise ratio (Fig. S4). The diffusion coefficients of 10 and 40 kDa dextran solutes in 279 

PBS buffer (147.3 ± 2.1 and 73.7 ± 3.5 μm2/s, respectively) were obtained experimentally via FRAP 280 

and they are in good agreement with the Stokes-Einstein (S-E) equation: 281 

      (11) 282 

where kB is the Boltzmann’s constant (J/K), T is the temperature (K), η is the dynamic viscosity of the 283 

solvent (Pa·s) and rs is the hydrodynamic radius (m) of the solute. The predicted values for passive 284 

diffusion in water from S-E equation were 143 μm2/s for 10 kDa and 73 μm2/s for 40 kDa dextran. 285 

 286 

2.6 Model of molecular diffusion in hydrogels 287 

Obstruction models are often used to rationalize molecular diffusion in hydrogels. Such models are 288 

based on the assumption that interactions between solutes and the solid part of the hydrogel are steric 289 
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in nature. This means that the fibers are considered merely as obstacles for solute diffusion, effectively 290 

increasing the total path and hence decreasing the effective macroscopic diffusion coefficient. For the 291 

hydrogels used in this work the obstruction models are most suitable, since the solute radius is much 292 

smaller than the fiber radius (0.019 < rs/rf < 0.065), thus no solute-solute or solute-fiber interactions 293 

are expected. The model of Ogston [52] focuses on the obstruction effects, but in addition to the 294 

volume fraction (Φ) it also incorporates the solute radius (rs) and fiber radius (rf): 295 

     (12) 296 

Here, the solutes are assumed to be ‘hydrodynamically equivalent spheres’, and the fibers are 297 

considered as long impermeable cylinders. 298 

 299 

2.7 Shear rheometry 300 

All 5 and 20 mg/mL fibrinogen compositions (8 compositions in total, see Table 1) were tested under 301 

small-amplitude oscillatory shear (SAOS) rheometry in order to measure the storage and loss shear 302 

moduli. Three types of tests were conducted: time-sweep, strain amplitude-sweep and frequency 303 

sweep. For each test type, results from 3 samples per composition were averaged. Time sweeps and 304 

strain sweeps were performed for 4 compositions in order to estimate the time needed for the hydrogel 305 

to reach a steady state (ts) and the linear region of strain amplitude (γLVE). This information was then 306 

further used in the frequency-sweep tests that were performed at the same polymerization time and 307 

strain amplitude for all 8 compositions. A Physica MCR 501 rheometer (Anton Paar GmbH, Austria) 308 

was used with a parallel-plate set-up and a Peltier system and a hood for temperature control. 309 

Immediately after dispensing a 200 μL drop of unpolymerized solution on the bottom plate (pre-310 

cooled to 15°C), a 20 mm diameter top plate was lowered from an initial gap of 20 mm to a final gap 311 

of 0.5 mm (final gaps of 2 mm were also tested for a few samples and the rheological response was 312 

shown to be independent of the gap distance). After the top-plate reached the final gap, the 313 

temperature of the bottom plate was raised to 37°C. Next, heavy mineral oil was poured over the 314 
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exposed surface of the gel to reduce evaporation, and in addition a solvent trap was placed over the 315 

entire setup. This point in time was defined as the time origin (t=0). 316 

In the time-sweep tests, starting at t = 0 oscillations were performed at a (engineering) strain amplitude 317 

γ = 1% and angular frequency ω = 1 rad/s. The value of the storage modulus G' was monitored 318 

continuously at 10 s intervals as it increased and asymptotically reached a steady state. The time-319 

sweep curves (variation of G' with time t) resulted in the determination of time of steady state ts. In 320 

particular, ts was defined as the first instant (rounded up to a multiple of 20 minutes) when the slope Ġ  321 

= dG′/dt dropped below 2.1% of its maximum attained value (see Supporting Material C).  322 

In the strain amplitude-sweep tests, the gel was allowed to polymerize for the ‘at-rest’ duration 0 < t < 323 

ts with exact ts depending on each composition. After this duration a fixed frequency (ω = 1 rad/s) 324 

oscillation was applied with γ increasing from 0.01% – 100%. A linear viscoelastic (LVE) region was 325 

determined by the condition that inside the LVE G′ varies by less than 10%. 326 

In the frequency-sweep tests, similar to the strain amplitude-sweep test, fibrin was allowed to 327 

polymerize at rest initially for a duration ts. Next, at a fixed strain amplitude value selected from 328 

within the LVE (γLVE), oscillation was applied with ω decreasing from 100 rad/s to 0.01 rad/s. 329 

 330 

2.8 Statistical analysis 331 

All statistical analysis was performed in R. For the results derived from the fiber extraction algorithm 332 

Tukey and Games-Howell multiple comparison tests were performed. Significant differences in the 333 

diffusivity study were assessed with Tukey, and for turbidimetry Games-Howell was used due to the 334 

differences in sample sizes and heteroscedasticity of the data. Equality of variances was assessed using 335 

Levene’s test. 336 

 337 
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3. Results 338 

3.1 Fibrin hydrogel network characterization 339 

The hydrogel structure was initially studied using confocal fluorescence microscopy. Fig. 3 shows a 340 

typical single image from the 3D image stacks as obtained for every examined composition (see Table 341 

