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ABSTRACT 

Stephen R. Baker 

DETERMINING SINGLE FIBER NANOMECHANICAL PROPERTIES OF 

ELECTROSPUN PROTEIN FIBERS AND MODIFIED FIBRIN FIBERS USING 

ATOMIC FORCE MICROSCOPY 

Dissertation under the direction of 

Martin Guthold, Ph.D., Professor of Physics 

 

 The extracellular matrix is comprised mostly of collagen, the most abundant 

protein in the body. This protein helps to provide the structural support for various tissues 

such as skin, muscles, tendons, and even heart valves and blood vessels. Fibrinogen is the 

most abundant protein found in blood plasma. After exposure to thrombin, it is converted 

to fibrin, and provides the structural support of a blood clot. These natural polymers, 

along with synthetic polymers, can be synthesized outside the body by a process known 

as electrospinning. Electrospinning can be used to make nanofibers which form the 

macrostructure scaffold to be tailored to specific applications. The mechanical properties 

of these nanofibers play an important role in determining the overall success for various 

applications in tissue engineering. We have studied the nanomechanical properties of 

nanofibers spun from two natural materials, collagen and fibrinogen, and one nanofiber 

spun from a synthetic material, poly-ε-caprolactone. All three are currently being used for 

tissue engineering applications. We used a combined atomic force microscopy/ 

fluorescence microscopy technique to determine the nanomechanical properties of single 

electrospun fibers and fibrin fibers.  
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 Electrospun fibrinogen fibers, hybrid collagen/fibrinogen fibers, and poly-ε-

caprolactone fibers all showed viscoelastic properties. Dry, electrospun fibrinogen fibers 

were only slightly less extensible than hydrated, electrospun fibrinogen fibers. Hybrid 

collagen/fibrinogen fibers were as extensible as fibrinogen for dry samples and almost 

twice as extensible when hydrated. Poly-ε-caprolactone fibers had similar extensibility as 

other dry, single fibers. Total and relaxed moduli were in the 10
1
 MPa range for poly-ε-

caprolactone fibers, 10
1
-10

2
 MPa range for collagen/fibrinogen fibers, and 10

3
 MPa range 

for dry, fibrinogen fibers. All fiber types showed a fast and slow relaxation time as well 

as strain softening.  

 Blocking the b-pocket of native fibrinogen fibers showed a decrease in 

extensibility in a concentration dependent manner. PEGylation of these b-pocket blockers 

showed an increase in fiber extensibility at higher concentrations suggesting a 

competition between the PEGylated leg and blocking the b-pocket with respect to clot 

properties. We also determined that fibrin fibers from older males with cardiovascular 

disease were more extensible and more elastic than healthy old or healthy young patients.  
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1.1 Cells and Substrates 

Understanding how cells interact with their surrounding environment is a very 

important problem in the fields of biophysics and tissue engineering. This surrounding 

environment, commonly called the extracellular matrix (ECM), provides the structural 

framework to which cells can attach. Throughout the human body, there are many 

different ECMs where specific cells are grown depending on the location. One example is 

the ECM of the blood vessel. Proteins such as collagen and elastin provide the structural 

framework for the blood vessel while endothelial cells attach to the central region, or 

lumen, and smooth muscle cells attach to the outer region [1–3]. This cell-ECM 

interaction plays a very important role in determining the structural integrity of a native 

blood vessel. This holds true for other ECMs through the body.  

Tissue engineering, a term first coined by Langer in 1993, is a field that seeks to 

provide a biological substitute for failing tissues with three important goals: restore, 

maintain, and improve tissue function [4]. First, the new structure must restore the 

cellular and structural environment and function that it is replacing. Second, it must be 

able to maintain this structure for a period of time that is long enough for new cell and 

tissue growth. Finally, the new tissue must be able to improve the tissue function for the 

failed natural tissue that it is replacing.  

One technique that has been commonly used is to decellularize the ECM from 

living tissue [1,3,5,6]. This technique takes living tissue, such as a porcine heart valve, 

and removes all of the native cells leaving a simple ECM [5]. This ECM can then be 

seeded with cells from the person it will be implanted into, resulting in little to no 

immune response. Another technique that is used is to make the ECM from common 
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proteins found in the human body or synthetic polymers and seed this structure with cells 

[3,7–12]. This can be done in two different ways. The first is to make a cast or gel of the 

protein or synthetic polymer [13–18]. This technique involves dissolving the protein or 

synthetic polymer into a solvent, pouring that solution into a mold that will take the 

desired shape, and then evaporating the solvent away. The second technique is to 

electrospin the protein or polymer [15,19–24]. This technique, which will be described in 

further detail below, involves dissolving a polymer into a volatile solvent, placing this 

solution into a syringe and subsequently into a syringe pump, adding a high voltage to the 

end of the syringe tip, and collecting the polymer onto a grounded substrate. Each of 

these techniques has advantages and disadvantages.  

One important thing to consider is how cells will interact with these tissue 

engineered substrates. Interestingly, studies have shown that the stiffness of the substrate 

can determine the growth and viability of the cells that are gown on it [25,26]. Engler et 

al. grew mesenchymal stem cells (MSCs) on soft, collagen-coated gels with varying 

stiffnesses [26]. His group found that MSCs grown on soft matrices differentiated into 

brain or neurogenic cells, those grown on stiffer matrices differentiated into muscle or 

myogenic cells, and those that were grown on rigid matrices differentiated into bone or 

osteogenic cells. These findings suggest that the stiffness of the ECM has an important 

effect on the cells. In addition to cell differentiation, Engler et al. also showed that the 

surrounding ECM significantly affects the shape of the cell. The shape of the cell allows 

the cell to move and interact with the surrounding matrix. The mechanical importance of 

this cell-substrate interaction can ultimately determine the viability of the tissue 

engineered ECM when it is implanted into the body. For this reason it is important to 
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understand the mechanical properties of the substrates being used for tissue repair and 

replacement.  

In addition to the substrate mechanical properties, it is important to understand the 

mechanical properties of the building blocks that make up the tissue engineered ECMs. 

Much of the ECM is made from a fibrous network of nano- to micrometer sized fibers 

[27]. In tissue engineering substrates or scaffolds that have been seeded with cells, cells 

attach to the individual nano- and micrometer sized fibers in a similar fashion as they do 

to the native ECM. Studies of electrospun tissue engineered scaffolds show that focal 

adhesion sites from cells attach to individual fibers [28]. In addition, individual fiber 

alignment has been shown to play a critical role in guiding endothelial cell movement and 

behavior [29]. Taking into account the importance of the whole scaffold stiffness for 

determining cell growth, attachment and viability as well as the fact that cells will attach 

and be guided by individual fibers, we believe that the mechanical properties of 

individual fibers play a critical role in the success of tissue engineering applications.  

1.2 Electrospinning 

 Electrospinning, a technique that was originally used in the textile industry, has 

seen increasing interest in the field of tissue engineering over the past 15-20 years [30–

33]. This technique, as briefly described above, involves dissolving a polymer, natural or 

synthetic, into a highly volatile solvent. The resulting solution is then placed into a 

syringe; the syringe is attached to a blunt tip needle and then placed into a syringe pump. 

The blunt tip needle is then attached to a high voltage supply. As the solution is pumped 

from the syringe it is exposed to a potential difference. At the end of the blunt tip needle 

a Taylor cone is formed and when the electrostatic forces from the high voltage supply 
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overcome the surface tension from the solution a spraying of the solution will occur. 

Over the voltage gap, the distance between the syringe tip and collector, two interesting 

regions emerge; the stable and instability regions. In the stable region, located from the 

syringe tip to the instability region, the highly volatile solvent is forced to the outer 

diameter of the sprayed solution while the polymer is forced to the center. When these 

forces reach a point of instability they will transition into the aptly named instability 

region. In this region a whipping of the fiber will occur in which the remaining solvent 

will evaporate off leaving only the polymer fiber which is then collected on a grounded 

substrate. This process is shown in Figure 1.1.  

 This technique has shown great promise for tissue engineering applications due to 

its ability to control the resulting parameters including fiber size, alignment, and resulting 

scaffold shape [22,34–40]. Another intriguing benefit to using electrospinning is that both 

natural and synthetic polymers can be used with this technique. While all tissue 

engineering applications require the resulting scaffold to be viable in the human body, the 

resulting structural and mechanical properties, as well as the required lifetime of the 

scaffold, differ depending on the application. Scaffolds requiring long term implants, 

such as heart valve repair or replacement, need to be made from polymers that will 

provide a structurally sound ECM over a long lifetime [15]. Other applications, such as 

scaffolds that will provide drug delivery, need to be broken down more quickly [7,23]. 

For these reasons it is important to understand the degradability as well as the structural 

integrity of the polymers that are being chosen. Due to the expansive number of possible 

polymers, we have focused our following studies on two natural polymers, collagen and 

fibrinogen, and one synthetic polymer, poly-ε-caprolactone (PCL).  



 
Chapter 1: Introduction 

 
 

6 
 

 The most extensively used and studied electrospun polymer for tissue engineering 

applications is collagen [2,9,41–46]. It is used so widely due to two different factors; it is 

the most abundant protein in the human body and it’s biomimetic properties are similar to 

the native ECM [44,46,47]. This structural protein accounts for one third of the total 

protein found in the human body and is the most dominant component of the native 

ECM. Of the 28 different types of collagen found in vertebrates, types I-IV are the most 

commonly used in electrospinning [48]. Here we will focus on electrospun type I 

Figure 1.1: Electrospinning Schematic. A highly volatile solution is placed into a syringe. As 

the solution is pumped from the blunt tip needle a high voltage is applied. Between the end of 

the needle and the collector plate, two regions emerge as can be seen in the inset. In the stable 

region, shown in red, for our experiments ~5cm, but dependent on electrospinning parameters, 

the solvent is forced to the outer diameter of the sprayed jet until it reaches a point of 

instability. The solution then transitions into the instability region, shown in blue, where the 

solvent is evaporated off and the remaining polymer fiber is collected onto a grounded 

substrate.  
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collagen. Regrettably, electrospun collagen displays poor mechanical properties and 

degrades quickly in buffer when it has not been crosslinked [9,49]. For these reasons, 

collagen is typically crosslinked and mixed with other polymers that will provide better 

mechanical stability [2,9,32,42,50]. These hybrid fibers maintains the biomimetic and 

cell viability properties found in the collagen while allowing for the other polymer to 

provide the structural integrity needed for in vivo applications.  

 Electrospun fibrinogen is a relatively new polymer being used in the field of 

tissue engineering. Natively, fibrinogen is found in blood plasma providing the structural 

stability of a blood clot. In addition to being stable in buffer, electrospun fibrinogen has 

also exhibited better mechanical properties than electrospun collagen fibers [51,52]. First 

electrospun by Wnek et al., fibrinogen has been shown to be a feasible solution for tissue 

engineering applications that require a high extensibility with biomimicking properties 

[53,54]. We will show in the following chapters that electrospun fibrinogen is extremely 

extensible, by itself or mixed with collagen, and that it has similar properties to the 

synthetic polymer PCL.  

 PCL, by itself or blended with other polymers, has extensive applications in tissue 

engineering. Electrospinning of synthetic polymers has benefits that are not found in 

natural polymers including the ability to tailor the degradation times and easily 

functionalize the surface [7,22,55–58]. When compared to other polymers, PCL has been 

shown to have a slow degradation time and distinct viscoelastic properties which make it 

a great solution for long term applications [18]. Unlike many natural polymers, PCL is 

very low cost and with easily tunable properties. Previous studies using PCL have shown 
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promising results for tissue engineered applications including repair and replacement of 

blood vessels, ligaments, tendons and bone [21,42,59–61].  

 In chapters II and III we will focus on determining the mechanical properties of 

individual electrospun fibrinogen fibers and hybrid collagen/fibrinogen fibers 

respectively. Chapter IV will follow with determining the mechanical properties of PCL 

fibers. As mentioned previously, we believe that these individual fiber mechanical 

properties of natural and synthetic polymers will play a critical role in the success of 

tissue engineered applications, providing a database for which desired mechanical 

properties can be achieved.  

1.3 Fibrin(ogen) 

 Fibrinogen is a 340 kDa glycoprotein (a protein with glycans covalently attached 

to polypeptide side-chains) that is found in blood plasma, providing structural integrity 

for a blood clot. Structurally, fibrinogen consists of two identical subunits of three 

polypeptide chains; Aα, Bβ, and γ with 610, 461, and 411 amino acid residues 

respectively [62]. The central globular E-domain contains the N-terminal ends of the six 

polypeptide chains while the distal D-domains contain the C-terminal of the Bβ and γ 

chains. The E- and D-domians are connected by an alpha-helical coiled-coil structure 

comprised of the each of the three polypeptide chains [63]. The C-terminal of the Aα 

chain, which is much longer than the other two chains extends past the D-domains, 

folding back to the E-domain as can be seen in Figure 1.2A [64].  

During normal polymerization, fibrinogen’s exposure to thrombin causes a 

transition to fibrin by cleaving fibrinopetides A and B (FpA and FpB) located in the 

central E-domain [63]. This process occurs in two steps. First, thrombin cleaves FpA, 
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Figure 1.2B, exposing the A-knob which is now functionally able to bind to the a-pocket, 

found in the C-terminal of the γ-chain in the D-domain, of a neighboring fibrin molecule 

thus forming a half staggered protofibril as shown in Figure 1.2C [65]. This interaction 

between the A-knob and the a-pocket is commonly referred to as the A:a interaction. The 

second step occurs with the cleavage of FpB, Figure 1.2D, exposing the B-knob which is 

now able to bind to the b-pocket found in the C-terminal of the β-chain in the D-domain 

Figure 1.2: Fibrinogen and Fibrin Polymerization. (A) A fibrinogen molecule showing the 

central E-domain connected to the two distal D-domains by the coiled-coil regions of the Aα 

(red), Bβ (blue), and γ (green) chains. Fibrinopeptides A and B (FpA and FpB) are shown 

coming from the central E-domain. The C-terminals of each chain have been labeled αC, β, 

and γ respectively. (B) Cleavage of FpA after exposure to thrombin and subsequent half-

staggered protofibril formation (C). (D) Cleavage of FpB and release of the αC domain. (E) 

Lateral aggregation of protofibrils eventually forming fibers.  
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[65]. This interaction is commonly referred to as the B:b interaction. The cleavage of FpB 

subsequently releases the αC domain from the E-domain allowing for protofibrils to 

laterally aggregate, Figure 1.2E, and eventually forming fibrin fibers [66,67].  

After cleavage of FpA and FpB respective A and B knobs are exposed. The N-

terminal of the A-knob consists of the amino acid sequence Glycine-Proline-Arginine 

(GPR) while the N-terminal of the B-knob has the amino acid sequence Glycine-

Histodine-Arginine-Proline [68,69]. A:a interactions seem to be crucial for fibrin 

polymerization while B:b interactions seem to be less important [70,71]. A study done by 

Laudano and Doolittle showed that when the normal A:a interaction was inhibited by a 

synthetic A-knob binding to the a-pocket, polymerization of fibrin molecules ceased to 

occur [72]. Similar studies have shown that when a synthetic B-knob inhibits normal B:b 

interactions fibrin clots can still form [67]. Though there is some debate as to the specific 

role of the B:b interaction in normal clot formation, it seems likely that this interaction 

plays an important role in promoting lateral aggregation and stabilizing the clot 

[66,71,73,74].  

Outside of normal clot formation, fibrin plays an important role in blood related 

diseases. Cardiovascular disease (CVD), the broad term encompassing diseases related to 

the heart or blood vessels, has been shown to have an effect on many clot related 

properties including; fibrinogen concentration, fibrin fiber size and formation, overall clot 

structure, and resistance to fibrinolysis or the breaking down of a clot [75–78]. Typical 

treatment includes first checking the level of fibrinogen present in a patient’s blood, with 

higher than normal fibrinogen levels being associated with risk of CVD [79]. Studies 

have shown that clot structure is greatly altered for CVD patients, with those having 
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CVD typically having clots that are formed with smaller diameter fibers that are more 

densely packed than normal clots [75]. This more densely packed structure is more 

difficult to lyse or breakdown than normal clots and as a result increases the risk for 

thrombosis. Interestingly, this change in fibrin fiber size and overall clot structure in 

addition to clots being less susceptible to lysis, suggests that there may be a change in the 

mechanical properties of the individual fibrin fibers that make up the overall clot.  

Past studies done in our lab have shown that individual fibrin fibers are some of 

the most extensible fibers found in nature [80,81]. Using these studies as a springboard, 

we have sought to determine what effect blocking the B:b interaction has on clot 

properties including the mechanical properties of individual fibers. We have also sought 

to determine how individual fibrin fibers are affected by CVD. In chapter V we will focus 

on blocking the B:b interaction with a synthetic B-knob and in chapter VI we will look at 

how CVD affects single fiber mechanical properties. 