1). As expected, the individual fibrin fibers are randomly oriented within the fibrin hydrogels. The 342 

network structure is strongly dependent on the hydrogel composition and highly concentrated fibrin 343 

hydrogels (20 mg/mL) show a very dense appearance. In two of these hydrogels (20LH and 20HH) it 344 

is difficult to discern individual fibers due to the diffraction-limited resolution. Focusing more on the 345 

hydrogel appearance it is clear that for a given thrombin and factor XIII concentration, i.e. within a 346 

column of images in fig. 3, the hydrogel fiber density increases with higher fibrinogen concentrations. 347 

At the same time, for a given fibrinogen concentration, i.e. within a row of images in fig. 3 348 

compositions with higher thrombin and/or factor XIII concentrations tend to yield a higher hydrogel 349 

fiber density and a higher branch density. 350 

The confocal fluorescence images alone give a clear but qualitative view of the hydrogel architecture 351 

for the different fibrin compositions. In order to obtain quantitative information from the three-352 

dimensional image stacks a fiber extraction algorithm was implemented. This allowed for the 353 

deduction of five structural parameters, mainly fiber network properties (see also Fig. 1 and Tables 2 354 

and 3): average fiber length, total fiber length, hydrogel fiber density, branch density and fiber 355 

connectivity, shown in Fig. 4.  356 

Because the hydrogel fiber density of the 20LH and 20HH hydrogels exceeded the diffraction-limited 357 

resolution, fiber network characteristics could not be extracted. Average fiber length, total fiber length, 358 

hydrogel fiber density and branch density were all found to be significantly higher for compositions 359 

with higher fibrinogen concentrations in cases with the lower factor XIII concentration (LL and HL; 360 

Fig. 4a-d). Increased concentrations of thrombin increased the hydrogel fiber density for the same 361 

fibrinogen concentrations in all cases (Fig. 4c) and also increased total fiber length and branch density, 362 

even though these differences were not significant for all fibrinogen concentrations (Fig. 4b and d). 363 
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Fiber connectivity was not affected by variations in fibrin constituents, except for 10LH composition 364 

(Fig. 4e). Variations in fibrinogen concentration had a bigger impact on network characteristics related 365 

to total fiber number than on average fiber length: total fiber length, hydrogel fiber density and branch 366 

density showed a 4.1, 3.1 and 3.1-fold increase respectively, for a 4-fold increase in fibrinogen 367 

concentration (from 5 to 20 mg/mL), compared to only a 33% increase in average fiber length (LL 368 

compositions). On the other hand, the branch density was most influenced by a 10-fold increase in 369 

thrombin concentration with up to 81% more branches in 5HL compared to 5LL, followed by 57% 370 

increase of hydrogel fiber density and 56% increase of total fiber length for the same conditions. 371 

To complement the data obtained from the confocal images in combination with the fiber extraction 372 

algorithm and in particular for a better view into individual fiber characteristics (Fig. 1 and Table 3), 373 

turbidimetry was used. Apart from fiber radius (Fig. 5a) which is difficult to be correctly estimated 374 

from the confocal images, the other structural features obtained were the number of protofibrils (Fig. 375 

5b), fiber internal density (Fig. 5c) and fiber volume fraction (Fig. 5d).  376 

The fiber radius was found to significantly decrease with increasing thrombin concentration for 10 377 

mg/mL fibrinogen and between 20LL and 20HL (Fig. 5a). Variations in fibrinogen concentration did 378 

not influence fiber radius at high thrombin concentrations (HL and HH compositions), while it led to 379 

significant differences at low thrombin concentrations. The number of protofibrils was significantly 380 

different between compositions with different factor XIII concentrations. Other significant differences 381 

in numbers of protofibrils were found between 5LH, 10LH and 20LH on the one hand and between 382 

5HH, 10HH and 20HH on the other hand. In particular, one can notice the rather low numbers (~25-383 

28) of protofibrils for the 20LH and 20HH compositions (Fig. 5b). In general, differences in numbers 384 

of protofibrils cause differences in fiber internal density (Fig. 5c) and fiber volume fraction (Fig. 5d) 385 

between compositions of low versus high factor XIII and differences between compositions with 386 

different fibrinogen concentrations. One of the most striking results is the very high fiber volume 387 

fraction for 20LH and 20HH (Fig. 5d).  388 
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The structural characteristics of fibrin hydrogels were determined by two independent techniques, 389 

turbidimetry and confocal fluorescence imaging with fiber extraction algorithm. A direct comparison 390 

between the results of both approaches in terms of total fiber length can be seen in Fig. 6. The data are 391 

in good agreement for low fibrinogen concentrations (5 mg/mL), while some discrepancies are found 392 

for 10LH, 10HH and 20HL compositions that can be attributed to the diffraction limited resolution of 393 

the confocal fluorescence imaging in combination with the large hydrogel fiber density in the hydrogel 394 

networks. At the same time, the turbidimetry analysis requires that rf << λ and fiber length L >> λ and 395 

that fibers are monodisperse. Moreover, there is no direct observation of the structure that can serve as 396 

quality control over the results it yields. Hence, cross-validation of the two methods suggests that the 397 

results from turbidity measurements can be trusted over this range of fibrinogen concentrations. 398 

 399 

3.2 Diffusivity of dextran solutes 400 

Diffusion coefficients of FITC-conjugated 10 kDa and 40 kDa dextran were measured by FRAP for 401 

the different fibrin compositions and normalized with respect to the diffusion coefficient of the same 402 

molecular weight dextran measured in PBS. Results presented in Fig. 7 demonstrate that relative 403 

diffusion coefficients tend to decrease with increasing fibrinogen concentration for all enzyme 404 

concentrations. Statistical analysis of the results showed that large differences in fibrinogen 405 

concentration (5 versus 20 mg/mL) led to significant differences in diffusivity. The lowest diffusion 406 

coefficients were found for the 20LH and 20HH compositions both for 10 and 40 kDa dextran. 407 