1.4 Atomic Force Microscopy 

Atomic force microscopy (AFM) is a technique that uses a nanometer to 

micrometer size tip to image or determine the mechanical properties of substrates at the 

atomic scale. Originally used to measure ultrafine forces on particles near the size of a 

single atom, it has evolved to a technique that is commonly used in the field of 

biophysics to determine the stiffness of cells and substrates [82–84]. AFM cantilever tips 

are used by physically touching the surface of the cell or substrate and recording the 

feedback. Figure 1.3 helps to briefly describe this technique using a triangular tip, though 

cantilevers can come in many different shapes, sizes and stiffnesses. A laser is positioned 

onto the back of the AFM cantilever which is then deflected. The deflection is collected 
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by a four quadrant photodiode. For normal force AFM, shown in Figure 1.3B, the 

cantilever is pressed into the sample causing the cantilever to bend. This bending causes 

the laser light’s deflection to bend in the y-direction. From this change in position 

recorded on the photodiode as well as knowing the size and stiffness of your cantilever, 

we are able to determine the force that has been applied to the sample. In lateral force 

AFM, shown in Figure 1.3C, the tip is moved in the x-direction causing the cantilever to 

torque. The torque causes the laser light to deflect in the x-direction. Again, knowing the 

size and stiffness of the cantilever in addition to the left-right photodiode current, allows 

for determination of the force that has been applied to a fiber. Below we will look at 

lateral force AFM a little more closely.  

Using a combined AFM/ optical microscopy technique that was developed in our 

lab, we are able to determine the mechanical properties of individual nanofibers 

[80,85,86]. Fibers, either electrospun or fibrin, are first prepared onto a striated substrate. 

Figure 1.3: Schematic of Atomic Force Microscopy and Laser Deflection. (A) The laser light 

is deflected off of the AFM cantilever onto a four quadrant photodiode. (B) Normal force AFM 

AFM where the cantilever is moved down in the y-direction causing the laser light to be 

detected in the negative y-direction on the photodiode when it is deflected. (C) Lateral force 

AFM where the cantilever is moved to the left, causing the cantilever to torque when meeting a 

fiber, and causing the laser light to be detected in the negative x-direction when the deflection 

meets the photodiode.  
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The striated substrate sample is then sandwiched between an AFM, which rests on a 

custom made stage, and an inverted optical microscope (Figure 1.4A). The stage allows 

for independent movement of the AFM cantilever, microscope objective, and the 

nanofiber sample. Depending on the sample, it is either illuminated by fluorescent beads 

or by the camera light located inside the AFM. As shown in Figure 1.4A, the AFM 

cantilever tip is placed in the center of a well of the striated substrate next to a fiber. The 

fiber is then laterally stretched at a rate of 300-400 nm/s. Images of the manipulation are 

collected and can be analyzed using a high sensitivity camera. In addition to the data 

collected by the camera, the distance the tip travels, s, and the left-right photodiode 

signal, Il, are recorded using nanoManipulator software (3
rd

 Tech, Chapel Hill, NC).  

The stress and strain values for individual nanofibers can be calculated as follows. 

The previously mentioned left-right photodiode signal, Il, can be used in addition to the 

lateral force spring constant, Kc, to determine the lateral force on an individual nanofiber 

Figure 1.4: Schematic of Individual Nanofiber Manipulation. (A) A nanofiber suspended over 

the ridges of a striated substrate. The AFM cantilever tip is used to mechanically manipulate 

the fiber from above while the manipulation can be seen using the objective lens of an inverted 

microscope. (B) Top view of a nanofiber manipulation. The fiber is pulled to the left using the 

AFM cantilever tip. Linitial is the initial length of the fiber, s, is the distance that the tip has 

traveled, L
’
 

is the final length of the fiber, and β is the angle between L
’
 and Linitial.  
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using Fl=Kc Il. The lateral force spring constant is an intrinsic property of the cantilever 

and microscope geometry and is defined as 
n

s

C S
thl

wtE
K 




)2/(6 2

3

, where w, t, and l are 

the width, thickness and length of the cantilever respectively, h is the height of the tip, Es 

is Young’s modulus of silicon defined as 1.69 x 10
11

 N/m
2
 and Sn is the normal force 

sensor response. Other than the thickness of the cantilever, which is determined using the 

resonance frequency of the cantilever, all dimensions are measured using the high 

resolution camera of an optical microscope.  

The strain, or more properly the engineering strain εeng, is determined by using the 

initial length of the fiber, Li, and the final length of the fiber, L
’
, both shown in Figure 

1.4B, such that  𝜀𝑒𝑛𝑔 =
𝐿′−𝐿𝑖

𝐿𝑖
 . The angle between these two, β, as well as the distance the 

cantilever has moved, s, allows us to calculate the force on the fiber from  𝐹𝑓𝑖𝑏𝑒𝑟 =
𝐹𝑙

2sin 𝛽
, 

where 𝛽 = arctan (
𝑠

𝐿𝑖 
) . The stress on the fiber, σ, is then found using the force on the 

fiber and the cross-sectional area of the fiber by =
𝐹𝑓𝑖𝑏𝑒𝑟

𝐴
 . One should note that the cross-

sectional area of each nanofiber is assumed to be uniformly circular. Using the now 

determined stress and strain on the fiber we are then able to determine the modulus of the 

fiber, E, a measure of the fiber’s stiffness, using =
𝜎

𝜀
 .  
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Abstract 

Due to their low immunogenicity, biodegradability and native cell-binding domains, 

fibrinogen fibers may be good candidates for tissue engineering scaffolds, drug delivery 

vehicles and other medical devices. We used a combined atomic force microscope 

(AFM)/optical microscope technique to study the mechanical properties of individual, 

electrospun fibrinogen fibers in dry, ambient conditions. The AFM was used to stretch 

individual fibers suspended over 13.5 µm wide grooves in a transparent substrate. The 

optical microscope, located below the sample, was used to monitor the stretching process. 

Electrospun fibrinogen fibers (diameter, 30-200 nm) can stretch to 74 % beyond their 

original length before rupturing at a stress of 2.1 GPa. They can stretch elastically up to 

15 % beyond their original length. Using incremental stress-strain curves the viscoelastic 

behavior of these fibers was determined. The total stretch modulus was 4.2 GPa while the 

relaxed elastic modulus was 3.7 GPa. When held at constant strain, fibrinogen fibers 

display stress relaxation with a fast and slow relaxation time of 1.2 s and 11 s. In 

comparison to native and electrospun collagen fibers, dry electrospun fibrinogen fibers 

are significantly more extensible and elastic. In comparison to wet electrospun fibrinogen 

fibers, dry fibers are about 1000 times stiffer.  

2.1 Introduction  

With a concentration of a few g/L, fibrinogen is among the most abundant 

proteins in blood plasma; it is also non-immunogenic and relatively easy to purify. Its 

major physiological role is to form a meshwork of nanoscopic fibrin fibers – the major 

structural component of a hemostatic blood clot - in the event of vascular injury. 

Fibrinogen also plays a role in platelet adhesion and wound healing [1]. These 
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physiological and biological properties of fibrinogen may make fibrinogen fibers a good 

candidate for use in biomedical devices, such as tissue engineering scaffolds, drug 

delivery vehicles, cell substrates, wound pads, sutures, and others [2]. Some of these 

devices are used in wet (aqueous) conditions; others may be used in dry and/or wet 

conditions.  Most of these devices, such as drug delivery vehicles, wound pads and 

sutures, may transition from a dry (manufacture, storage) to a wet environment 

(application). It is, thus, important to investigate their properties in dry (ambient) and wet 

conditions.   

The performance of biomedical devices does not only depend on the 

physiological and biological properties of their components, but also on the mechanical 

properties of their components. Clearly, the device components need to endow the device 

with sufficient mechanical integrity and it may be important to maintain this integrity in 

dry and wet conditions. In other applications, such as drug delivery vehicles, wound pads, 

or sutures it may be beneficial to have a strong, stable material in dry conditions, that 

then changes to a softer, pliable, biocompatible, digestable material in the body.  The 

mechanical properties of devices can have a strong influence on the biological function of 

the device. For example, the differentiation of cells depends on the mechanical properties 

of the substrate; stem cells grown on hard, medium hard and soft substrates differentiated 

into bone, muscle and nerve cells, respectively [3-5]. 

The performance of a device can also depend on the device topography at the 

nanoscopic and microscopic level. For example, cells grow better on substrates 

mimicking the dimensions and porosity of the extracellular matrix, rather than on flat, 

featureless substrates [2].  
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Thus, biomedical devices often need to fulfill the following requirements: They 

need to mimic the fibrous, porous topography of the extracellular matrix at the 

microscopic level; they need to have specific mechanical properties at the microscopic, 

and macroscopic level; and they need to be fashioned from biocompatible materials. 

Additionally, they should be stable under storage, and it may be beneficial if they change 

properties in the body under wet conditions.   

Electrospinning technology offers the potential to control material, structural, and 

mechanical properties of biocompatible scaffolds and devices. In electrospinning, an 

electric field created by a high-voltage source causes a jet of polymers in a volatile 

solvent to elongate into ever thinner fibers, speeding evaporation so that nanometer 

diameters can be achieved. The fibers are drawn to a lower voltage surface or collection 

plate [6, 7]. Electrospinning has been used to fabricate biomaterials for bone, ligament, 

blood vessel, peripheral nerve, skin, cartilage, muscle, heart, and heart valve [8-15].  

Electrospun fibers, and fibers in the extracellular matrix, have a diameter on the 

order of a hundred nanometers. Until recently, it has been difficult to determine the 

mechanical properties of these nanoscopic fibers, since a suitable methodology was 

missing. We have developed a combined atomic force microscope (AFM)/optical 

microscope technique to determine the mechanical properties of individual nanoscopic 

fibers in buffer or ambient conditions [16-18].  Using standard cantilevers, this technique 

can measure forces in the 10
-2

 to 10
4
 nN range and should, thus be applicable to many 

native biological fibers, electrospun fibers, or other nanoscopic fibers [19].  Here, this 

technique was used to determine the mechanical properties of single, dry electrospun 

fibrinogen fibers. These results complement our experiments on electrospun fibrinogen 
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fibers in wet (aqueous) conditions [17].  We report extensibility, elasticity, stiffness, and 

relaxation behavior. We found that electrospun fibrinogen fibers are easy to make, stable 

(in dry and wet environments), and they are more extensible and elastic than electrospun 

collagen fibers [20, 21], and may, thus, become the fiber of choice for some biomedical 

devices.  

2.2 Methods and Materials 

2.2.1 Substrate preparation 

 Preparation of the striated substrate is based on soft lithography and 

micromoulding in capillaries [22]. Briefly, a PDMS (polydimethylsiloxane) stamp was 

prepared by pouring dimethylsiloxane plus catalyst (Sylgard, Dow Corning Corp, 

Midland, MI) onto an SU-8-silicon master grid (gift from Prof. Superfine, University of 

North Carolina, Chapel Hill) in a Petri dish. The polymer was cured at 70°C for 1 h. The 

PDMS stamp was removed from the master and pressed into a 10 µl drop of Norland 

Optical Adhesive-81 (NOA-81, Norland Products, Cranbury, NJ) on top of a 60 mm x 24 

mm, #1.5 microscope cover slide (Thomas Scientific, Swedesboro, NJ). The NOA-81 

was cured for 70 s with UV light (365 nm setting, UVP 3UV transilluminator, Upland, 

CA) and the stamp was removed. The substrate pattern had 6.5 µm wide ridges separated 

by 13.5 µm wide and 6 µm deep channels. 

2.2.2 Formation of electrospun fibrinogen fibers 

 Fibrinogen fibers were electrospun based on the procedures developed by Wnek 

et al [23]. A solution of 100 mg/ml lyophilized bovine fibrinogen, (Sigma-Aldrich 

Chemical Co.), 9 parts 1,1,1,3,3,3-hexafluoro-2-propanol (HFP, Sigma Aldrich), and 1 

part minimum essential medium (MEM, 10x MEM, Gibco, Invitrogen cell culture) was 
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prepared and placed in a 1 ml, 4 mm diameter syringe (Becton-Dickinson, Franklin 

Lakes, New Jersey). The syringe was equipped with a 20 gauge blunt needle (Howard 

Electronic Instruments, Kansas) attached to Teflon tubing (Small Parts Inc.). The Teflon 

tubing connected to a 3 mm piece of 20 gauge hypodermic tubing (Small Parts Inc.). The 

syringe was placed in a syringe pump (PHD 2000 Infusion Syringe Pump, Harvard 

Apparatus, Holliston, Massachusetts), the hypodermic tubing was maintained at a voltage 

of 22 kV (Spellman High Voltage Electronics Corporation) and the solution was 

dispensed at a rate of 2 ml/hr toward a grounded substrate a distance of 16 cm away. 

Fibers were spun for 5-10 s onto each substrate which consisted of a striated cover slide 

taped to the front of a grounded copper plate.  Fiber preparation was done in a large 

plexiglass box with access to open air (ambient conditions and air pressure), at room 

temperature (23
o
C).  As is typical in electrospun fibers, the solvent evaporates as the 

fibers form and get stretched out in the electric field, resulting in dry fibers on the 

substrate.  The fiber sample was removed from the electrospinning apparatus and was 

stored in a small plastic box in ambient conditions until further use.  We did not 

determine the residual hydration level of the fibers that might occur due to the ambient 

humidity in the laboratory.  However, since all fibers were treated and stored the same 

way, and since our results were reproducible across several measurements, we assume 

that the residual water content was very low and consistent across fibers.  A schematic of 

the setup, and an SEM image of electrospun fibers on the striated substrate are shown in 

Figure 2.1.  
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2.2.3 Combined microscopy and manipulation  

Fibrinogen fiber manipulations and force acquisitions were performed using a 

combined atomic force and inverted optical microscopic technique [16, 17, 24]. The 

AFM (Topometrix Explorer, Veeco Instruments, Woodbury, NY) rests on a custom-made 

stage on top of an inverted microscope (Zeiss Axiovert 200, Göttingen, Germany) (Figure 

2.2A). The fibrinogen sample is sandwiched between the AFM and optical microscope. 

The stage is designed to allow for independent movement of the objective, AFM 

cantilever and electrospun fibrinogen sample. Illumination for the sample is provided by 

the camera light inside the AFM.  

 The AFM cantilever tip (NSC35/AlBS force constant 14 N/m, MikroMasch, 

Wilsonville, OR) was placed in the center of a groove next to a fiber for manipulation. 

The tip, controlled by a nanoManipulator (3
rd

 Tech, Chapel Hill, NC), was then used to 

laterally stretch the fiber at a rate between 306 and 395 nm/s. Images and movies of the 

manipulation were collected by a Hamamatsu EM-CCD C9100 Camera (Hamamatsu 

Photonics KK, Japan) and IPlab software (Scanalytics, Fairfax, VA) (Figure 2.2C). 

Figure 2.1: Electrospinning. (A) Schematic of the Electrospinning apparatus. The syringe 

pump is used to regulate the flow of the solution through the blunt needle tip. The tip is held at 

22 kV and the pump rate is 2 ml/hr. Fibers are spun onto a glass slide prepared with ridges and 

attached to a grounded copper plate. (B) SEM image of the electrospun fibrinogen fibers 

suspended over the grooves of a striated substrate. Scale bar is 7.00 µm. 
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Meanwhile, the tip travel distance, s, elapsed time and left-right photodiode signal, Il, 

were recorded by the nanoManipulator software. 

2.2.4 Stress and strain calculation  

Stress and strain values were calculated as previously reported [16, 17]. The left-

right photodiode signal, Il, was recorded during a manipulation to determine the lateral 

force via, lCl IKF  . The lateral force spring constant KC, was determined from 

cantilever beam mechanics, nC S
thl

Ewt
K 




)2/(6 2

3

, where E is the Young’s modulus of 

Figure 2.2: Fibrinogen Fiber Manipulation. (A) Schematic of fibrinogen fiber manipulation. 

The fiber is suspended over the grooves of a striated substrate. The AFM tip, located above the 

sample, pulls on the fiber while the optical microscope, located below the sample, acquires 

images and movies of the manipulation. Figure adapted from [17]. (B) Top view schematic of 

fiber manipulation. Linitial is the initial length of the fiber, L’ is the length of the stretched fiber 

and s is the distance the tip has traveled. L’ can be found trigonometrically from Linitial  and s, 

and the strain can be calculated from these quantities (see text). Image adapted from [17]. (C) 

Optical microscopy movie frames of a fiber being stretched and broken. The fiber is on the left 

in the first photograph and the cantilever (large, dark object) and AFM tip (marked by an 

asterisk) are visible on the right. The broken fiber is to the right of the cantilever in the fourth 

image. Scale bar is 14 µm.  
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silicon (1.69x10
11

 N/m
2
) w, t, and l are the cantilever width, thickness and length 

respectively, Sn is the normal sensor response of the cantilever, and h is the height of the 

tip. The length and width of the cantilever and the height of the tip were determined using 

the optical microscope, and the thickness was calculated using the resonance frequency 

of the cantilever, 
)832.2(

276.0
433

3

ltwlh

Ewt
f





, where ρ = 2330 kg/m

3
 is the 

density of silicon.  