Overall, fibrinogen concentration was found to be the most important parameter affecting dextran 408 

diffusivity for both solutes, but changes in the enzyme composition at the same fibrinogen 409 

concentrations significantly influenced diffusivity of the larger solute as well. 410 

A comparison of the experimental data with values predicted from the Ogston model suggests that the 411 

model does not adequately explain the observed relative diffusivities (Fig. 7b and d). The Ogston 412 

model tends to predict lower diffusivity values, which can be explained by an overestimation of the 413 

effect of fiber volume fraction. This can also be appreciated from the larger data range for 414 
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experimental values than for predicted values (see bounding box in Fig. 7b and d). These 415 

discrepancies are most pronounced for the 20LH and 20HH compositions (cases in circles), which 416 

exhibit the highest fiber volume fractions (Fig. 5d). 417 

 418 

3.3 Shear rheometry 419 

Time-sweeps were performed in order to find the time when polymerization reached a steady-state. 420 

Results of the time-sweep measurements are presented in Fig. 8a. 5LL showed the slowest progress in 421 

polymerization while the other compositions which have at least one of the two enzymes (thrombin or 422 

factor XIII) in more elevated concentrations showed faster polymerization times. The time required for 423 

the storage modulus to reach a steady-state (ts) was found to be 4800 s for compositions 5LL and 5HH, 424 

6000 s for 20LH and 7200 s for 20HL. For the remaining compositions 5LH, 5HL, 20LL, 20HH, in 425 

frequency-sweep measurements the ts was kept to this maximum (7200 s) in order to ensure that the 426 

hydrogels had adequately polymerized. Strain amplitude sweep tests were performed to assess the 427 

linear viscoelastic region of the fibrin hydrogels. All compositions exhibited a constant G' value for 428 

strain amplitudes up to 4% for 5LL, 10% for 5HH and 16% for 20LH and 20HH (Fig. 8b). In order to 429 

keep the measurements within the linear viscoelastic regime while giving a good signal to noise ratio, 430 

the frequency-sweep measurements were carried out at 1% strain amplitude for all 8 compositions.  431 

Frequency sweep measurements were performed for all compositions of 5 and 20 mg/mL fibrinogen, 432 

in order to assess the influence of hydrogel structure on the shear rheological response. The results 433 

show a frequency-independent G' value for all samples, characteristic of a nearly perfect, elastic solid 434 

(Fig.8c). Therefore, average G' values at 1 rad/s frequency were compared between different 435 

compositions (Fig. 8d). Higher fibrinogen concentrations resulted in higher G' values for all enzyme 436 

ratios, with striking differences in the rheological response of hydrogels of equal fibrinogen 437 

concentrations but different enzyme concentrations. LL compositions exhibited the highest shear 438 

storage modulus and HL the lowest for both fibrinogen concentrations.  For example, there was a more 439 

than 20-fold difference between 5LL (313 Pa) and 5HL (14.5 Pa) and more than 8-fold between 20LL 440 
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(2283 Pa) and 20HL (269 Pa). The loss modulus (G'') was found to follow the same trend between 441 

different hydrogel compositions but with different response to changes in frequency, showing 442 

increased values at higher frequencies (Fig. 8e). The loss tangent (tanδ) shows the ratio of energy 443 

dissipated over the energy stored in the studied system (Fig. 8f). The variations between compositions 444 

at 1 rad/s were relatively small, but the tanδ values increased for lower (5LL and 5HH) and higher 445 

frequencies (all compositions).   446 

A quantitative description of the influence of structural properties (e.g., fiber radius, total fiber length, 447 

branch density, number of protofibrils, etc.) on rheological properties could not be captured by a single 448 

power law model. We attempted to find an empirical expression of the form G' = A xaybzc with x, y 449 

and z values of structural properties and A, a, b and c unknown parameters that were determined by 450 

means of least squares optimization (Matlab). The structural parameters were selected one at a time 451 

from three groups: intrafibrous (i.e., number of protofibrils and fiber internal density), individual fiber 452 

(i.e., fiber radius and average fiber length) and hydrogel network properties (i.e., total fiber length, 453 

hydrogel fiber density, fiber volume fraction and branch density) at different combinations. However, 454 

none of these models were able to fit the entire set of experimental results (data not shown). 455 

 456 

4. Discussion 457 

4.1 Fibrin composition affects individual fiber and network characteristics 458 

A novel methodological approach has been followed for the quantification of network and individual 459 

fiber properties of dense fibrin hydrogels (as defined in Tables 2 and 3 and illustrated in Fig. 1). By 460 

combining confocal fluorescence microscopy with a fiber extraction algorithm and turbidimetry the 461 

obtained results can be cross-validated. Fibrinogen, the main fibrin hydrogel precursor, not only 462 

determines the total fiber length, but also the hydrogel fiber density, as an increase in fibrinogen 463 

concentration was observed to result in higher values for both network characteristics (Fig. 4b and c, 464 

respectively). Further, the hydrogel fiber density also positively correlates with the branch density 465 
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(Fig. 4d) as expected from the kinetically controlled fibrin polymerization process described earlier. 466 

Detailed hydrogel structural analysis also showed that fibrinogen concentration positively correlates 467 

with the average fiber length for low factor XIII compositions (see Table 1 and Fig. 4a).  468 

Thrombin is responsible for the initiation of fibrin polymerization and an increased thrombin to 469 

fibrinogen concentration ratio is known to result in thinner fibers and a smaller number of protofibrils 470 

at the stage of fiber formation [17]. This is confirmed by our data (Fig. 5a and b, between LL and HL 471 

compositions) and can be rationalized by the role of thrombin during the polymerization process. 472 

Thrombin cleaves fibrinopeptides A and B from the fibrinogen molecule, initiating the formation of 473 

protofibrils and their lateral aggregation for the formation of fibrin fibers. However, protofibril 474 

formation happens more rapidly than lateral aggregation at high thrombin concentrations, while lateral 475 

aggregation is favored over protofibril formation at low thrombin concentrations [53]. Overall, values 476 

for fiber radii and the number of protofibrils are in line with those from literature [17,18,23,27] and the 477 

same trends were observed for the influence of thrombin on these two parameters (Fig. 5a and b) [17]. 478 

Furthermore, it has been reported that branch formation and lateral aggregation are essentially two 479 

opposite mechanisms [54] and we see this effect from increased thrombin on higher branch densities 480 

in Fig. 4d. In turn, higher branch densities should lead to increased total fiber lengths and hydrogel 481 

densities which are also evident in our analysis for increased thrombin concentrations (Fig. 4b and 4c, 482 

respectively). The fact that the total fiber length positively correlates with the hydrogel fiber density 483 

and the branch density but not with the average fiber length, also shows the influence of the 484 

polymerization process on the formation of the fibers. Fiber connectivity overall does not seem to be 485 

affected by changes in structure and the values obtained are in the same range with those from 486 

literature [20]. This suggests that generation of new fibers during polymerization always happens by 487 

the creation of new branch points and it is unrelated to the fibrin constituents.  488 

The most remarkable differences observed were the high fiber volume fractions (up to Φ=0.57) of 489 

20LH and 20HH compositions. This was primarily a result of these compositions possessing a very 490 

small number of protofibrils relative to the overall fibrinogen concentration. High fiber volume 491 



21 
 

fraction values have been reported before but for hydrogels of much higher fibrinogen concentration 492 

(Φ = 0.54 at 156 mg/mL) [26]. Similarly, low numbers of protofibrils (Np = 2) have also been 493 

reported, but at high pH = 8.5 and salt concentrations of 400 mM NaCl [34]. Note that in this study 494 

20LH and 20HH hydrogels were prepared with the lowest concentration of CaCl2 compared to other 495 

conditions, only 4 μM (Table 1), which is in line with literature findings where an absence of Ca++ 496 

causes lower mass to length ratios [21] and consequently a lower number of protofibrils. Moreover, 497 

factor XIII is known to induce fiber compaction, and thus increase the number of protofibrils [23], 498 

which suggests that the observed differences in the number of protofibrils between low and high factor 499 

XIII concentrations are probably attributed to differences in the concentration of CaCl2 and not factor 500 

XIII. Furthermore, the (weak) influence from factor XIII in compositions of 5 and 10 mg/mL 501 

fibrinogen, where the differences in CaCl2 are smaller, also suggests that the observed differences in 502 

number of protofibrils, fiber internal density and fiber volume fraction at 20 mg/mL fibrinogen stem 503 

from the 5-fold difference in CaCl2.  504 

 505 

4.2 Effect of fibrin structure on diffusivity of dextran 506 

Variations in individual fiber and network characteristics are responsible for different diffusion 507 

coefficients of dextran molecules within the hydrogels. This is particularly interesting for tissue 508 

engineering applications, as the solute sizes used here are in the same range as those of growth factors. 509 

In general, hindrance effects on solute relative diffusivity are moderate and are less than 25%, which is 510 

the biggest difference observed between highest and lowest diffusion coefficient (relative to lowest 511 

value) of all measurements performed with the same solute (here 5LH exhibits the highest and 20HH 512 

the lowest diffusivity for 40 kDa dextran). The largest differences in diffusivity have been 513 

demonstrated for compositions 20LH and 20HH (Fig. 7) which have the highest fiber volume fraction 514 

values, as seen in Fig. 5d. A graph of relative diffusivities plotted against fiber volume fraction values 515 

confirms their correlation (Supporting Material, Fig. S2). This is not surprising, because an increase in 516 

the fiber volume (solid) fraction of the hydrogel results in more steric interactions with the diffusing 517 

molecules. Apart from compositions 20LH and 20HH, diffusivity of 10 kDa dextran is not strongly 518 
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affected by modifications of the network except for differences in fibrinogen concentration (Fig. 7a) 519 

which positively correlates with total fiber length (Fig. 4b). Although these general remarks apply to 520 

40 kDa dextran as well, changes in thrombin also become significant (Fig. 7b) because higher 521 

concentrations significantly increase hydrogel fiber density (Fig. 4c) without affecting the fiber 522 

internal density (Fig 5c), thus increasing the steric interactions between dextran and hydrogel fibers. 523 

Diffusivities of dextran molecules of both sizes seem to be independent of fiber radius when all 524 

compositions are accounted for, but when the outliers 20LH and 20HH are removed a negative 525 

correlation is revealed (Supporting Material, Fig. S3). For 40 kDa in particular, the radii of conditions 526 

with low thrombin concentration (LL and LH) and those with high thrombin concentration (HL and 527 