The stress was determined by dividing the force applied to the fiber by the cross-

sectional area of the fiber, A. The cross-sectional area, 
2( / 2)A D  , was determined 

by AFM imaging the fiber on top of the ridge (adjacent to the groove where it was 

manipulated). Imaging was done in noncontact mode and the diameter, D, was extracted 

from the topography data; assuming a circular cross-section. Stress, 
A

F
fiber'

 , was 

calculated assuming a constant fiber radius (engineering stress) and using the 

trigonometric relationship between the lateral force measured by the AFM tip, Fl, and the 

force applied to the fiber Ffiber; 
sin2

'l

fiber

F
F  , where 

initialL

s
arctan (see Figure 2.2B). 

The strain of the fiber was determined using the initial length of the fiber, recorded by the 

optical images, and the distance of the tip travel, s, recorded by the nanoManipulator. The 

engineering strain, 
initial

initial
Eng

L

LL 


'
 , where L’ is the length of the stretched fiber and 

Linitial is the initial length of the fiber (Figure 2.2B) and the true strain, )1ln( EngTrue   , 

were calculated. We choose to use true strain over engineering strain because we believe 
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that it is a more accurate representation of the actual mechanical properties of these fibers 

at high strains.  

2.3 Results 

Fibrinogen fibers were electrospun from a 100 mg/ml fibrinogen solution, onto a 

striated substrate for mechanical testing. The striated substrate had 13.5 µm wide and 6 

µm deep grooves and 6.5 µm wide ridges. We then viewed the fibers under the optical 

microscope, and selected single fibers for manipulation that spanned the ridges, as shown 

in Figure 2.2B and 2.2C. As the fibers were pulled, we observed the manipulation with 

the optical microscope to ensure that each fiber stayed attached to the ridges.  We have 

found that fibrinogen fibers are very sticky. They attach non-specifically and very 

strongly to the cured optical adhesive substrate, without any further treatment. Slippage 

may occasionally occur at the interface between the fibers and the substrate; however, 

these slippage events can be easily detected in the AFM force data traces and/or in the 

optical microscopy images and movies.  We are familiar with data that do show slippage, 

since other, non-biological fibers, such as electrospun PCL fibers, often do show slippage 

(data not shown).  Data in which the fiber detached from either ridge were not included in 

the analysis. The average diameter of the manipulated fibers, as determined by AFM, was 

95 nm, with a range from 30 nm to 200 nm.  

2.3.1 Fiber extensibility  

We first determined the maximum extensibility, εmax, of electrospun fibrinogen 

fibers, i.e. the strain at which the fiber ruptures, by stretching the fibers parallel to the 

ridges until they broke (Figure 2.2C). The fibers were pulled at a rate between 306 and 

395 nm/s. As the fibers were stretched the force required to stretch the fibers increased 
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(Figure 2.3). In the figure the force increases until the fiber reaches a strain of 57%, at 

which point the fiber ruptures and the force drops to zero. The average maximum 

extensibility, εmax, was found to be 74 ± 22 % before rupturing at a stress of 2.1 ± 1.5 GPa 

(all values presented as average ± standard deviation). Figure 2.3C, shows a histogram of 

Figure 2.3: Extensibility. (A) Lateral force vs. true strain for εmax. The fiber is continuously 

stretched until it breaks. Strain softening is visible at 34% strain, as the slope of the curve 

decreases. The extensibility or breaking strain of this fiber is 57%. Lateral Force is shown in 

units of nA to understand the general shape of the curve. (B) Lateral force is shown in nN. 

True strain was plotted starting at 10% strain because this is where true strain and engineering 

strain differ, and because the error in Ffiber can become very large for small ε (small strains). 

(C) Maximum extensibility for dry fibrinogen fibers (n=47). The average maximum 

extensibility was 74 ± 22 %. 
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the maximum extensibility. The change in slope of the graph at ~35% strain (Figure 

2.3A, B) indicates that the modulus of electrospun fibrinogen fibers decreases with 

increasing strain; this phenomenon is known as strain softening. All manipulated fibers 

showed strain softening and the average change in slope, taken as the initial slope divided 

by the slope after softening, was 2.9 ± 1.1. This change in slope occurred at ~20% strain. 

2.3.2 Fiber viscoelastic properties 

Next, the elastic limit of electrospun fibrinogen fibers was determined. The elastic 

limit, as described here, is the maximum strain after which the fiber is still able to return 

to its original length once the applied force is removed. We first pulled the fiber to a 

small strain and then retracted the AFM tip to allow the fiber to return to its initial 

position. If permanent deformation did not occur the fiber was pulled to a greater strain 

and returned again. This process was repeated, increasing the strain at each step, until 

permanent deformations could be seen in the fiber. After visual inspection of permanent 

fiber deformation, the stress-strain curves were also used to verify the strain at which the 

fiber deformed (Figure 2.4). In Figure 2.4A, the first three pulls, blue, green, and red, 

respectively, do not reach the elastic limit and the fiber returns to its original position and 

shape. This can be seen from the plot because the stress returns to zero as the true strain 

reaches zero. The black curve, however, shows the elastic limit for this fiber has been 

exceeded, since the stress goes to zero (no tension) before the strain reaches zero. That is, 

in this curve, the fiber had some slack due to permanently induced deformations. Figure 

2.4B shows a histogram of the elastic limit; the average elastic limit is εelastic = 15 ± 4 %.  

We also determined the total and elastic modulus for dry electrospun fibrinogen 

fibers. Figure 2.5 shows an example of an incremental stress as a function of true strain 
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curve for dry electrospun fibrinogen fibers. Figure 2.5A shows a plot of the true strain as 

a function of time. For this example, the fiber was pulled to a strain of ε = 67% and held 

for 21 seconds. It was then pulled to a strain of ε = 80% and held for 31 seconds. Lastly it 

was pulled to a strain of ε = 102% and held for 34 seconds. The fiber ruptured after 

further pulling. Figure 2.5C, D shows a plot of stress as a function of time for the same 

fiber manipulation. The plots together show that as the fiber is held at constant strain the 

stress decays, but it does not decay to zero stress. This is indicative of viscoelastic 

behavior. 

Figure 2.5B shows the stress as a function of true strain for the same fiber 

manipulation. The red curve is the raw data, the black solid line is the total modulus 

determined by the slope between adjacent stress peaks, and the black dashed line is the 

elastic component of the total modulus determined by fitting an exponential curve to the 

Figure 2.4: Elastic Limit. (A) Stress vs. true strain for the elastic limit (εelastic) of dry 

fibrinogen fibers. The fiber was pulled four times with the first pull being shown in blue. Since 

the stress and strain return to zero at the same point when the fiber is allowed to relax, εelastic 

has not been reached. Pulls 2 (green) and 3 (red) show the same kind of relaxation. Pull 4 

(black) shows that the elastic limit has been reached because the return stress reaches zero 

before the strain reaches zero. (B) Elastic limit distribution for dry fibrinogen fibers (n = 47). 

The average elastic limit was 15 ± 4 %. 
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Figure 2.5: Incremental Stress-Strain Curves and Relaxation. (A) True strain versus time for a 

fiber that was pulled incrementally. The fiber was stretched to a given length and held at a 

constant strain while allowing the fiber to relax. The plateaus on the graph indicate where the 

AFM tip was stopped and the fiber was held at constant strain during the manipulation. (B) 

Stress versus true strain for dry electrospun fibrinogen fibers that were pulled incrementally. 

The red curve is the raw data for the fiber, the black solid line is the total modulus determined 

by the stress before relaxation, and the black dashed line is the elastic modulus component of 

the total modulus determined by fitting an exponential curve to the relaxation. (C) Stress 

versus time for a fiber that was pulled incrementally. The stress was shown to decay 

exponentially during the time when the fiber is held at a constant strain, showing viscoelastic 

behavior for dry electrospun fibrinogen fibers. (D) Relaxation curve for dry electrospun 

fibrinogen fiber. The curve was fit with a double exponential function which produced two 

relaxation times. The fast relaxation time for this fiber was τ1= 1.5 s and the slow relaxation 

time was τ2 = 20s. 
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stress decay. The mean value for total modulus of dry electrospun fibrinogen fibers was 

4.2 ± 3.4 GPa and the elastic modulus was 3.7 ± 3.1 GPa.   

We did not observe any trend in mechanical properties related to fiber diameter, 

indicating that electrospun fibrinogen fibers may have a relatively homogeneous 

crosssection.  For natural fibrin fibers, we did observe a diameter-dependence of the 

Young’s modulus – the Young’s modulus decreased with increasing diameter [18, 25] – 

which indicates that natural fibrin fibers are denser in the center than at the periphery of 

the crosssection.   

The incremental stress versus time curves can also be used to determine the stress 

relaxation times. Figure 2.5D shows a typical relaxation curve. The relaxation times are 

determined by fitting a double exponential curve, ctbtay  )/exp()/exp( 21  , to 

the relaxation curve. For dry electrospun fibrinogen fibers the fast relaxation time was τ1 

= 1.2 ± 0.4 s and the slow relaxation time was τ2 = 11 ± 5 s. A single exponential fit can 

only fit either the slow or fast relaxation and therefore did not fit the data at either the 

beginning or the end of the relaxation curve.  

2.4 Discussion 

The physiological function of fibrinogen is to form a mesh of fibrin fibers - the 

major structural component of hemostatic blood clots – in the event of vascular injury. 

The fibrin network also provides a scaffold for binding of tissue cells such as monocytes, 

fibroblasts, and endothelial cells while fibrin degradation products attract monocytes and 

neutrophils [26]. The biocompatibility of fibrinogen and its role in tissue repair and 

proliferation make fibrin(ogen) fibers a natural choice for medical devices, including 

tissue engineering, drug delivery, or wound healing applications. Moreover, fibrinogen 
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can be easily electrospun into nanoscopic fibers.  Electrospinning is done in ambient 

conditions, and thus, the fibers in the initial device are dry.  The device may then be 

further processed (e.g. loaded with drugs, fashioned into a new shape, etc.) and stored 

until use.  Subsequent use will then often involve exposing the device to the aqueous 

environment of the body.  It is, thus, important to determine the properties of the fibers 

comprising medical devices in dry and wet conditions.   

We determined the mechanical properties of individual, dry, electrospun 

fibrinogen fibers. The fibers had an average diameter of 95 nm, the same order of 

magnitude as natural fibrin fibers and fibers of the extracellular matrix. Electrospun 

fibrinogen fibers are relatively stiff and remarkably extensible and elastic, when 

compared to other natural, electrospun, or even synthetic fibers of similar stiffness (Table 

I and [27]). For example, dry electrospun collagen fibers (εmax = 33%; εelastic = 1-2%) 

[20], native collagen fibers (εmax = 12-68%; εelastic = 3-8%), the fibers in the spokes of 

spider webs (Araneus MA silk, (εmax = 27%) or even nylon (εmax = 15-50%; εelastic = 8%) 

are less extensible.  

Natural, wet uncrosslinked fibrin fibers have a modulus of 4 MPa [18], and they 

have been shown to be extraordinarily extensible (εmax = 226% for uncrosslinked fibers) 

[16]. Wet, electrospun fibrinogen fibers retain some of the mechanical properties of the 

native fibrin fibers as they have a similar modulus of 17.5 MPa and large extensibility 

(εmax = 130%) [17]. Thus, upon drying, electrospun fibrinogen fibers become nearly a 

1000 times stiffer, but only somewhat less extensible. Wet and dry fibrinogen fibers may 

be useful in applications that require extensible and elastic nanofibers. Thus, these fibers 

may be able to fill a unique niche in medical or material science applications.  
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FiberType ε
max

a
 

ε
elastic

a
 E

0
 

(MPa) 

E
∞
 

(MPa) 
τ

1
 (s) τ

2
 (s) h Ref 

Dry, electrospun 

fibrinogen fibers 
110%

a 
16%

a 
4200 3700 1.2 11 0.3 

This 

paper 

Wet, electrospun 

fibringen fibers 
130% - 17.5 7.2 3.0 55 ~0.5 [17] 

Wet, crosslinked 

fibrin fibers 
147% 50-75% 8.0 4.0 2.1 49 1.9 [18] 

Wet, uncrosslinked, 

fibrin fibers 
226% 60-120% 3.9 2.0 2.9 54 3.21 [18] 

Dry, electrospun 

collagen fibers  
33% < 2% 

- 10,000 – 

200
c
 

- - < 0.1
d [20, 21] 

Wet, crosslinked 

electrospun 

collagen fibers
b 

- - 
- 260 – 

70
c - - - [21] 

Native tendon 

collagen fibers 
12 - - 

7,500 – 

160 
- - - 

[36-38] 

 

We would like to propose a molecular mechanism for why electrospun fibrinogen 

fibers become so much stiffer upon drying. The 1000-fold increase in stiffness suggests 

that the removal of water stiffens or fixes molecular elements that are soft and flexible in 

the presence of water. Very recent experiments suggest that a key element providing 

Table I. A comparison of the available, mechanical properties of electrospun fibrinogen, 

native fibrin, electrospun collagen and native collagen fibers. εmax, maximum extensibility; 

εelastic, elastic limit; E0, relaxed (elastic) Young’s modulus; E∞, (total) Young’s modulus; τ1, 

fast relaxation time, τ2, slow relaxation time; h, strain hardening factor (ratio of total Young’s 

modulus at high strain to total Young’s modulus at low strain). A number h > 1 indicates strain 

hardening, a number h < 1 indicates strain softening.  
a 

For better comparison, engineering strain, , is reported in the table for all fibers. In the text of  

  this paper we report true strain . For dry, electrospun fibrinogen fibers, εmax, true= 74%  

  εelastic, true = 15% (as in manuscript text), and εmax, eng = 110%, εelastic, eng= 16% (as in table).  
b

 Uncrosslinked, electrospun collagen fibers are not stable in aqueous buffers.  
c

 The modulus of electrospun collagen fibers strongly depends on the radius, with thinner  

  fibers having a larger modulus; fiber diameter ranged from about 200 nm to 800 nm [20] and  

  150 nm to 500 nm [21].  
d

 Electrospun collagen fibers show extreme strain softening and h may be significantly smaller  

  than 0.1  

[36], turkey tendon; [37], pig digital tendon; [38], bovine Achilles tendon. 
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fibrin fibers with its low modulus, elasticity and extensibility is the long, flexible, mostly 

unfolded alpha-C region [28, 29]. This region may also play a significant role in 

influencing the mechanical properties of electrospun fibrinogen fibers. We would like to 

propose that water is critical to keep this region solvated and unfolded, and that removal 

of water may severely reduce the mobility and extensibility of this region. Thus, the 

mechanical properties of fibrin and fibrinogen fibers, are dominated by the soft, 

extensible alpha-C region in the presence of water; in the absence of water this region 

becomes stiffer (or is fixed), and other elements, for example the alpha-helical coiled 

coils, may play a more dominant role.   

Fibrinogen is a highly water-soluble molecule.  It occurs at micromolar 

concentrations in blood; yet, it does not polymerize until thrombin activates it by 

removing fibrinopeptides A and B to expose binding sites A and B. Given this high water 

solubility, it is surprising that electrospun fibrinogen fibers are stable in aqueous buffers, 

even without any activation or crosslinking, as was observed in our previous study [17].  

In the following paragraph we would like to discuss this surprising stability of 

electrospun fibrinogen fibers.  There are some lines of evidence indicating that fibrinogen 

largely maintains its native structure under electrospinning conditions.  For example, the 

CD spectra of fibrinogen in aqueous buffer and in electrospinning solvent are similar; and 

the mechanical properties of native fibrin fibers and electrospun fibrinogen fibers are 

similar.  The A:a interactions, which direct the half-staggered assembly of fibrin into 

proto-fibrils, are missing in the electrospun fibrinogen fibers, raising the question ‘what 

holds the electrospun fibrinogen fibers together in aqueous buffers?’.  There must be 

additional or strengthened interactions in electrospun fibrinogen fibers.  We speculate 
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that the interactions between the alpha C-region, which exist in fibrin fibers, might also 

be present in electrospun fibers.  In soluble fibrinogen, this region is folded back and 

tucked into the central domain.  Electrospinning conditions may untuck these regions 

allowing them to interact with each other.  This could be tested by spinning fibers from a 

mutant fibrinogen that doesn’t have this region.  Electrospun collagen fibers, a different 

protein without such a flexible region, are not stable in aqueous buffer (without 

crosslinking).  Additional interactions between the fibrinogen molecules in the fibers may 

be provided by the salt and amino acids contained in the minimum essential medium 

(MEM) of the spinning buffer.  In fact, it is difficult to spin fibrinogen fibers without 

MEM.    

Previous researchers have reported on the use of electrospun fibrinogen as a 

candidate for tissue scaffolds. McManus et al. electrospun fibrous mats of fibrinogen and 

evaluated their bulk mechanical behavior under dry and wet conditions [30]. They found 

that wet conditions increased extensibility but modulus and peak stress were significantly 

reduced. In a later study, it was found that human bladder smooth muscle cells readily 

migrated into electrospun mats of fibrinogen and initiated remodeling through collagen 

production [31].  

From a biomechanical viewpoint, electrospun fibrinogen fibers offer composition 

and elasticity features that favor cell attachment and the potential for remodeling. The 

RGD amino acid sequence (Arg-Gly-Asp) is the universal cell recognition motif and can 

be found at positions Aα95-97 and Aα572-574 on the fibrinogen molecule, while RGD 

independent integrin binding sites occur on the fibrinogen γ-chain and RGD independent 

cell interactions have been reported [32]. Many cell types such as endothelial cells, 
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smooth muscle cells, keratinocytes, fibroblasts, and leukocytes and growth factors such 

as fibroblasts growth factor-2 (FGF-2) and vascular endothelial cell growth factor 

(VEGF) have been shown to bind to fibrin(ogen) [32-34]. Cellular adhesion and 

proliferation along with the mechanical properties of the fibers are likely to be important 

components of engineered load-bearing structures like blood vessels and bone where cell 

attachment and subsequent mechanotransduction are essential to tissue remodeling. 

Native tissues, like arteries for example, exhibit a highly elastic material behavior at 

lower physiologic pressures (elastin dominates) and a stiffening behavior at higher 

pressures (collagen dominates) [35]. Fibrinogen could well serve as the elastic 

component for engineered arteries. In the case of engineered valves for pediatric patients, 

the degradability of fibrinogen may be important so that the valve can remodel as the 

patient grows.  

Single fiber data, as presented in this paper, will inform the design of electrospun 

medical devices and tissue scaffolds, and will, thus, ultimately allow intelligent and 

guided design of scaffolds for medical devices.  

Acknowledgments 

This research was supported by the NIH, R41 CA103120 (MG); R21EB006539 (JS & 

JB); NSF, CMMI-0646627 (MG); and the American Heart Association, 081503E (CRC). 

We thank the NIH research resource P41 EB002025 for general support. 



Chapter 2: The Mechanical Properties of Dry, Electrospun Fibrinogen Fibers 

 

42 
 

References 

[1]  R.R. Hantgan, S.T. Lord, Fibrinogen Structure and Physiology, in: R.W. Colman, 

V.J. Marder, A.W. Clowes, J.N. George, S.Z. Goldhaber (Eds.) Hemostasis and 

Thrombosis. Basic Principles and Clinical Practice, Lippincott Williams and 

Wilkins, Philadelphia, 2006, pp. 285-316. 

[2]  C.E. Ayres, B.S. Jha, S.A. Sell, G.L. Bowlin, D.G. Simpson, Wiley Interdiscip. 

Rev.-Nanomed. Nanobiotechnol., 2 (2010) 20-34. 

[3]  F. Chowdhury, S. Na, D. Li, Y.C. Poh, T.S. Tanaka, F. Wang, N. Wang, Nat. 

Mater., 9 (2010) 82-88. 

[4]  A.J. Engler, S. Sen, H.L. Sweeney, D.E. Discher, Cell, 126 (2006) 677-689. 

[5]  G.C. Reilly, A.J. Engler, J. Biomech., 43 (2010) 55-62. 

[6]  Z.-M. Huang, Y.Z. Zhang, M. Kotaki, S. Ramakrishna, Composites Science and 

Technology, 63 (2003) 2223-2253. 

[7]  D.H. Reneker, I. Chun, Nanotechnology, 7 (1996) 216-223. 

[8]  A.S. Badami, M.R. Kreke, M.S. Thompson, J.S. Riffle, A.S. Goldstein, 

Biomaterials, 27 (2006) 596-606. 

[9]  J.D. Foley, E.W. Grunwald, P.F. Nealey, C.J. Murphy, Biomaterials, 26 (2005) 

3639-3644. 

[10]  S.G. Kumbar, S.P. Nukavarapu, R. James, L.S. Nair, C.T. Laurencin, Biomaterials, 

29 (2008) 4100-4107. 

[11]  C.H. Lee, H.J. Shin, I.H. Cho, Y.M. Kang, I.A. Kim, K.D. Park, J.W. Shin, 

Biomaterials, 26 (2005) 1261-1270. 

[12]  W.J. Li, R. Tuli, C. Okafor, A. Derfoul, K.G. Danielson, D.J. Hall, R.S. Tuan, 

Biomaterials, 26 (2005) 599-609. 

[13]  I. Liao, J.B. Liu, N. Bursac, K.W. Leong, Cellular and Molecular Bioengineering, 

1 (2008) 133-145. 

[14]  B.W. Tillman, S.K. Yazdani, S.J. Lee, R.L. Geary, A. Atala, J.J. Yoo, 

Biomaterials, 30 (2009) 583-588. 

[15]  I. Vesely, in: R.T. Lee (Ed.) Cardiovascular Tissue Engineering, The Saban 

Research Institute, Los Angeles, 2005, pp. 743-755. 



Chapter 2: The Mechanical Properties of Dry, Electrospun Fibrinogen Fibers 

 

43 
 

[16]  W. Liu, L.M. Jawerth, E.A. Sparks, M.R. Falvo, R.R. Hantgan, R. Superfine, S.T. 

Lord, M. Guthold, Science, 313 (2006) 634. 

[17]  C.R. Carlisle, C. Coulais, M. Namboothiry, D.L. Carroll, R.R. Hantgan, M. 

Guthold, Biomaterials, 30 (2009) 1205-1213. 

[18]  W. Liu, C.R. Carlisle, E.A. Sparks, M. Guthold, J. Thromb. Haemost., 8 (2010) 

1030-1036. 

[19]  H.P. Zhao, X.Q. Feng, H.J. Gao, Applied Physics Letters, 90 (2007). 

[20]  C.R. Carlisle, C. Coulais, M. Guthold, Acta Biomaterialia, 6 (2010) 2997-3003. 

[21]  L. Yang, C.F.C. Fitié, K.O. van der Werf, M.L. Bennink, P.J. Dijkstra, J. Feijen, 

Biomaterials, 29 (2008) 955-962. 

[22]  Y.N. Xia, G.M. Whitesides, Angewandte Chemie-International Edition, 37 (1998) 

551-575. 

[23]  G.E. Wnek, M.E. Carr, D.G. Simpson, G.L. Bowlin, Nano Letters, 3 (2003) 213-

216. 

[24]  L. Peng, B.J. Stephens, K. Bonin, R. Cubicciotti, M. Guthold, Microscopy 

Research and Technique, 70 (2007) 372-381. 

[25]  M. Guthold, W. Liu, B. Stephens, S.T. Lord, R.R. Hantgan, D.A. Erie, R.M. 

Taylor, R. Superfine, Biophysical Journal, 87 (2004) 4226-4236. 

[26]  R.A.F. Clark, Fibrin and wound healing, in: W. Nieuwenhuizen, M.W. Mosesson, 

M.P.M. DeMaat (Eds.) Fibrinogen, 2001, pp. 355-367. 

[27]  M. Guthold, W. Liu, E.A. Sparks, L.M. Jawerth, L. Peng, M. Falvo, R. Superfine, 

R.R. Hantgan, S.T. Lord, Cell Biochemistry and Biophysics, 49 (2007) 165-181. 

[28]  J.R. Houser, N.E. Hudson, L. Ping, E.T. O'Brien Iii, R. Superfine, S.T. Lord, M.R. 

Falvo, Biophysical Journal, 99 (2010) 3038-3047. 

[29]  C.R. Carlisle, R.A.S. Ariens, S.U. de Willige, K.F. Standeven, M. Guthold, 

Biophysical Journal, (under revision) (2011). 

[30]  M.C. McManus, E.D. Boland, H.P. Koo, C.P. Barnes, K.J. Pawlowski, G.E. Wnek, 

D.G. Simpson, G.L. Bowlin, Acta Biomaterialia, 2 (2006) 19-28. 

[31]  M. McManus, E. Boland, S. Sell, W. Bowen, H. Koo, D. Simpson, G. Bowlin, 

Biomedical Materials, 2 (2007) 257-262. 



Chapter 2: The Mechanical Properties of Dry, Electrospun Fibrinogen Fibers 

 

44 
 

[32]  N. Laurens, P. Koolwijk, M.P.M. De Maat, Journal of Thrombosis and 

Haemostasis, 4 (2006) 932-939. 

[33]  A. Sahni, C.A. Baker, L.A. Sporn, C.W. Francis, Thrombosis and Haemostasis, 83 

(2000) 736-741. 

[34]  A. Sahni, C.W. Francis, Blood, 96 (2000) 3772-3778. 

[35]  W.C. Fung, Biomechanics: Mechanical Properties of Living Tissues, 2 ed., 

Springer, New York, 1993. 

[36]  F.H. Silver, D. Christiansen, P.B. Snowhill, Y. Chen, W.J. Landis, 

Biomacromolecules, 1 (2000) 180-185. 

[37]  R.E. Shadwick, Journal of Applied Physiology, 68 (1990) 1033-1040. 

[38]  N. Sasaki, S. Odajima, J. Biomech., 29 (1996) 655-658. 

 

 



45 
 

CHAPTER 3 

THE NANOMECHANICAL PROPERTIES OF SINGLE, ELECTROSPUN 

COLLAGEN/FIBRINOGEN FIBERS 

Stephen R. Baker, Eric Voyles, Martin Guthold 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The following manuscript has been prepared for journal submission. All of the data was collected by E. 

Voyles. Data analysis was done by S. Baker and E. Voyles. The manuscript was drafted by S. Baker. M. 

Guthold acted in an advisory capacity.  



Chapter 3: The Nanomechanical Properties of Single, Electrospun Collagen/Fibrinogen Fibers 

 

46 
 

 Abstract  

The goal of tissue engineered scaffolds is to provide a biological substitute for failing 

tissues, restoring and maintaining tissue function. Using electrospun protein fibers as 

tissue engineering scaffolds is a promising solution to this difficult problem. Collagen is 

the most widely used and studied electrospun protein due to its excellent 

biocompatibility, but it lacks the structural and mechanical integrity that is needed for 

many applications. Electrospun fibrinogen has recently come to the forefront of the field 

with mechanical properties much better than electrospun collagen fibers. For this study, 

we blended collagen and fibrinogen in a 1:1 ratio to make a hybrid fiber. Using a 

combined atomic force microscopy (AFM)/Optical microscopy technique, we were able 

to determine key mechanical properties of individual electrospun collagen/fibrinogen 

fibers under dry and hydrated conditions. We showed that dry collagen/fibrinogen fibers 

can be extended to 84% of their original length while hydrated fibers can be extended to 

198% of their original length, all before breaking. Permanent deformation for the fibers 

does not occur until 26-38% strain or 74-113% strain for dry and hydrated fibers 

respectively. These fibers also exhibited a total and relaxed or elastic modulus. For dry 

samples the average relaxed modulus was 387 MPa while the average total modulus was 

488 MPa. Hydrated samples were an order of magnitude lower at 40 MPa and 68 MPa 

for relaxed and total modulus respectively. We also determined the energy loss with 

increasing strain.  

3.1 Introduction 

 Originally used in the textile industry, electrospinning is a technique that has been 

widely utlilized in the field of tissue engineering over the past fifteen years [1–4]. This 
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technique involves dissolving a polymer, natural or synthetic, into a volatile solvent, 

subjecting that solvent to a high voltage while being expelled from a syringe pump, and 

collecting the resulting fibers on a collector across a potential difference. Due to the 

nature of the technique, the nanometer to micrometer diameter fibers can be easily 

collected and made into commonly used mats or tubes [5–8]. These mats or tubes are 

then used for tissue repair or replacement of skin, blood vessels, muscles and tendons [9–

12]. As noted above, this technique can be used with both natural and synthetic polymers, 

though for the purposes of this study we will focus on two natural polymers, collagen and 

fibrinogen.  

  Collagen, the most abundant protein in the human body, has been widely used in 

tissue engineering due to its biomimetic and biochemical properties which are similar to 

the native extra cellular matrix (ECM)  [13–15]. There are at least 28 different forms of 

collagen found in vertebrates [16]. Of these forms, types I-IV are commonly used for 

tissue engineering applications with type I being the most widely used and studied. 

Unfortunately, scaffolds made from electrospun collagen alone exhibit poor mechanical 

properties and degrade quickly in buffer when uncrosslinked [17,18]. For this reason, 

tissue engineering applications that use collagen typically mix it with another natural or 

synthetic polymer to retain the biomimetic and biochemical properties of the native 

collagen while allowing the other polymer to add to the structural integrity of the scaffold 

[2,5,9,17,19].  

 Fibrinogen is a 340 kDa glycoprotein found in blood. When combined with its 

cofactors thrombin and Factor XIII (FXIII), it polymerizes into a fibrin network, which 

forms the structural basis of a blood clot. In the last ten years, electrospun fibrinogen has 
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shown promise for tissue engineering applications [1,20–23]. Unlike collagen, 

electrospun fibrinogen is natively stable in buffer. This allows for fibrinogen to be 

directly used without the addition of other polymers. Our recent studies of dry and 

hydrated fibrinogen fibers also show that the structural integrity of electrospun fibrinogen 

fibers is better for applications needing a more robust structure when subjected to high 

tensile stresses and strains [24,25]. This more robust ECM structure combined with the 

native cell compatibility of fibrinogen fibers, allows for a wider range of applications 

than collagen can provide on its own.  

 One solution to having the biomimetic and biochemical properties of the native 

ECM while having a more robust structure that is able to withstand the various pressures 

and tensions found in the body is to mix proteins together. This method allows for tailor-

made fibers and scaffolds with the exact biological and mechanical properties for a 

specific application. One of the most commonly used methods for blending fibers is to 

use collagen with a synthetic polymer. For these cases, the collagen provides the 

biocompatibility for tissue engineering applications while the synthetic polymer adds to 

the structural integrity [5,9,26]. Other studies have shown that mixtures of collagen with 

another protein may be another viable option [14,17]. The benefit to using native protein 

blends instead of native and synthetic polymer blends seems to be evident; native 

proteins are found throughout the body providing excellent cell compatibility and 

attachment as well as little to no immune response. Finding a protein blend that has 

similar biological properties with a tunable, more robust structural integrity than simple 

collagen scaffolds is a promising option in the field of tissue engineering.  
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 It is also important to note that the mechanical properties of the scaffold 

determine the type of cells that will grow and become viable. Engler et. al. has shown 

that stem cells that are seeded onto structures with differing stiffness with differentiate 

into differing cell type with stiffer substrates differentiating stem cells into bone cells and 

softer substrates differentiating cells into neuron cells [27]. One other important factor to 

consider when determining polymer choices for electrospinning applications is to not 

only consider the mechanical integrity of the overall scaffold, but also the integrity of the 

individual fibers that make up the scaffold. In a scaffold that has been seeded with cells, 

the cells will attach to the scaffold in a similar fashion as they do when attaching to the 

native ECM. Interestingly, the focal adhesion sites for these cells attach to the individual 

fibers and individual fiber alignment plays a critical role in cell movement [23,26]. From 

these studies it seems clear that the stiffness of the substrate is important, but the stiffness 

of the individual fibers that the cells are attached to may play a more critical role in 

successful tissue engineering applications.  

In the current study, we combined type I collagen and fibrinogen in solution and 

electrospun the mixture for a resulting hybrid collagen/fibrinogen fiber. Using a 

combined AFM/optical microscopy technique we were able to determine the mechanical 

properties of the resulting nanofibers in air and buffer.  

3.2 Materials and Methods 

3.2.1 Electrospinning 

 Lyophilized Fibrinogen (Fraction I, type I-S: from Bovine Plasma, Sigma-

Aldrich, St. Louis, MO, USA) and lyophilized Collagen Type I (Acid-soluble, from calf 

skin, Elastin Products CO., INC., Owensville, MO, USA) were mixed in a 1:1 ratio and 
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suspended in a solution of 19 parts 1,1,1,3,3,3-hexafluoro-2-propanol (HFP, Sigma-

Aldrich, St. Louis, MO, USA) and 1 part minimum essential medium eagle (MEM, 10x 

with Earle’s Salts, Without L-glutamine or NAHCO3, Sigma-Aldrich, St.Louis, MO, 

USA) for a final 10% wt./v. solution. This solution was then placed into a 1ml syringe 

(Becton-Dickinson, Franklin Lakes, NJ, USA) with a 20 gauge blunt tip needle (Howard 

Electronic Instruments, El Dorado, KS, USA) attached to the end of the syringe. The 

needle was attached to Teflon tubing (~10cm) on one end and a 3mm piece of 20 Gauge 

tubing (Small Parts, Inc., Logansport, IN, USA) attached to the other end. The syringe 

was placed into a syringe pump (PHD 2000 Infusion Syringe Pump, Harvard Apparatus, 

Holliston, MA, USA) and pumped at a rate of 2ml/hr. The piece of 20 gauge tubing on 

the other end was held at 22kV during the entire process using a high voltage supply 

(Spellman High Voltage Electronics Corp., Hauppauge, NY, USA).  Fibers were 

collected on a grounded substrate 16 cm from the dispensing tip. Electrospinning sample 

slide substrates were made from optical glue using a soft lithography technique as 

described previously [24]. Samples were stored at room temperature prior to 

nanomechanical manipulation. Wet samples were hydrated in Buffer (10mM HEPES, 

140mM NaCl, pH 7.4) for 1 hour prior to manipulation.  