HH) appear to correlate independently with relative diffusivity. This is meaningful for the effect of 528 

structure on diffusion, given the fact that an increase in thrombin concentration led to an increase in 529 

total fiber length and hydrogel fiber density (Fig. 4b and c). As seen in Fig. S3 the compositions with 530 

increased thrombin show lower relative diffusivity values for the same fiber radii.  531 

 532 

4.3 Fibrin fibers can be permeable to solute transport 533 

A few models have been proposed for the internal protofibril packing structure within a fiber 534 

[18,27,44]. It was suggested that when the protofibrils are not tightly packed (i.e., at lower fiber 535 

densities), the crystalline structure of the protofibrils is maintained, but with defects (i.e., empty 536 

protofibril spaces) within the fiber. Individual fibers consist of protofibrils which occupy the space 537 

within as cylinders in hexagonal close packing [44]. The protofibril distances for the tested 538 

compositions in this study were in the range of 1.4 – 21.3 nm, with compositions 20LH and 20HH 539 

displaying the highest values. On the other hand, the hydrodynamic radii of 10 and 40 kDa dextran 540 

were 2.3 and 4.5 nm respectively, which makes fiber permeability a plausible hypothesis. 541 

Furthermore, the Ogston model was in agreement with the experimental results for some of the 542 

compositions which showed high fiber densities but not with others of lower fiber densities. Taking 543 

into account that in the Ogston model fibers are assumed to be impermeable, we hypothesized that the 544 

differences between experimental and predicted diffusivity values correlates to the end-to-end 545 
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protofibril distance (eq. 10). For instance, the fibers with tight protofibril packing, which exhibit 546 

essentially no void space between protofibrils, would not be expected to deviate from the model and 547 

thus give (D/D0)experimental – (D/D0)Ogston = 0. As one can see in Fig. 9, our data confirms this hypothesis.  548 

The Ogston model [52] has been developed for the prediction of relative diffusivity of solutes within 549 

polymer networks with respect to the size of a solute, the fiber radius of the polymer network and the 550 

solid fraction in a system (equation 12) and is valid if the following criteria are fulfilled:  551 

1. Solutes can be represented as hydrodynamically equivalent spheres, which is valid for dextran 552 

molecules in solution. 553 

2. The specific volume of the fiber network should not change due to solute perturbation. Here, 554 

the size of dextran is in every case much smaller than the fiber thickness, thus it cannot affect 555 

the network specific volume. 556 

3. The statistical distribution of the fibers is not affected by their own thickness or by the 557 

insertion of the solute. Effects are only expected when the total fiber length exceeds the order 558 

of 1016 m-2 [52], whereas the fibrin compositions described here are on the order of 1012 m-2 as 559 

seen in Fig. 4b and the void spaces between fibers are much larger than the 10 nm limit 560 

discussed in the work of Ogston et al..  561 

4. The effective collision radius is equal to the sum of fiber and solute radii, which means that a 562 

collision is accounted for when there is simple contact between the two. This suggests that the 563 

fibers are impermeable, an assumption which is challenged for several of the studied 564 

compositions due to the large distances observed between individual protofibrils. 565 

Assuming that fibers are permeable, the smaller solutes would be expected to diffuse through the 566 

fibers more easily than larger ones. This is confirmed in fig. 9 where the fitting curve for 10kDa 567 

dextran (R2 = 0.95) shows a displacement to higher differences between predicted and experimental 568 

relative diffusivities as opposed to the curve of 40 kDa dextran (R2 = 0.84), with an overall better 569 

fitting. Further, the protofibril distances in Fig. 9 represent approximate average values and not 570 

absolute gap sizes. The reason is that in fibers with lower numbers of protofibrils the original 571 
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crystalline structure is presumed to be maintained and gaps are formed because of void protofibril 572 

spaces and not because of a looser packing. Therefore, it is reasonable that a gradual increase is 573 

observed in the diffusivity differences relative to the protofibril distance of Fig. 9 instead of a certain 574 

cut-off threshold where the diffusing particles would either be small enough to penetrate or to collide 575 

with the fiber. 576 

Furthermore, in order to assess whether fiber porosity is the main reason that the Ogston-predicted 577 

relative diffusivity deviates from the experimental values, further analysis was performed. This was 578 

done by adapting the fiber radius and the fiber volume fraction of different compositions to the values 579 

they would have if the fibers were non-porous, thus compensating for the void space within the fibers 580 

and the overestimation of the fiber volume fraction in the Ogston model. In such a hypothetical case, 581 

the fibers would exhibit the same network conformation but different fiber internal density, fiber 582 

radius and fiber volume fraction. Hence, assuming that the fibers are entirely impermeable, the fiber 583 

internal density would be equal to the fibrinogen density (ρfib = 1395 mg/mL) for all compositions, 584 

leaving no space between adjacent protofibrils. Since the protein mass would have to remain constant, 585 

the new fiber radii and fiber volume fractions were calculated accordingly, to compare the new set of 586 

Ogston-predicted values with those obtained experimentally. A comparison is demonstrated in Fig. S5. 587 