3.2.2 Combined Atomic Force Microscopy/ Optical Microscopy 

 We use a combined Atomic Force Microscopy (AFM)/ Optical Microscopy 

technique that has been extensively used previously [24,25,28–31]. We briefly describe 

this technique below. Electrospun fiber samples are placed between an AFM (Topometrix 

Explorer, Veeco Instruments, Woodbury, NY, USA) and an inverted optical microscope 

(Zeiss Axiovert 200, Göttingen, Germany) as can be seen in Figure 3.1A. The AFM 
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allows for fiber manipulations which can be viewed using the inverted optical 

microscope. The AFM cantilever tip is used to pull on individual electrospun fibers that 

are suspended of over the ridges of the striated substrate (Figure 3.1 C and D). 

Illumination of the sample is provided by the camera light located inside the AFM. The 

cantilever tip (NSC35/ AIBS, MikroMasch, Wilsonville, OR, USA) is positioned 

between the ridges, next to suspended fiber prior to manipulations. The cantilever tip is 

controlled by a nanoManipulator program (3
rd

 Tech, Chapel Hill, NC, USA) which 

laterally stretches the electrospun fiber at an approximate rate of 300 nm/s). 

Manipulations are monitored and recorded with a Hamamatsu EM-CCD C9100 Camera 

(Hamamatsu Photonics KK, Japan) and IPlab software (Scanalytics, Fairfax, VA, USA). 

Figure 3.1: Combined Atomic Force Microscopy/ Optical Microscopy Technique. (A) 

Schematic depicting an electrospun fiber positioned between the ridges of a striated substrate. 

The AFM cantilever tip is positioned above the sample while the manipulation is viewed from 

below using the inverted optical microscope. (B) Top down view of a fiber that is being pulled 

to the left. (C) Before and (D) after a fiber manipulation. The AFM cantilever can be seen as 

the shadow to the left of the fiber has been manipulated, suspended over the well and stuck to 

the ridges. Scale bars for (C) and (D) are 15 µm. Figure adapted from [24].  
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During manipulations, nanoManipulator software records the distance the cantilever tip 

moved, the time elapsed, and the left-right photocurrent, Il.  

3.2.3 Stress and Strain Calculation 

 Stress and strain calculations were performed as described previously [24,25,28]. 

Briefly, the lateral force on a single fiber, Fl, can found from the previously mentioned 

left-right photocurrent, Il, and the lateral force conversion factor, Kc, so that Fl=Kc Il. One 

should note that the lateral force spring constant is an intrinsic property of the cantilever 

and AFM geometry defined as, 
n

s

C S
thl

wtE
K 




)2/(6 2

3

, where Es is Young’s modulus of 

silicon (1.69 x 10
11

 N/m
2
), w,t, and l are the width, thickness, and length of the cantilever 

respectively, h is the height of the cantilever tip, and Sn is the normal force sensor 

response. The dimensions of the cantilever, except for the thickness, which is determined 

using the resonance frequency, are determined using the optical microscope.  

 The engineering strain on the fiber, εeng, can be found using, 𝜀𝑒𝑛𝑔 =
𝐿′−𝐿𝑖

𝐿𝑖
, where 

Li is the initial length of the fiber and L
’
 is the final length of the fiber shown in Figure 

3.1B. Using the distance that the cantilever moves, s, and the angle between the extended 

fiber and its original position, the force applied to the fiber, Ffiber, can be found from, 

𝐹𝑓𝑖𝑏𝑒𝑟 =
𝐹𝑙

2sin 𝛽
, where 𝛽 = arctan (

𝑠

𝐿𝑖 
). The stress on the fiber, σ, can be found by  

𝜎 =
𝐹𝑓𝑖𝑏𝑒𝑟

𝐴
 where A is the cross-sectional area of the fiber. Using the stress and the strain 

we are then able to determine the modulus of the fiber, E, which is measure of the fiber’s 

stiffness, using, 𝐸 =
𝜎

𝜀
.  
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3.3 Results 

3.3.1 Extensibility, Yield Point Strain, and Strain Softening 

 Extensibility or breaking strain, for electrospun collagen/fibrinogen fibers was 

found for both dry and hydrated samples. Collagen/Fibrinogen fibers were electrospun 

onto the ridges of a striated substrate and laterally pulled using an AFM cantilever tip. 

These fibers are very sticky when electrospun and stay well anchored to the ridges of the 

striated substrate without the addition of any adhesive. Electrospun collagen/fibrinogen 

fibers were pulled at a rate of about 300 nm/s until they broke. Dry fibers could be pulled 

to a strain of 84 ± 27 % (n = 60) before rupturing while hydrated fibers could be pulled to 

a strain of 198 ± 60 % (n = 41) before rupturing. Figure 3.2 shows a representative curve 

for dry (3.2A) and hydrated (3.2B) fibers.  

 It was also observed that strain softening occurred for both dry and hydrated 

samples. Figure 3.2A shows a drastic change in slope for strains from 0 - 20% when 

compared to strains that are higher than 20%. The strain softening, represented by a 

higher slope at the beginning of the curve and a lower slope at the end of the curve, was 

found to be present in both dry and hydrated samples. For dry samples, this change in 

slope occurred at a yield point strain of 24 ± 6 % (n = 60) while the yield point occurred 

at a strain of 89 ± 35 % (n = 27) for hydrated samples.  

3.3.2 Viscoelastic Properties 

3.3.2.1 Elasticity. As other electrospun fibers have previously been shown to exhibit, 

electrospun collagen/fibrinogen fibers displayed viscoelastic behavior. We first sought to 

determine the point at which these fibers were permanently deformed (elastic limit). To 

perform this test, a single fiber was pulled to a low strain with the AFM cantilever tip, 
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and then allowed to relax to the original position. Then, the fiber was pulled to a slightly 

larger strain and allowed to relax again. This process was repeated (Figure 3.3) until the 

relaxation curve showed a force of zero before the strain returned to zero. Due to the 

nature of the process, the represented curves gave us an upper and lower bound for the 

elastic limit. For dry fibers, the permanent deformation occurred between 26 and 36% (n 

Figure 3.2: Extensibility for Dry and Hydrated Electrospun Collagen/Fibrinogen Fibers. (A) 

Representative breaking strain curve for a dry sample. The change in slope from the initial part 

of the curve, higher slope, to the final part of the curve, lower slope, is indicative of strain 

softening. The yield point for this curve occurs at 21 % strain. (B) Representative breaking 

strain curve for a hydrated sample. (C) Histogram for dry samples (n = 60). (D) Histogram for 

hydrated samples (n = 41). 
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= 58) strain while the permanent deformation occurred between 74 and 114 % (n = 26) 

strain for hydrated fibers.  

3.3.2.2 Modulus (Stiffness) and Relaxation Times. Incremental stress versus strain curves 

were used to determine the total and elastic moduli for these fibers. During this 

manipulation, a fiber is pulled to specific stress and strain and then the AFM cantilever 

tip is stopped keeping a constant strain and allowing the fiber to relax. After 

approximately 50-100 seconds, the fiber is then pulled to a higher stress and strain value 

and the AFM cantilever tip is stopped, again keeping the strain constant and allowing the 

fiber to relax. This process is repeated until 4-6 successful relaxation curves are collected 

or until the fiber breaks. Representative stress versus time, strain versus time, and stress 

versus strain curves can be seen in Figure S1. The average total modulus (initial stress 

Figure 3.3: Elastic Limit. (A) Representative curve for the elastic limit of dry electrospun 

collagen/fibrinogen fibers. (B) Representative curve for the elastic limit of hydrated fibers. For 

both (A) and (B) the first pull is represented by the black curve, the second pull is represented 

by the blue curve, the third pull is represented by the green curve, and the last pull is 

represented by the red curve. For each case, the green curve shows a pull just prior to 

permanent deformation while the red curve shows a pull after the fiber has been permanently 

deformed. The strain values for each of these curves and an upper and lower limit is found for 

the elastic limit.  
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divided by strain) for each individual fiber for dry samples (n = 28) was 387 ± 294 MPa 

while for hydrated samples (n = 7) was half an order of magnitude smaller at 67.6 ± 67 

MPa. The relaxed or elastic modulus (final stress divided by strain) for the same 

individual manipulations was found to be 488 ± 380 MPa for dry samples and 39.8 ± 39.6 

MPa for hydrated samples, again half an order of magnitude smaller. Representative 

stress vs strain curves are shown in Figure 3.4A (dry) and 3.4B (hydrated). It was also 

observed that there may be a fiber radius dependence with total and relaxed stress as 

shown in Figures 3.4B and 3.4C for dry samples and Figures 3.4E and 3.4F for hydrated 

samples. The decreasing modulus with increasing fiber radius for all cases suggests that 

Figure 3.4: Total and Relaxed Stress vs Strain and Modulus vs Fiber Radius. Representative 

stress vs strain curves indicating total and relaxed stress for dry (A) and hydrated (B) samples. 

Total modulus and relaxed modulus versus radius for dry (B and C) and hydrated (E and F) 

samples. The decreasing modulus with increased fiber radius suggests that the modulus for 

these fibers is dependent on the radius of the fiber being manipulated.  
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modulus depends on fiber radius. A larger sample size would be needed to confirm this 

radius dependence.  

 From individual stress versus time curves, we were also able to determine 

relaxation times. Fitting a double exponential represented by, 

 𝜎(𝑡) = 𝜀0[𝑌∞ + 𝑌1 ∙ 𝑒−𝑡 𝜏𝑓⁄ +𝑌2 ∙ 𝑒−𝑡 𝜏𝑠⁄ ], to each relaxation curve we were able to 

determine a fast, τf, and slow, τs, relaxation time. In this equation, Y∞ is the relaxed 

modulus and Y0 is the total modulus represented by Y0 = Y∞ +Y1 + Y2. A representative 

individual relaxation curve can be seen in Figure S1D. For electrospun 

collagen/fibrinogen fibers the fast relaxation was found to be 1.75 ± 0.85 s for dry sample 

and 1.91 ± 0.88 s for hydrated samples. The slow relaxation time was 17.49 ± 7.64 s for 

dry samples and 26.54 ± 10.99 s for hydrated samples.  

3.3.3 Energy Loss 

Percent energy loss for dry and hydrated collagen/fibrinogen fibers was 

determined by performing cyclic loading and unloading tests similar to elastic limit 

testing. Fibers were laterally pulled to a low strain and allowed to relax by moving the 

AFM cantilever tip backwards until it reached the starting point. The fiber was then 

pulled to a larger strain and the AFM cantilever tip was pulled backwards again allowing 

the fiber to relax to its original position. This was repeated until the fiber broke with 4-10 

cyclic cycles being performed for each fiber. We analyzed 198 cyclic pulls for dry fibers 

and 97 cyclic pulls for hydrated fibers by curve fitting data with high order polynomials 

for both forward and backward pulls separately. By integrating the area between these 

two curves we are able to determine the percent energy loss. A representative curve for 

both dry and hydrated samples can be seen in Figures 3.5A and 3.5C. A histogram was 
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generated for dry and hydrated samples showing percent energy loss as a function of 

strain interval shown in Figures 3.5B and 3.5D respectively. From these histograms we 

can see that, in general, increased strain correlates with increased percent energy loss. It 

should be noted that each bar in Figure 3.5B and 3.5D do not have the same number of 

Figure 3.5: Percent Energy Loss. (A and C) Representative loading (black) and unloading 

(blue) curves for dry and hydrated samples to determine percent of energy loss. The area 

between the forward and backward pull, shown in red, was determined to be the percent 

energy loss. The distribution of percent energy loss with respect to strain range for dry (B) and 

hydrated (D) samples. Energy loss seems to correlate with increased strain.  
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data points. For example, in Figure 3.5B the number of data point ranged from 45 (strains 

of 10-20%) to 8 (strains > 60%).  

3.4 Discussion 

Tissue engineered scaffolds made from electrospun nanofibers may perform a 

wide range of functions, but there are two important properties that they all must possess; 

in vivo viability and the ability to maintain the structural integrity of the scaffold for a 

desired period of time. To satisfy the first of these parameters, electrospun scaffolds, and 

as a result the nanofibers that make up the scaffolds, must allow for cell attachment, 

proliferation and a similarity, both biomimetically and biochemically, to the native ECM. 

Reaching this goal means that electrospun fibers must, at the very least, be coated in a 

way that cells can attached, for synthetic fibers, or have native protein receptors that will 

allow for cell attachment and growth. Secondly, the scaffold or nanofibers that make up 

the scaffold need to be structurally sound. This parameter can be easily satisfied with the 

use of synthetic polymers. As mentioned above, this requires that nanofibers are coated in 

a way that will allow for cell attachment in order to satisfy the first parameter. Another, 

and possibly better option, is to use electrospun protein fibers that will allow for cell 

attachment natively, while also providing the scaffold with a structurally sound fiber 

containing the desired mechanical properties. For this reason, we have chosen to use a 

widely used electrospun protein, collagen, in conjunction with fibrinogen, a protein fiber 

that has been shown to have extraordinary mechanical properties similar to those of 

synthetic fibers. Our hope was that combining these two fibers into a single, hybrid fiber 

would allow for a better, more structurally sound building block for a tissue engineering 

ECM. For this study, we have focused on the mechanical properties of the nanofibers that  
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make up the scaffolds as previous studies have shown the cell viability of electrospun 

fibrinogen and electrospun collagen [20,32]. 

We have determined the nanomechanical properties of dry and hydrated 

electrospun collagen/fibrinogen fibers using a combined AFM/optical microscopy 

technique. As we have shown previously, this technique is well suited for submicron 

diameter fibers near the size of the fibers in this study, 15-140 nm [24]. We used this 

technique to first determine the extensibility or breaking strain of electrospun 

collagen/fibrinogen fibers. The extensibility was greatly altered between dry and 

hydrated samples. Dry samples had an average extensibility of 88.0 ± 27.1 % strain while 

hydrated samples had an average extensibility a factor of two higher at 198.1 ± 59.9 % 

strain as can be seen in Table II. This result was interesting and some what unexpected. 

Comparing electrospun fibrinogen fibers for both dry and hydrated samples we did not 

see as large of a change in extensibility. While the extensibility did go from 113 ± 44 % 

 Extensibility 

(%) 

Elastic 

Limit (%) 

Fast 

Relaxation 

Time (s) 

Slow 

Relaxation 

Time (s) 

Relaxed 

Modulus 

(MPa) 

Total 

Modulus 

(MPa) 

Reference 

Collagen/Fibrinogen 

(Dry) 

84.0 ± 27.1 26.1 ± 6.2 to 

38.1 ± 8.7 

1.75 ± 0.85 17.49 ± 

7.64 

387 ± 294 488 ± 380 This Paper 

Collagen/Fibrinogen 

(Hydrated) 

198.1 ± 59.9 73.6 ± 23.1 

to 112.5 ± 

31.9 

1.91 ± 0.44 26.54 ± 

10.99 

39.8 ± 39.6 67.6 ± 67.0 This Paper 

Fibrinogen (Dry) 113 ± 44 15.8 ± 4.4 1.20 ± 0.43 10.63 ± 

4.96 

3110 ± 

2800 

3490 ± 

3120 

[24] 

Fibrinogen 

(Hydrated) 

130 ± 10 - 3.0 ± 0.3 55 ± 5 7.2 ± 0.7 17.5 ± 1.5 [25] 

Collagen (Dry) 33 ± 3 < 2 - - - 200-10,000 [28,34] 

Collagen 

(Hydrated) 

(Crosslinked) 

- - - - - 70 - 260 [34] 

Table II: Electrospun Fiber Comparison. Comparison of the mechanical properties of 

electrospun type I collagen fibers and fibrinogen fibers and the results found in this paper of 

their mixture at a 50:50 ratio for both dry and hydrated samples. Note that type I collagen is 

not stable in aqueous buffer. 
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strain to 130 ± 10 percent strange it was not as drastic a change as that seen in our current 

findings [24,25]. It seems that the addition of collagen to the fibrinogen increases the 

maximum extension of the fibers even though collagen only has an extensibility of 33 ± 3 

% strain for dry samples [28]. This is puzzling as collagen by itself does not maintain its 

structural integrity when added to buffer in its uncrosslinked state [33].  

Another interesting finding was the elastic limit of the dry and hydrated fibers. 

Dry fibers permanently deformed between 26.1 ± 6.2 % and 38.1 ± 8.7 % strain. 

Hydrated fiber samples did not permanently deform until a much higher strain; between 

73.6 ± 23.1% and 112.5 ± 31.9%. Though we cannot compare our hydrated samples to 

the elastic limit of hydrated collagen or fibrinogen by themselves, dry electrospun 

collagen and fibrinogen have a much lower elastic limit, < 2 % and 15.8 ± 4.4 % strain 

respectively, than when they are combined to make a hybrid fiber [24,28]. In a similar 

fashion to the extensibility of collagen/fibrinogen fibers, the addition of collagen with 

fibrinogen in solution allows for fibers to withstand a higher strain before they are 

permanently deformed. Even more puzzling is the fact that the relaxed and total modulus 

seem to be lower than both collagen and fibrinogen for dry samples, but higher or on the 

same magnitude for hydrated samples [24,25,28,34]. This means that while dry hybrid 

fibers are less stiff than the pure collagen or fibrinogen fibers, hydrated hybrid fibers are 

at least as stiff as pure collagen or fibrinogen fibers, if not stiffer. Interestingly, we 

observed a similar trend to other studies that showed a decreasing modulus with 

increased fiber radius. This may help to determine the diameter distribution of the 

proteins that make up the fibers, though this was outside the scope of our current study.  
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 It was found that the amount of energy lost during individual manipulations was 

dependent on the strain to which the fiber was pulled. We have previously observed this 

dependence of percentage of energy lost with respect to strain for electrospun collagen 

fibers, fibrin fibers, and most recently for electrospun poly-ε-caprolactone fibers (PCL, 

Chapter 4) [28,30]. For electrospun type I collagen fibers, it was observed that the 

percent energy loss plateaus at 80% with a strain of 12%. These results were for 

unhydrated samples. Comparing our findings for unhydrated samples, shown in Figure 

3.5B, we see that energy loss is plateau-like around 40-60% strain with an energy loss 

around 50%. We have recently found that single electrospun PCL fibers have similar 

properties with an energy loss near 50% at strains of 60%. Qualitatively, we have also 

observed that crosslinked and uncrosslinked fibrin fibers have a percentage of energy loss 

that does not plateau until greater than 100% strain. Taken together, we observe that 

hydrated single fibers can withstand a greater strain, with a lower energy loss than 

unhydrated fibers.   

 From a biological standpoint it is important that we understand why natural 

protein fibers may be a better solution to tissue engineering problems than using synthetic 

polymer fibers. As we have noted in our previous work, the RGD sequence (Arg-Gly-

Asp) is an important cell recognition motif that can be found on both fibrinogen and 

collagen [24]. This sequence is not present in non-biological synthetic polymers. For cell 

attachment purposes, this alone would make collagen and fibrinogen fibers a better 

choice than synthetic fibers, but we should look a little closer. One reason that collagen is 

used so extensively in electrospinning applications is because of this RGD sequence. 

Human adipose-derived stem cells, endothelial cells, smooth muscles cells, myoblast 
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cells, fibroblast cells and human epidermal keratinocytes c have all been shown to bind to 

electrospun collagen fibers, though these scaffolds were made with collagen mixed with 

PCL [5,9,35], Elastin [35], poly(L-lactide) (PLLA) [9], or silk fibroin [14]. Electrospun 

fibrinogen, a relatively new addition to the tissue engineering field, has been shown to 

bind endothelial cells [23], fibroblasts [20], and smooth muscles cells when mixed with 

polydioxanone [36]. To fully appreciate the findings from these studies we need to 

understand the importance of mixing the polymers together. The purpose of mixing other 

polymers with collagen is to give the fiber a better structural integrity than collagen can 

provide on its own while also not being cytotoxic. The synthetic polymers noted above 

(PCL, PLLA, and polydioxanone) provide structural stability, but will not allow for cell 

attachment. The natural polymers (Elastin and silk fibroin) are added for cell attachment, 

but do not provide as sound of a structure as fibrinogen.  

 The single fiber mechanical properties that have been presented in this paper 

provide a database for better design of tissue engineered scaffolds. Electrospun 

collagen/fibrinogen fibers may be a better choice for various applications by providing a 

fiber that is robust, while still maintaining the biomimetic requirements. We believe that 

this data will provide a basis and motivation to better understand electrospun hybrid 

biological fibers as a solution to tissue engineering scaffold design.  

3.5 Conclusions 

In this study, we have determined the mechanical properties of single, hybrid 

electrospun collagen/fibrinogen fibers. Using a combined atomic force 

microscopy/optical microscopy technique, we were able to determine various viscoelastic 

properties including: maximum extension, elastic limit, total and relaxed modulus, 
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relaxation time, and percent energy loss. Interestingly, while many of the properties for 

dry fibers fell within or between the range for dry collagen and fibrinogen fibers, 

hydrated collagen/fibrinogen fibers were shown to be much more elastic than any of the 

other fibers. The percentage of energy loss also greatly increased from dry samples to 

hydrated samples. These findings provide a basis for better understanding how hybrid 

fibers mechanically perform under stresses and strains while also giving insight into how 

they might help in the design of a scaffold that can offer a biological, structurally sound 

solution to complicated tissue engineering problems.  
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CHAPTER 4 

DETERMINING THE MECHANICAL PROPERTIES OF ELECTROSPUN POLY-ε-

CAPROLACTONE (PCL) NANOFIBERS USING AFM AND A NOVEL FIBER 

ANCHORING TECHNIQUE 
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Abstract 

Poly-ε-caprolactone (PCL) continues to be a suitable material for select biomedical 

engineering applications due to its low cost, biocompatibility and slow bioresorption. We 

used a combined Atomic Force Microscopy (AFM)/optical microscopy technique to 

determine key mechanical properties of individual electrospun PCL nanofibers with 

diameters between 440-1040 nm. Compared to protein nanofibers, PCL nanofibers 

showed much lower adhesion, as they slipped on the substrate when mechanically 

manipulated. We, therefore, first developed a novel technique to anchor individual PCL 

nanofibers to micrometer-sized ridges on a substrate, and then mechanically tested 

anchored nanofibers. When held at constant strain, tensile stress relaxed with fast and 

slow relaxation times of 1.0 ± 0.3 s and 8.8 ± 3.1 s, respectively. The total tensile 

modulus was 62 ± 26 MPa, the elastic (non-relaxing) component of the tensile modulus 

was 53 ± 36 MPa. Individual PCL fibers could be stretched elastically (without 

permanent deformation) to strains of 19-23%. PCL nanofibers are rather extensible; they 

could be stretched to a strain of at least 98%, and a tensile strength of at least 12 MPa, 

before they slipped off the AFM tip. PCL nanofibers that had aged for over a month at 

ambient conditions became stiffer and less elastic. Our technique provides accurate 

nanofiber mechanical data, which are needed to guide construction of scaffolds for cells 

and other biomedical devices.   

4.1 Introduction 

Synthetic biomaterials have steadily come to the forefront of application-driven 

design in tissue and biomedical engineering over the past 15 years [1–3]. The increasing 

use of electrospinning has been one of the reasons for this trend [4]. Electrospinning 
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involves dissolving a polymer, natural or synthetic, in a highly volatile solvent, exposing 

the solvent to a high voltage, and collecting the resulting dry, polymer fibers onto a 

grounded substrate. The electrospun fibers can be collected in various forms such as 

sheets or tubes for use in engineering skin grafts, blood vessels, heart valves, tendons and 

muscles, or as single fibers [5–10]. Naturally occurring polymers such as collagen and 

fibrinogen are well suited for various in vivo applications, promoting cell adhesion and 

growth by mimicking key mechanobiological and biochemical features of the native 

extracellular matrix [11–16]. However, scaffolds fabricated from collagen alone exhibit 

poor viscoelastic properties and break down quickly in buffer unless the sample is 

crosslinked [17,18]. While our recent studies demonstrate the superior mechanical 

performance of electrospun fibrinogen nanofibers, problems persist with fast degradation 

rates and mechanical instability when these fibers are uncrosslinked [15,16,19–21]. 

Native proteins, such as collagen and fibrinogen, are also more expensive and more 

difficult to source than synthetic polymers. Such obstacles motivate the need to engineer 

scaffolds that have good bioresorbability, suitable mechanical properties, reduced 

biodegradability, easy sourcing and low cost.  

Electrospinning synthetic polymers offers an efficient, highly scalable route 

towards creating bioengineered scaffolds with tailored degradation kinetics, excellent 

mechanical integrity, and surface functionalization [22–28]. Though polymers such as 

polyglycolide (PGA) and poly D, L-lactide (PDLA) are common tissue scaffolding 

materials, here we will focus on poly-ε-caprolactone (PCL). PCL has a slower 

degradation rate and distinct rheological and viscoelastic properties, making it suitable 

for specific long term implantation [2,29]. Renewed interest in PCL may be attributed to 
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a growing need for low cost polymers that have specific mechanical properties, are 

nonimmunogenic, and resorb naturally at a time scale of months and years, far longer 

than aliphatic polyesters designed for similar uses. Past biomedical applications for PCL 

include drug delivery sutures, wound dressings, as well as fixation devices [5,30–32]. 

Other studies have focused on using PCL for repair and replacement of bone, ligament, 

tendon and blood vessels [6,8,33–35]. To better understand how these applications will 

perform under the stresses and strains encountered in the body, we need to understand the 

nano- and micro-mechanical properties of the fibers that will be the building blocks of 

purely synthetic, or hybrid polymer/protein, scaffolds. In this study, we determined a set 

of key mechanical properties for electrospun PCL fibers, including viscoelasticity, yield 

point stress and strain, relaxation times, total and elastic tensile modulus, and energy loss 

with increasing strain and we show that certain mechanical properties are dependent on 

sample age.  

4.2 Materials and Methods 

4.2.1 Electrospinning of Aligned PCL Nanofibers 

PCL (Lactel Absorbable Polymers, Inherent Viscosity 1-1.3 dL/g in chloroform, 

molecular weight (MW) ~ 120,000 – 300,000 g/mol) was dissolved in 1,1,1,3,3,3-

hexafluoro-2-propanol (HFP, Sigma Aldrich) to a concentration of 100 mg/mL (10% 

w/vol) and mixed for 5 hours. The solution was placed into a 5 mL syringe (Becton-

Dickinson, Franklin Lakes, New Jersey). A 20-gauge blunt needle (CML Supply, LLC) 

was inserted into the syringe and attached to 10-15 cm of Teflon tubing (Small Parts 

Inc.). The Teflon tubing connected to a 3 cm piece of hypodermic tubing (Small Parts 

Inc.) and was placed on a stand as schematically depicted in Figure 4.1; the syringe was 
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then placed in a syringe pump (PHD 2000 Infusion Syringe Pump, Harvard Apparatus, 

Holliston, Massachusetts). A voltage of 20 kV (Spellman High Voltage Electronics) was 

added to the end of the hypodermic tubing directly to the blunt needle that served as the 

exit orifice. Striated substrates for sample collection were made using soft lithography 

and micromolding in capillaries as has been described previously [36]. For uniaxially 

aligning electrospun fiber arrays perpendicular to the striated substrate, a collector plate 

with copper tape and a gap in the center was used [37]. Attaching the cover slides to the 

collector plate, across the gap, allowed for fiber alignment perpendicular to the ridges of 

the striated substrate. A pump rate of 0.8 mL/hr and a working distance of 15 cm were 

used for all samples.  

4.2.2 Anchoring of Nanofibers to Microridges Using UV-Curable Optical Adhesive 

A small drop of NOA-81 optical adhesive (Norland Products, Cranbury, NJ) was 

used for anchoring single fibers to the ridges on the striated substrate. A 2 µm outer 

Figure 4.1: Electrospinning Setup. The spinning parameters were as follows: 22kV voltage, 

2.5 mL/hr pump rate and 17 cm working distance between the fixed blunt needle and the 

copper tape/slide assembly. PCL/HFP solution is indicated in green. The glass slide with 

ridges is attached to the copper tape collector and grounded. PCL fibers were electrospun for 

5-10 seconds.  
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diameter micropipette was attached to the clamp of a three-axis micromanipulator (Sutter 

MP285, Sutter Instrument, Novato, CA). A 10 µL drop of NOA-81 optical adhesive was 

placed onto a cover slide adjacent to the striated substrate, as can be seen in Figure 4.2. 

The manipulator was placed above the optical glue drop, lowered down along the z-axis 

into the optical glue and then raised back up. The clamp incident angle, θ, was held at 20-

35° relative to the nanomanipulator bar in order to facilitate the flow of glue into the 

micropipette and to transport a small amount of glue to the ridges of the striated substrate. 

The nanomanipulator bar itself was at an angle of about 20° relative to the microscope 

sample surface, so that the overall angle of the micropipette axis relative to the sample 

surface was ~ 40-55°. Once the optical glue was transported to point locations on the 

fiber using the micropipette manipulator, the substrate along with NOA-81 anchoring 

sites were cured for 60 seconds with UV-365 nm light (UVP 3UV transilluminator, 

Upland CA) to ensure adhesion between the glue anchors and the substrate, both 

consisting of the same optical adhesive. 

Figure 4.2: Fiber Anchoring Technique. The micropipette attached to the micropipette 

manipulator is brought down into the optical glue and lifted up. The micropipette is then 

moved over to the glass slide with ridges (striated substrate). A small drop of optical glue is 

placed on a fiber that is on top of a ridge. The optical glue is then cured to anchor the PCL 

fibers to the substrate. 
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4.2.3 Combined AFM/Optical Microscopy 

PCL single fiber manipulations and force measurements were performed at room 

temperature using a combined Atomic Force Microscopy/Optical Microscopy technique 

as described previously [36,38–41]. Briefly, the AFM (Topometrix Explorer, Veeco 

Instruments) is positioned above a custom-made stage that allows for isolated movement 

of the sample in relation to the AFM cantilever. The AFM and stage are placed on top of 

an inverted optical microscope (Zeiss Axiovert 200, Göttingen, Germany). Sample 

illumination is provided by the camera light located inside the AFM above the cantilever 

tip. The AFM cantilever (NSC35/AIBS, force constant 14 N/m, MikroMasch, 

Wilsonville, OR) position is controlled by the NanoManipulator software (3
rd

 Tech, 

Chapel Hill, NC) to laterally stretch the fibers at a rate of 300 nm/sec. Images used to 

identify fiber changes and anchoring integrity were collected by a Hamamatsu EM-CCD 

C9100 Camera (Hamamatsu Photonics KK, Japan) and IPlab software (Scanalytics, 

Fairfax, VA).  

4.2.4 Lateral Force, Stress, and Strain Measurements on Single Fibers 

Individual fibers were manipulated by laterally moving the cantilever tip between 

adjacent ridges and into the fiber as previously described [36,38–41]. Lateral force was 

determined using  l C lF = K I  , where Il is the left-right photodiode signal, and KC is the 

lateral force constant. The lateral force constant can be found using the Young's modulus 

of silicon, E (1.69 x 10
11

 N/m
2
), the width, w, length, l, and thickness, t, of the cantilever, 

the normal force sensor response, Sn, and the height of the cantilever tip, h, by using 

26l / 2

3

C n

Ewt
K = S

(h+t )
  . The thickness of the tip can be calculated using the resonance 
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frequency of the cantilever, 
)ltw+lhρ(π

Ewt
=f

3

433 2.832
0.276


  where ρ is the 

density of silicon. The width and length of the cantilever, as well as the height of the tip, 

were found using optical microscope images.  

Strain values, ε, were found using 
initial

initial

L

LL'
=ε


, where L' is half the length of the 

stretched fiber and Linitial is half the initial, unstretched length of the fiber as can be seen 

in Figure 4.3. Stress, σ=
F

fiber
'

A
, was calculated by dividing the force on the fiber by the 

cross-sectional area of the fiber, A. The cross-sectional area, A, was determined using 

2/ 2A= π(D )  , where D, the diameter of the fiber, was found using SEM as described 

below. The force on the fiber was determined using, 
2sin

l
fiber

F
F =

β
 , where Fl is the 

lateral force as described above and β can be found using the trigonometric relationship 

Figure 4.3: Schematic of Single PCL Fiber Manipulation. The fiber is suspended and 

anchored to the grooves of the striated substrate. During a manipulation the AFM probe is 

moved laterally, thus stretching the fiber. (A) The manipulation is viewed from underneath 

using an inverted optical microscope. (B) Top view of the fiber and ridges. Linitial is half the 

initial length of the fiber, L' is half the stretched length of the fiber and β is the angle between 

Linitial and L'. The distance the AFM tip travels is indicated by s. Figure adapted from [39].  
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between Linitial and L
'
, 

initialL

s
=β arctan . It should be noted that this assumes a constant 

fiber radius. These relationships can be seen in Figure 4.3B.  