Errors are rather small for 10 kDa dextran with up to 7 and 5% difference for 20LH and 20HH 588 

compositions, respectively. This is expected, as in these conditions the porous fibers create more 589 

hindrance than the equivalent impermeable fibers. For 40 kDa dextran there is a good agreement for 590 

the compositions with low thrombin concentration and up to 9% difference for the compositions with 591 

high thrombin concentration. As discussed earlier, high thrombin concentrations cause faster cleaving 592 

of fibrinopeptides A and B of the fibrinogen molecule which results in a more violent formation of 593 

protofibrils and a faster polymerization. Therefore, under these conditions the protofibril voids within 594 

single fibers could be expected to spread more heterogeneously than in low-thrombin conditions, 595 

resulting in a greater variance of the protofibril distance estimated here. When the solute is small it can 596 

transfer through these voids freely, but when the solute reaches a critical size it could be temporarily 597 

entrapped, resulting in increased hindrance.  598 
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Having permeable fibers can be beneficial for biomedical applications in different ways. First, 599 

intrafibrous diffusion can help in reducing mass transport limitations in cell-encapsulated hydrogels 600 

and therefore promoting cell survival, which is important in tissue engineering [55]. If one interprets 601 

the difference between measured and predicted relative diffusivities in Fig. 9 as an estimate of the 602 

importance of intrafibrous diffusion, this effect is clearly becoming important for the high fibrinogen 603 

concentrations 20LH and 20HH, with a 76 and 64% difference relative to the predicted diffusivity of 604 

10 kDa dextran, respectively. While measured diffusivities were the lowest for these compositions, 605 

their order of magnitude is still comparable to diffusivities measured for compositions with lower 606 

fibrinogen concentrations. Given the fact that diffusion distance is proportional to the square root of 607 

the diffusion coefficient, this leads to differences in diffusion distances of less than 8% (maximum 608 

difference found between 5HH and 20LH, for 10 kDa dextran). While one could speculate that such 609 

differences would not have a strong effect on cell survival in high versus low fibrinogen 610 

concentrations (at least not based on mass transport limitations), further experiments are needed to 611 

confirm this hypothesis. Secondly, therapeutic agents could be designed to penetrate individual fibrin 612 

fibers to induce fibrinolysis. At the same time, due to the affinity of several growth factors for fibrin 613 

[56], the voids within the fibers could provide additional binding sites for growth factors by increasing 614 

the area to volume ratio of the protein.  615 

 616 

4.4 Changes in the molecular and network structure induce large differences in 617 

the shear modulus of fibrin hydrogels 618 

Structural differences at the network and the individual fiber level are shown to induce large variations 619 

in the rheological response of the hydrogels, with G' values ranging over two orders of magnitude 620 

from 15 Pa (5HL) to 2283 Pa (20LL). There was up to a 20-fold increase of G' between compositions 621 

of 5 mg/mL fibrinogen and up to an 8-fold increase for 20 mg/mL fibrinogen. For all compositions, 622 

hydrogels with LL enzyme ratios exhibit the highest storage modulus, and those with HL ratios exhibit 623 

the lowest (Fig. 8d). LL ratios yield the fibers with the highest diameters (Fig. 5a) and lowest total 624 

fiber length, branch density and hydrogel fiber density among the same fibrinogen concentrations (Fig. 625 
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4b-d). Overall, the results obtained in this study are consistent with those reported in literature 626 

[20,23,57,58]. For the same enzyme ratios (LL, HL, LH, HH), higher fibrinogen concentrations 627 

consistently gave higher G' values. The effect of thrombin is not clear as contradictory findings have 628 

been reported in the literature; while a higher thrombin concentration decreased the material modulus 629 

in tensile tests of fibrin matrices encapsulating cells [58], a similar effect was only seen for higher 630 

thrombin to fibrinogen ratios (0.08 U/mg fibrinogen) in another study, with lower ratios having the 631 

opposite effect [20]. For the LH and HH compositions a different trend with thrombin concentration is 632 

seen for 5 and 20 mg/mL fibrinogen. However, 20LH and 20HH have a lower CaCl2 concentration 633 

compared to 5LH and 5HH (4 mM versus 16 mM, see Table 1). This discrepancy in CaCl2 634 

concentration can also explain the larger relative increase for 20 mg/mL from LL to LH compared to 5 635 

mg/mL, as stiffness has been reported to decrease in the presence of higher CaCl2 concentrations [20]. 636 

The rheological response of fibrin hydrogels can be described in terms of their characteristics as 637 

semiflexible polymers, where individual fibers are treated as bundles of protofibrils of different 638 

densities that contribute to the overall stiffness in a nonlinear way, depending on how tight the fiber 639 

packing is. In this situation, the shear modulus would scale with the number of protofibrils as G' ~ 640 

Np
7x/5, with x having values between 1 and 2 for loose (low Np) and tight bundles (high Np), 641 

respectively [34]. As shown in Fig. 5b, the number of protofibrils is highest for LL formulations which 642 

exhibit the highest storage moduli. The lowest values for number of protofibrils are seen for LH and 643 

HH especially for 20 mg/mL fibrinogen, where the stiffness values are relatively high, but presumably 644 

there is a trade-off between the effects of molecular structure (number of protofibrils) and network 645 

structure (fiber volume fraction). 646 

Diffusivity is related to viscosity via the Stokes Einstein equation. At the same time, viscosity can be 647 

calculated from rheological measurements from the G''/ω ratio. This means that there is a link between 648 

relative diffusivity and rheological properties [59], within the linear viscoelastic region, when the time 649 

frame of the two properties is similar (i.e., at high frequency values in rheological experiments). 650 