4.2.5 Diameter Measurements using Scanning Electron Microscopy 

Measurements of individual fiber diameter were taken using SEM (Amray 1810, 

KLA-Tencor). Individual fibers were found by matching images taken from the inverted 

optical microscope at 40x zoom to the same fiber found on the SEM. Once the fiber was 

found, an image was taken at 30,000x zoom using the SEM and diameters were measured 

using the SEM software (EDS2006, IXRF Systems). An average of 15 diameter 

measurements were taken from each fiber image and all diameter measurements were 

then averaged to determine the size of each individual fiber.  

4.2.6 Energy Loss 

Energy loss for individual fibers was calculated using a custom Mathematica® 

program (details below, section 3.4). Stress versus strain values were plotted for 

individual manipulations. During each manipulation the fiber was pulled by the AFM tip 

to a specific strain and then retracted, back to the starting point. The energy loss is equal 

to the inscribed area between the forward and backward pulls (Figure 4.8A).  

When appropriate, all data are reported as the mean value ± standard deviation.  
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4.3 Results 

4.3.1 Low Natural Adhesion of PCL Nanofibers and Anchoring of PCL Nanofibers to 

Micrometer-Sized Ridges 

PCL nanofibers exhibited low natural adhesion and needed to be anchored to the 

substrate for force measurements. Anchoring of individual PCL fibers was confirmed 

using optical microscopy images of the fibers before and after manipulations. Figures 

4.4A and 4.4B demonstrate the manipulation of a single unanchored fiber, while Figures 

4.4C and 4.4D display contrasting behavior after manipulating an anchored segment of a 

fiber. Comparing anchored versus unanchored fiber images, it is evident that the 

unanchored fiber has moved on the ridges while the anchored fiber segments attached to 

the ridges are still perpendicular to the ridges of the striated substrate after manipulation. 

Further investigation of Figures 4.4C and 4.4D shows that a previously manipulated 

section of the fiber, designated by red arrows, is unchanged following a later 

manipulation designated by blue arrows. This indicates that the fiber no longer slips over 

the ridges following the curing of optical glue anchoring points. Anchoring fibers creates 

well-defined boundary conditions, which allows for the determination of well-defined 

fiber mechanical properties.  

Figure 4.4: Confirmation of Anchored PCL Fibers. (A-B) An unanchored fiber before and 

after manipulation, respectively. (C-D) An anchored fiber before and after manipulation, 

respectively. The red arrows in (C-D) indicate a previously manipulated portion of the fiber 

that was unchanged by the current manipulation, indicated by the blue arrow, demonstrating 

that the fiber did not slip under the anchoring optical glue.  
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4.3.2 Yield point, Strain Softening and Lower Limit of Maximum Extensibility 

To determine the mechanical properties of individual, electrospun PCL 

nanofibers, fibers were electrospun onto a striated substrate with 6.5 um wide ridges and 

13.5 um wide wells. Individual fibers were anchored to the ridges with optical glue as 

detailed above. Single fibers were pulled laterally, parallel to the ridges at a continuous 

rate of 300 nm/sec. Optical images were taken from underneath the sample while the 

AFM cantilever tip manipulated individual fibers from above as shown schematically in 

Figure 4.3.  

Extensibility is the maximum strain a fiber can withstand before it breaks. Despite 

numerous attempts, it was not possible to completely rupture any of the PCL fibers with 

our experimental set-up, like we had routinely done before for other natural (fibrin) and 

electrospun fibers (wet/dry fibrinogen, dry collagen) [36,38,39,41]. The reason for this is 

that PCL fibers appear to have very little natural adhesive properties, as compared to any 

of the other, sticky fibers we tested (fibrin fibers, electrospun fibrinogen, electrospun 

collagen). While anchoring PCL fibers prevents fiber slippage on the striated substrate, at 

high strain, slippage of the fiber off the AFM tip still occurs during each extensibility 

measurement. Therefore, it is only possible to give a lower limit for the maximum 

extension of a PCL fiber. A representative curve of an attempt to determine the 

extensibility of a PCL fiber can be seen in Figure 4.5. Individual fibers were pulled to a 

maximum strain before they slipped off the AFM tip. The PCL fibers that were pulled did 

not break, but gave us a lower limit for extensibility of 98 ± 30% strain at an average 

stress of 12 ± 7 MPa. Individual PCL fibers can be pulled to this strain without breaking.  
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  Figure 4.5 also shows that these fibers undergo significant strain softening as 

they are pulled to a maximum stress and strain. Quantitatively we can determine this by 

calculating the initial slope of the curve and comparing it to the final slope of the curve. 

The mean value for the initial slope was 28 ± 15 MPa, while the mean value for the final 

slope was 3.9 ± 3.7 MPa (p < 0.001). The larger initial slope indicates that, on average, 

PCL fibers undergo strain softening. We also wanted to determine the yield point at 

which these fibers had a changing stress and strain. Of the 47 fibers that were pulled, a 

yield point could be clearly seen in 45 fibers. The mean stress of this yield point was 

found to be 9.0 ± 6.0 MPa at a strain of 30 ± 11%. 

4.3.3 Elasticity (Elastic Limit) and Modulus Measurements 

4.3.3.1 Elasticity. To determine the viscoelastic properties of dry, electrospun PCL fibers 

we first found the strain at which these fibers were permanently deformed (elastic limit). 

Figure 4.5: Maximum Extension. Representative curve showing a typical extensibility 

measurement. A yield point occurs around 30% strain where the slope drastically changes. At 

95% strain the fiber slips off the tip (it does not rupture).  
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To determine this property, the fiber was pulled to a low strain and then the cantilever 

was moved back to the starting position which allowed the fiber to return to its initial 

starting point. Then the fiber was pulled to a slightly larger strain and the stress was 

removed again (tip returned to starting position). This loading routine was repeated until 

the fiber was permanently deformed, providing both a lower bound for strain 

immediately prior to deformation, and an upper bound for strain immediately following 

deformation. Figure 4.6A shows that PCL fibers (<1 month old) had an elastic limit of 

between 19 ± 5% and 23 ± 6%, i.e., fibers incur permanent damage above this strain.  

4.3.3.2 Modulus (Stiffness). Total and elastic tensile moduli were found using an 

incremental stress/strain method. To determine these properties, the fiber was stretched to 

a low, fixed strain, the stretch was halted for approximately a 50 second interval, 

Figure 4.6: Elastic Limit. Representative curves indicating when a fiber has been permanently 

deformed. (A) A fiber for a sample that was less than one month old. (B) A fiber for a sample 

that was greater than one month old. For both A and B, the red curve shows a manipulation 

that has exceeded the strain at which the fiber can still relax to an unstressed position while the 

green curve indicates a manipulation that has not yet reached the fiber's elastic limit. The black 

and blue curves are prior manipulations that have also not yet reached the elastic limit.  
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allowing for stress relaxation, and then the stretch was continued. The process was 

repeated for increasing strains at roughly the same time intervals, as seen in Figures 4.7A 

and 4.7B. Total and relaxed stresses are shown in Figure 4.7C. We found the average 

total tensile modulus for each individual manipulation (initial stress divided by strain), 

Figure 4.7: Sample Incremental Stress and Strain Curves. (A) A strain versus time curve 

emphasizes the various time periods that strain was held constant. (B) A stress versus time 

curve during the same time period as (A). (A) and (B) show that as strain is held constant the 

stress relaxes over the same time period. (C) Stress versus strain curve for this time period. The 

The black curve shows the raw data, the solid red line shows the total stress and the red dashed 

line shows the relaxed or elastic stress. (D) A single relaxation curve from (B) showing the 

double exponential curve fit. A curve is fit to the raw data from which we can extract total and 

relaxed moduli as well as fast and slow relaxation times.  

 



Chapter 4: Determining the Mechanical Properties of Electrospun Poly-ε-caprolactone (PCL) Nanofibers 

using AFM and a Novel Fiber Anchoring Technique 

 

82 
 

for fibers that are less than one month old, to be 62 ± 26 MPa. The relaxed or elastic 

tensile modulus for these same individual manipulations (final stress divided by strain), 

from fibers of the same age, had an average of 53 ± 36 MPa.  

 In addition to the total and elastic moduli, we were also able to analyze fiber 

relaxation versus time. By fitting a double exponential equation,  

𝜎(𝑡) = 𝜀0[𝑌∞ + 𝑌1 ∙ 𝑒
−𝑡 𝜏𝑓⁄ +𝑌2 ∙ 𝑒

−𝑡 𝜏𝑠⁄ ], to each of the relaxation curves, we determined 

a fast and slow relaxation time, τf and τs respectively. Here Y∞ is the relaxed elastic 

modulus, Y0 is the total elastic modulus, and Y0 = Y∞ +Y1 + Y2. A representative fit is 

shown in Figure 4.7D. The fast and slow relaxation times for single PCL fibers have 

average values of τf = 1.0 ± 0.3 s and τs = 8.8 ± 3.1 s respectively. A single exponential 

function was found to fit the curves less accurately.  

4.3.4 Energy Loss 

To determine the energy loss for PCL fibers, we performed cyclic loading curves 

by pulling individual fibers to a low strain with the AFM tip, and then moving back to the 

unstrained (starting) position. A representative curve is given in Figure 4.8A. We 

analyzed 212 individual cyclical stress vs. strain curves by curve fitting data with a high 

order polynomial from both forward and backward pulls separately. Integrating the area 

between both curves, and normalizing with respect to the stretching energy, gives the 

percentage energy loss. A histogram was generated (Figure 4.8B) that shows percentage 

energy loss as a function of strain interval; increasing strain correlates with increasing 

percent energy loss. It should be noted that the number of data points used to determine 

the percent energy loss for each bar shown in Figure 4.8B were not the same, they ranged 

from 54 data points (5-10% strain) to 9 data points (>45% strain).  
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4.3.5 Dependence of Mechanical Properties on Fiber Age 

We observed a trend in many of the studied mechanical properties as the samples 

aged. As noted above, the results that have been reported are for samples that were 30 

days old or less – defined as the younger sample. Older samples are those that were over 

30 days old, and the age of this fiber category ranged from 60 to 90 days old. Age 

dependence was first observed during elastic limit manipulations. Younger samples had 

an elastic limit of 19 ± 5% to 23 ± 6% while it was only 6 ± 2% to 8 ± 2% (p<0.001) for 

the older samples. Age-related changes in relaxation times were also observed: fast 

relaxation times increased from τf = 1.0 ± 0.3 for younger samples to τf = 1.7 ± 0.4s for 

older samples (p<0.001). Slow relaxation times increased from 8.8 ± 3.1s for younger 

samples to 21 ± 9 s for older samples (p<0.001). Age dependence was also observed for 

the total tensile modulus. Younger samples had a total tensile modulus of 62 ± 26 MPa 

while older samples had a total tensile modulus of 99 ± 84 MPa (p<0.001). There was no 

Figure 4.8: Energy Loss. (A) Representative curve for energy loss. The black curve 

corresponds to the forward pull of the cantilever, stretching the fiber. The blue curve 

corresponds to the backward motion of the cantilever, returning to the starting position. The 

red area between the two curves shows the amount of energy lost during this stretching cycle. 

(B) A histogram of the percentage of energy lost as a function of strain; energy loss increases 

steadily with increasing strain.  
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statistically significant difference between the elastic modulus when comparing younger 

and older samples (p= 0.161 Mann Whitney U, p = 0.006 t-test). We also did not observe 

a statistically significant change in maximum extensibility or energy loss with age.  

4.3.6 Statistical Analysis 

Statistical analysis for samples was done using either an independent t-test or 

Mann Whitney U test to compare differences with respect to slope (yield point) or age of 

sample (elastic limit, fast and slow relaxation time, total and elastic modulus).  

4.4 Discussion 

We have developed a novel anchoring technique for electrospun fibers that 

allowed us to determine various mechanical properties of single, electrospun poly-ε-

caprolactone (PCL) nanofibers (diameter range: 440 nm – 1040 nm). The anchoring 

efficacy was confirmed using optical microscopy and force data from the AFM cantilever 

as shown in Figure 4.4 and S2 respectively. Unanchored fibers (Figures 4.4A and 4.4B) 

easily slip during a mechanical manipulation, while the anchoring points of anchored 

fibers remain firmly in place during a mechanical manipulation (Figure 4.4C and 4.4D). 

Anchoring could also be confirmed by comparing the sensor response for unanchored 

fibers to the sensor response for anchored fibers as shown in Figure S2. For the 

unanchored fiber the sensor response drops to a lower value multiple times during the 

manipulation; Figure S2B shows an increase in sensor response until the fiber slips off 

the cantilever tip. After samples had been manipulated, we were also able to confirm our 

anchoring technique using scanning electron microscopy, as shown in Figure 4.9. Taken 

together, these three techniques demonstrate that individual fibers were rigidly anchored 

to the striated substrate throughout all lateral force measurements. The images in Figure 
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4.9 also show that the glue does not wick along the fiber, which would alter its 

mechanical properties.  

We used a combined atomic force microscopy/optical microscopy technique that 

was developed in our lab to determine mechanical properties of single electrospun poly-

ε-caprolactone (PCL) fibers [39]. We found that PCL fibers have low natural adhesion, 

causing the fiber to slip off the cantilever tip in our maximum extensibility 

measurements. Our lower limit value for the extensibility is 98 ± 30%; that is, the fiber 

could be stretched to this point before it slipped, but it did not yet break. This value is 

consistent with values found for similar PCL nanofibers. Using a nano tensile tester, Lim 

and Tan found maximum strain values on the order of about 40%, 100% and 200% for 

10%wt, 12%wt and 14%wt PCL nanofibers (MW 80,000 g/mole), respectively, and 

200% in an earlier report [9,42]. These authors also found that the extensibility depends 

on the PCL concentration and fiber diameter. They surmised that fiber crystallinity 

(which is affected by PCL concentration and fiber diameter) may be the underlying 

parameter that controls fiber properties such as extensibility and modulus, with higher 

Figure 4.9: Scanning Electron Micrograph Images. (A) An image showing a single fiber that 

has been anchored and manipulated. The figure shows that fibers have been glued to the ridges 

of the striated substrate and also that the glue has not wicked along the individual fibers. (B) 

An image showing fibers that have not been anchored or manipulated spanning the ridges of 

the striated substrate. Scale bars are 10 µm.  
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crystallinity resulting in a stiffer and less extensible fiber. Wong et al. reported an 

extensibility of between 50% and 90% for PCL nanofibers (MW 80,000 g/mol) with 

diameters between 350 nm and 1600 nm [43]. Chew et al. found extensibilities of 50% to 

100% for PCL nanofibers (8% -12% PCL, MW 60,000 g/mol) [44]. During our 

manipulations we were able to determine the yield point for electrospun PCL nanofibers, 

a property that has been difficult to quantify, as a result of smooth transitions from the 

elastic to the plastic region in previously studied nanofibers. This measurement allows us 

to determine when strain softening will occur, a property indicative of permanent 

deformation. The yield point stress (9.0 ± 6.0 MPa) and yield point strain (30 ± 11%) are 

similar to those found by Tan et al. (13 ± 7 MPa and 20 ± 10% respectively), and Wong 

et al (~35 MPA and ~20%, respectively) using different techniques [9,43]. PCL 

nanofibers show viscoelastic properties.  

Using incremental stress-strain curves, which had not been used on PCL 

nanofibers before, we determined a total tensile modulus of 62 ± 26 MPa and elastic 

tensile modulus of 53 ± 36 MPa. The total tensile modulus may be compared to the 

tensile modulus determined by other methods. Other teams reported similar, but 

somewhat higher values of 120 MPa, about 100 MPa – 500 MPa in our diameter range, 

275 MPa in our diameter range, 1000 MPa – 3000 MPa, and 3000 MPa – 5000 MPa 

[9,42–45]. It is not clear why most of these values are higher, but it could be due to 

technical differences and different nanofiber preparations. Another likely reason is that 

our fibers were formed from PCL with MW ~ 120,000 – 300,000 g/mol, whereas all 

other nanofibers were formed from PCL with MW 80,000 or 60,000 g/mol. It could be 

that higher molecular weight PCL results in softer nanofibers. These different values 
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suggest that different nanofiber properties can be achieved by varying the preparation 

methods. The observation that the elastic tensile modulus in our measurement is only 

15% smaller than the total tensile modulus indicates that the viscous component is small 

for small deformations in PCL nanofibers. The same conclusion can be reached from the 

small energy loss at small deformation (<20% energy loss for strains <10%). That is, 

even though electrospun PCL nanofibers show viscoelastic behavior, they can be treated 

as elastic fibers to a good approximation (<20% error) for small strains (<10%). It has 

been shown that the tensile modulus varies somewhat with diameter, with thinner fibers 

having a higher modulus than thicker fibers [9,42,43]. This effect was attributed to thin 

fibers having a higher crystallinity than thick fibers, and the effect was strongest for 

fibers smaller than 500 nm. We did not see a pronounced diameter dependence of the 

tensile modulus over our diameter range (440 nm – 1040 nm), supplementary Figure S3, 

probably because our fiber diameters were mostly above 500 nm.  