However, no strong correlation was found between relative diffusivity and loss modulus in our data at 651 

the highest frequency (100 rad/s, fig. S6). This suggests that higher frequencies would be required to 652 
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probe the viscous response of the hydrogels in a time frame similar to that of the diffusivity 653 

experiments.  654 

 655 

5. Conclusions 656 

The structural and mechanical properties of fibrin hydrogels have been studied extensively 657 

[16,18,20,23,27,35], because of the importance of fibrin in blood coagulation and its potential in tissue 658 

engineering applications. However, so far, the relation between fibrin structure and diffusivity has not 659 

been studied extensively. 660 

A novel combined methodological approach was used for the estimation of network and individual 661 

fiber properties relevant for fibrin clot mechanics and solute transport, from confocal fluorescence 662 

image stacks via the implementation of a fiber extraction algorithm, and turbidimetry. Turbidimetry 663 

has been extensively used for the quantification of individual fiber characteristics [19,23,35,60]; 664 

nevertheless, most studies have been performed with fibrin hydrogels at low fibrinogen concentrations 665 

(less than 2 mg/mL). On the other hand, fiber extraction algorithms have only recently been 666 

implemented for quantifying structural characteristics of fibrous networks [49,61–64]. In this study the 667 

two techniques were combined to yield complementary quantitative data, and at the same time this 668 

also allowed a comparison of the two methods in terms of total fiber length estimation, thus validating 669 

the results of turbidimetry for hydrogels of fibrinogen concentrations up to 20 mg/mL and at the same 670 

time showing the applicability and limitations of the fiber extraction algorithm for various 671 

compositions. Results from the fiber extraction algorithm for compositions which were poorly 672 

resolved such as 10LH, 10HH and 20HL should be treated with caution.  673 

This quantitative structural analysis has shown that changes in fibrinogen, thrombin, factor XIII and 674 

calcium concentrations induce significant changes in the structure of the hydrogels, both in terms of 675 

the overall network organization and individual fiber characteristics. These variations only moderately 676 

affect the relative diffusivity of dextran solutes (25% difference between lowest and highest diffusivity 677 
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value for 40 kDa dextran). On the contrary, such changes in composition and structure have a large 678 

influence on the linear viscoelastic properties of the hydrogels (two orders of magnitude difference 679 

between lowest and highest modulus value). Finally, a combined structural and diffusional analysis 680 

provided evidence that loosely packed fibrin fibers are permeable to small solutes and this 681 

permeability is dependent on the average distance between individual protofibrils.  682 

The structural, diffusional and mechanical characteristics of ECM substitutes are of crucial importance 683 

in tissue engineering, as they affect cell fate. Our findings support the potential of fibrin hydrogels in 684 

this context, as they can be tailored to the needs of a specific application simply by changing the 685 

concentrations of individual constituents. As discussed earlier, the fact that fibrin fibers can be 686 

permeable to solute transport may help in reducing mass transport limitations and promote cell 687 

survival. Further, fibrin is known for its ability to bind growth factors via its heparin-binding domains 688 

[56]. This, again in combination with the semi-permeability of fibrin fibers shown in this study, can 689 

prove to be a promising feature because it would allow the entrapment of growth factors within 690 

individual fibers and the formation of growth factor gradients by using hydrogel layers of different 691 

fiber densities in an ECM substitute. As this study merely concerns materials characterization, one can 692 

only speculate at this stage on how our findings would affect the quest for an optimal fibrin hydrogel 693 

carrier for a specific application in tissue engineering. Based on our diffusion measurements, no 694 

substantial differences in mass transport limitations or cell survival due to these limitations are 695 

expected for the different compositions tested. This is even the case for the high fibrinogen 696 

concentrations (20 mg/mL), for which intrafibrous diffusion may be an important contributor to mass 697 

transport (in particular for the 20LH and 20HH compositions). As our data demonstrates a strong 698 

effect of composition on structural and mechanical (bulk rheological) properties, these may be more 699 

important to consider for the optimization of fibrin hydrogels for a specific application. Measured 700 

storage moduli covered two orders of magnitude within a range that is known to affect cell behavior in 701 

terms of differentiation [10,65], and also independently from the material porosity [66].  Low 702 

fibrinogen concentrations with relatively low thrombin and factor XIII concentrations (such as 5LL 703 

here) exhibited a much more open porous structure and therefore less confinement to cells. This may 704 
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facilitate spreading and proliferation of encapsulated cells in 3D [67]. Again, it is worth noting that 705 

these are merely speculations, also because cell encapsulation may lead to modification of the fiber 706 

network structure, and the optimal properties of the carrier material can drastically change, depending 707 

on the cell type and the specific application. Additional experiments will be needed to address these 708 

aspects. 709 

 710 

Tables  711 

Table 1: Final fibrin hydrogel compositions used in this study. Structural and diffusional characterization was performed on 712 

all 12 compositions. Mechanical characterization was performed on 8 compositions (5 and 20 mg/mL fibrinogen 713 

concentrations). Letters at the top refer to (relative) thrombin (first letter) and factor XIII (second letter) concentrations 714 

(L=Low, H=High).  715 

 LL HL LH HH 
Fibrinogen 
(mg/mL) 5 10 20 5 10 20 5 10 20 5 10 20 

Thrombin  
(U/mg fibrinogen) 0.02 0.2 0.02 0.2 

Factor XIII  
(U/mg fibrinogen) 0.02 0.02 2 2 

Ionic strength 
(mM) 210 210 210 210 210 210 208 206 201 208 206 201 

CaCl2 (mM) 20 20 20 20 20 20 16 12 4 16 12 4 
 716 

 717 

Table 2: Fibrin hydrogel network properties. Symbols in parentheses are referred to in ‘Turbidimetry’ section. 718 

Property Units Quantification 
method 

Total fiber length (ρL)  Total fiber length/Hydrogel 
volume (μm-2) 

Fiber extraction 
algorithm 

Hydrogel fiber density Number of fibers/Hydrogel 
volume (μm-3) 

Fiber extraction 
algorithm 

Fiber volume fraction (Φ) Total fiber volume/Hydrogel 
volume Turbidimetry 

Branch density 
Total number of 

branches/Hydrogel volume 
(μm-3) 

Fiber extraction 
algorithm 
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Fiber connectivity Number of fibers/Number of 
branches 

Fiber extraction 
algorithm 

 719 

 720 

Table 3: Individual fiber properties 721 

Property Units Quantification 
method 

Fiber radius (rf) nm Turbidimetry 

Average fiber length Total length of the 
fibers/Number of fibers (μm) 

Fiber extraction 
algorithm 

Number of protofibrils (Np) 
Number of protofibrils/fiber 

cross section Turbidimetry 

Fiber internal density (ρf) 
Protein mass/fiber volume 

(mg/mL) Turbidimetry 

Protofibril distance (dpf) nm Turbidimetry 

 722 

Figure captions 723 
 724 

Fig. 1: Structural parameters for individual fiber and network properties of fibrin hydrogels. Parameters are further 725 

explained in Tables 2 and 3. 726 

 727 

Fig. 2: Image stacks acquired with confocal microscopy (a) were submitted to multiple processing steps (RFD is the 728 

representative fiber diameter) (b) for an optimal depiction of the fibers before the FIRE algorithm [49] was implemented (c) 729 

to result in an accurate depiction of the network (d) Pseudocolors depict individual fibers. 730 

 731 

Fig.3: Confocal images of the fibrous micro-structure of fibrin. Numbers on the left side refer to fibrinogen concentration. 732 

Letters at the top refer to (relative) thrombin (first letter) and factor XIII (second letter) concentrations (L=Low, H=High; 733 

for corresponding values see Table 1). Scale bar is 5 μm. 734 

 735 
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Fig. 4: Network and individual fiber characteristics determined by the fiber extraction algorithm for different fibrinogen 736 

concentrations (5, 10, 20 mg/mL) and thrombin and factor XIII concentrations (LL, HL, LH, HH; see Table 1).  Symbols § 737 

and # denote significant differences with 5 and 10 mg/mL of the same enzyme concentration, respectively.  738 

* followed by a specific enzyme composition denotes significant differences with the specific enzyme composition of the same 739 

fibrinogen concentration (p<0.05). Error bars represent standard deviations. 740 

 741 

Fig. 5: Fibrin hydrogel structural characteristics and average fiber properties determined from turbidimetry for different 742 

fibrinogen concentrations (5, 10, 20 mg/mL) and thrombin and factor XIII concentrations (LL, HL, LH, HH; see Table 1) 743 

Symbols § and # denote significant differences with 5 or 10  mg/mL of the same enzyme concentration, respectively. * 744 

followed by a specific enzyme composition denotes significant differences with the specific enzyme composition of the same 745 

fibrinogen concentration (p<0.05). Error bars represent standard deviations. 746 

 747 

Fig 6: Comparison of total fiber length as determined independently from turbidimetry (TM) and confocal fluorescence 748 

microscopy with the fiber extraction algorithm (CFM+FEA) for different fibrinogen (5, 10 and 20 mg/mL) thrombin and 749 

factor XIII concentrations (LL, HL, LH, HH; see Table 1 for more details).  750 

 751 

Fig. 7: Relative diffusivities of 10 kDa (a) and 40 kDa (c) dextran in fibrin hydrogels of different fibrinogen (5, 10 and 20 752 

mg/mL) thrombin and factor XIII concentrations (LL, HL, LH, HH; see Table 1 for more details).  753 

Symbols § and # denote significant differences with 5 or 10 mg/mL of the same enzyme concentration, respectively.  754 

* followed by a specific enzyme composition denotes significant differences with the specific enzyme composition of the same 755 

fibrinogen concentration and with all other compositions for LH and HH in (a) (p<0.05). Error bars represent standard 756 

deviations. (b) and (d): Comparison of diffusivity values obtained by FRAP experiments and estimated by the Ogston model. 757 

The encircled data points represent the 20LH and 20HH compositions. Bounding boxes around the other data points indicate 758 

the data range for predicted and experimental values of all other compositions. Dashed line has slope 1 (equal experimental 759 

and predicted values). 760 

 761 

Fig. 8: Rheological characterization of fibrin hydrogels. (a) Curves of G′ versus time at γ = 1% and ω = 1 rad/s, (b) post-762 

polymerization strain-sweep curves at ω= 1 rad/s for the estimation of LVE region, (c) frequency-sweep curves for γ=1%, (d) 763 

G' values averaged from the frequency-sweep measurements at ω=1 rad/s and γ=1%, (e) loss modulus G'' from the 764 
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frequency-sweep measurements and (f) tanδ=G''/G' values from the frequency-sweep tests. Error bars represent standard 765 

deviations. 766 

 767 

Fig. 9: Differences between experimental and predicted values of relative diffusivity versus the end-to-end distance of 768 

individual protofibrils. R2= 0.95 for the linear fit for 10 kDa (a) and R2= 0.84 for 40 kDa dextran (b). 769 
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