Making structures out of electrospun nanofibers typically requires more effort 

than just molding them from the corresponding bulk material, and the question arises if 

this extra effort is justified in biomedical engineering. Are structures formed from 

nanofibers different, and therefore, more suitable and advantageous for some applications 

as compared to structures formed from bulk material? The answer appears to be, yes. For 

example, it is becoming apparent that cell growth and behavior depend on the mechanical 

and geometric properties of the cell environment (in addition to the biochemical 

environment) [46–48]. Thus, one goal in tissue engineering is to mimic the structural and 

mechanical properties of the extracellular matrix, and electrospun nanofibers match the 

dimensions of fibers in the extracellular matrix well. The micromechanical and 
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microstructural properties of cell substrates do matter, and they can be used to control 

cell behavior, which points to the importance of investigating and fine-tuning nanofiber 

mechanical properties.  

Devices with identical macroscopic shapes may show different mechanical 

properties depending on whether they were formed from nanofibers or bulk material; for 

instance, a specimen formed from PCL nanofibers was stiffer, stronger, and not as ductile 

as a specimen formed from bulk material [43].  

It is also useful to compare PCL nanofiber mechanical properties with the 

properties of some other, protein-based electrospun nanofibers, since different 

applications may have different mechanical, structural and biochemical requirements 

(Tables III & IV). Fibrin (activated fibrinogen) polymerizes into a fibrin network, which 

is the major structural component of a blood clot, and is involved in wound healing. 

Fibrin fibers are extraordinarily extensible (150% - 220%) and elastic (50% - 100%) and 

have a tensile modulus on the order of 10 MPa [41,49]. Electrospun fibrinogen is thus 

considered a good candidate for use in biomedical engineering applications. Wet and dry 

electrospun fibrinogen fibers retain some of the native properties of fibrin fibers, as they 

are also very extensible (130% (wet); 113% (dry)), however the tensile moduli differ, 

with the dry fibrinogen fiber modulus being significantly higher (17.5 MPa (wet), 4200 

MPa (dry)) [36,39]. Collagen is the most abundant protein in the body and has numerous 

structural and mechanical functions. For example, it occurs in cartilage, skin, and the 

extracellular matrix. Native collagen fibrils have low extensibility (>20%) and are 

relatively stiff with a tensile modulus on the order of 1000 MPa [50]. Dry electrospun 
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collagen fibers have relatively low extensibility, (30%) and have a modulus ranging from 

200 – 10,000 MPa [38]. 

The mechanical properties of electrospun PCL nanofibers do not closely mimic 

any of the natural or electrospun protein fibers. However, they seem to come closer to 

fibrin fibers and electrospun fibrinogen fibers, rather than collagen fibers.  

The viscoelastic properties of single electrospun PCL fibers were affected by the 

age of the fiber sample. This is an important property for determining how long a scaffold 

made from these single fibers can be stored before the mechanical properties are greatly 

altered. PCL has seen a recent resurgence in biomedical and tissue engineering 

applications in large part due to a slow degradation time under physiological conditions 

which is desirable for certain applications [2]. To determine how well a sample will react 

to mechanical stimulus we need to understand the age at which the mechanical properties 

of the material change. These viscoelastic properties for single PCL fibers changed for 

fiber samples that were greater than 30 days old (stored at room temperature); 

characteristic differences due to aging were first observed when determining the fibers’ 

elastic limit. As noted above, younger samples could be pulled to greater strains, but 

smaller stresses than older samples. This observation shows that the strains to which a 

single fiber can be pulled are dependent on the age of the sample. Table IV shows that the 

fast and slow relaxation times, as well as the total and elastic moduli, are also dependent 

on the age of the fiber sample. The aging effect may be due to some annealing occurring 

at room temperature [51], and might be reduced by storing the fibers at lower 

temperatures.  
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The amount of energy lost during individual manipulations was dependent on the 

strain at which a single fiber was pulled (Figure 4.8B). We have previously observed the 

dependence of energy loss on strain for electrospun type I collagen fibers and single 

fibrin fibers [38,41]. While energy loss for single electrospun collagen fibers plateaus at 

80% at a strain of 12% the energy loss for single PCL fibers is only 56 ± 15% at strains 

up to 62%. It should be noted that these strains may not be high enough to observe a 

plateau in energy loss. We have previously shown that crosslinked and uncrosslinked 

fibrin fibers have an energy loss that does not plateau until greater than 100% strain.  

We chose to investigate individual PCL fibers because of their numerous 

possibilities for use in both biomedical and tissue engineering. Currently, electrospun 

collagen is widely used due to its immunogenicity in the human body. However, single 

electrospun collagen fibers have some undesirable properties that limit its potential use in 

tissue engineering including low elasticity and extensibility, and low stability when the 

fibers are uncrosslinked. In contrast, many of the properties found for electrospun PCL 

are similar to electrospun fibrinogen - see Table IV. PCL may in fact be a better choice 

than fibrinogen for certain biomedical purposes because of its low cost. In addition, it 

appears that PCL’s viscoelastic properties can be fine-tuned depending on mechanical 

needs by changing the solution properties, for example, molecular weight or 

concentration, or by changing the syringe pump rate and/or accelerating voltage. 

Combining these findings, we believe these data can be used to better design scaffolds 

that need the specific mechanical and bioresorbable properties of PCL while also 

motivating the need to better understand the properties of hybrid organic-inorganic 

electrospun nanofibers.  
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4.5 Conclusions 

We developed a novel method for anchoring micro- and nano-fibers to the 

microridges of an optical adhesive substrate. A combined atomic force/optical 

microscope technique was then used to determine the mechanical properties of anchored 

single, electrospun PCL fibers. The anchoring is critical since the fibers do not naturally 

bind to the substrates well enough to measure key mechanical properties of individual 

fibers. In fact, PCL seems to have very low natural adhesion, since it slipped on the 

substrate when not anchored, and it slipped off the AFM tip. PCL fibers were found to 

have suitable mechanical properties for various applications in biomedical and tissue 

engineering including blood vessels, skin grafts, and tendons. Viscoelastic properties 

were found to depend on the age of the fibers. Younger fibers could be pulled to a greater 

strain before permanent deformation than older fibers. The relaxation times and total and 

elastic moduli also showed age-related dependencies. This dependence on age gives us a 

better understanding of how PCL degrades, from a mechanical perspective, over time. 

Combining these findings with PCL's bioresorbable properties will allow for better 

fabrication of specific bioengineered scaffolds and devices.   
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Fiber Type  Concentration (% 

wt/vol) 

Molecular 

Weight 

(KDa) 

Diameter 

(nm) 

Ref. 

Electrospun PCL Fibers 

(<30 days) 

10 120-300 440-1040 This Study 

Electrospun PCL Fibers 

(>30 days) 

10 120-300 440-1040 This Study 

Electrospun PCL (Lim 

2008) 

10 80 200-1300 [9] 

12 

14 

Electrospun PCL (Tan, 

2005) 

7.5 80 1100-1700 [42] 

Electrospun PCL 

(Wong 2008) 

- 80 350-2500 [43] 

Electrospun PCL 

(Chew, 2006) 

8-12 60 230-5000 [44] 

Electrospun PCL 

(Croisier, 2012) 

15 80 250-700 [45] 

Dry, Electrospun 

Fibrinogen Fibers 

10 NA 30-200 [39] 

Dry, Electrospun 

Collagen Fibers 

8 NA 200-800 [38] 

 

  

Table III: Physical Properties of Individual, Electrospun Fibers.  
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Fiber Type  εmax 

(%) 

E Limit 

(%) 

τf (s) τs (s) Elastic 

Mod. 

(MPa) 

Total 

Mod. 

(MPa) 

Yield 

Strain 

(%) 

Yield 

Strain 

(MPa) 

Ref. 

Electrospun 

PCL Fibers 

(<30 days) 

>98 

± 30 

19 ± 5 to 

23 ± 6 

0.98 ± 

0.26 

8.79 ± 

3.08 

52.9 ± 

36.2 

62.3 ± 

25.6 

30 ± 

11 

9.0 ± 

6.0 

This 

Study 

Electrospun 

PCL Fibers 

(>30 days) 

>98 

± 30 

6 ± 2 to 

8 ± 2 

1.69 ± 

0.44 

21.22 

± 8.97 

61.4 ± 

51.1 

99.2 ± 

83.9 

30 ± 

11 

9.0 ± 

6.0 

This 

Study 

Electrospun 

PCL (Lim 

2008) 

~40 - - - - - - - [9] 

~100 

~200 

Electrospun 

PCL (Tan, 

2005) 

200 

± 

100 

- - - - 120 ± 

30 

20 ± 

10 

13 ± 7 [42] 

Electrospun 

PCL (Wong 

2008) 

~50-

90 

- - - - 275 ~20 ~35 [43] 

Electrospun 

PCL (Chew, 

2006) 

50-

100 

- - - - 1000-

3000 

- - [44] 

Electrospun 

PCL 

(Croisier, 

2012) 

- - - - - 3700 ± 

700 

- - [45] 

Dry, 

Electrospun 

Fibrinogen 

Fibers 

110 16 1.2 11 3700 4200 - - [39] 

Dry, 

Electrospun 

Collagen 

Fibers 

33 <2 - - - 200-

10,00 

- - [38] 

 

 

Table IV: Mechanical Properties of Individual, Electrospun Fibers. 

*τ
f
 = fast relaxation time; *τ

s
 = slow relaxation time 
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Abstract 

Protein based polymers provide an exciting and complex landscape for tunable natural 

biomaterials through modulation of molecular level interactions.  Here we demonstrate 

the ability to modify protein polymer structural and mechanical properties at multiple 

length scales by molecular ‘interference’ of fibrin’s native polymerization mechanism.  

We have previously reported that engagement of fibrin’s polymerization ‘hole b’, also 

known as ‘b-pockets’, through PEGylated complementary ‘knob B’ mimics can increase 

fibrin network porosity but also, somewhat paradoxically, increase network stiffness.  

Here, we explore the possible mechanistic underpinning of this phenomenon through 

characterization of the effects of knob B-fibrin interaction at multiple length scales from 

molecular to bulk polymer. Despite its weak monovalent binding affinity for fibrin, 

addition of both knob B and PEGylated knob B at concentrations near the binding 

coefficient, Kd, increased fibrin network porosity, consistent with the reported role of 

knob B-hole b interactions in promoting lateral growth of fibrin fibers. Addition of 

PEGylated knob B decreases the extensibility of single fibrin fibers at concentrations near 

its Kd but increases extensibility of fibers at concentrations above its Kd.  The data 

suggest this bimodal behavior is due to the individual contributions knob B, which 

decreases fiber extensibility, and PEG, which increase fiber extensibility.  Taken together 

with laser trap-based microrheological and bulk rheological analyses of fibrin polymers, 

our data strongly suggests that hole b engagement increases in single fiber stiffness that 

translates to higher storage moduli of fibrin polymers despite their increased porosity. 

These data point to possible strategies for tuning fibrin polymer mechanical properties 

through modulation of single fiber mechanics. 
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5.1 Introduction 

Protein-based polymers, such as those derived from extracellular matrix proteins, 

are widely utilized as biomaterials due to their inherent biocompatibility and utility in a 

range of medical and tissue engineering applications.  Protein-based polymers provide a 

complex landscape for modulation at the molecular level, through either chemical 

modification or modulation of specific molecular interactions with the protein.  

Modification of protein-based polymers at the molecular level can affect material 

properties at the bulk scale; such modifications could provide a rich parameter space for 

rational design of biomaterial properties.  However, modification of proteins at this 

length scale has been underutilized in the fields of biomaterials and tissue engineering.  

Here we demonstrate the ability to modify protein polymer structural and mechanical 

properties over multiple length scales by simple molecular ‘interference’ of the 

polymerization mechanism of the widely utilized protein polymer, fibrin.  

Fibrin is a hydrogel formed from the naturally derived blood clotting protein 

fibrinogen.  It is widely utilized for a number of biomedical applications due to its 

intrinsic ability to provide cell instructive cues to direct regenerative processes as well as 

its ability to be degraded by natural proteolytic processes [1, 2]; it is the body’s natural 

provisional wound-healing matrix.  Fibrin monomer is derived from proteolytic cleavage 

of the soluble precursor molecule, fibrinogen, by the serine protease thrombin [3].  Upon 

activation fibrin monomers self-assemble through ‘knob-hole’ interactions to form an 

insoluble network [4, 5].  Fibrin network properties, both structural and mechanical, are 

influenced by the polymerization conditions including initial fibrinogen and thrombin 

concentrations, buffer ionic strength, pH, and calcium concentration [6-8].  Commercially 
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available fibrin products utilize exceptionally high concentrations of fibrinogen and 

thrombin to achieve fast polymerization and impart mechanical integrity to the constructs 

[2]. However, typical fibrinogen concentrations of these products (30-100 mg/mL) are an 

order of magnitude higher than physiological circulating concentrations (~3 mg/mL).  

Despite their attractive physical properties, these high concentrations of fibrinogen and 

thrombin result in fibrin networks that lack the porosity necessary to facilitate optimal 

cellular infiltration [9].  There is interest, therefore, in modifying fibrin matrices to allow 

for increased network porosity while maintaining fast polymerization dynamics and 

mechanical integrity.  To that end our group has previously created synthetic peptides 

variants that engage native fibrin polymerization mechanisms to altered network 

properties [10, 11].  

Fibrinogen is comprised of two identical subunits, which each contain three 

chains known as the Aα, Bβ and γ chains.  The ‘A’ and ‘B’ designation refer to N-

terminal 16- and 14-amino acid peptides, respectively, which are released by thrombin 

cleavage (activation), leading to exposure of peptide sequences at the N termini of the α 

and β chains, termed knobs A and B, respectively.  Knobs A and B interact with 

complementary holes a and b located in the two distal ‘D domains’ of the γ and β chains 

on neighboring fibrinogen molecules.  Because holes a and b do not require enzymatic 

cleavage to bind to their respective knob peptides, synthetic knob peptides have been 

utilized to modify fibrin network architecture for tissue engineering and/or drug delivery 

applications.  Our group has created a variety of knob mimic constructs including knob-

A-protein constructs [10], PEGylated knobs A and B [11, 12] and knob A modified elastin 
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like peptide micelles [13] and we have characterized their effect on fibrin properties such 

as polymerization, degradation, mechanical properties and network structure.      

The N-terminal Gly-Pro-Arg (GPR) motif found on the α chain is the minimum 

knob A sequence required to facilitate binding to a complementary hole a located in the γ 

chains [14, 15].  The human knob B motif is comprised of the N-terminal Gly-His-Arg-

Pro (GHRP) motif and is complementary to hole b located in the β chains [16].  A:a 

interactions appear to be the primary contributor to fibrin polymerization; polymerization 

is inhibited in the presence of high concentrations of a synthetic knob A of the sequence 

Gly-Pro-Arg-Pro (GPRP) [15].  B:b interactions appear to be less crucial in primary 

fibrin formation and clots can be formed in the absence of knob B exposure [4, 17]. There 

is some debate over the physiological relevance and specific functional role of B:b 

interactions, however our and others’ studies suggest that B:b interactions promote lateral 

aggregation and play a role in determining clot stability and susceptibility to degradation 

[11, 18]. 

Because B:b interactions are not essential to fibrin network formation, 

modification of fibrin network properties through synthetic knob B mimics is perhaps 

more attractive than through knob A mimics because one can alter properties without 

adversely affecting primary polymerization.  Despite a few reports of knob-hole cross-

reactivity, the knob B mimic derived from chicken (AHRP) has previously been 

demonstrated to only bind to hole B [19, 20].  Further studies with the bovine knob B 

mimic (GHRPY) demonstrated that the Tyr5 residue contributes to an altered molecular 

packing of fibrinogen molecules that leads to altered network structure and delayed 

fibrinolysis [18, 21].  We recently utilized a PEGylated knob B mimic, AHRPYAAC, to 
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combine the knob B specificity of the AHRP sequence with the altered molecular packing 

of fibrinogen molecules of XHRPY sequences [11]. This PEGylated- AHRPYAAC 

construct enhanced the porosity of the fibrin network, decreased susceptibility to 

degradation and increased the complex modulus (G
*
).  These prior studies were 

performed at a 1:1 molar ratio of fibrinogen:knob mimic to allow for direct comparison 

with equimolar concentration of PEGylated knob A mimics, however the reaction kinetics 

of A:a and B:b interactions vary greatly. Furthermore, the initial release of knob A by 

thrombin cleavage is significantly faster than the exposure of knob B, but as 

polymerization proceeds, the rate of knob B exposure increases, a process thought to be 

driven by conformation changes [22].  Utilizing knob B mimics at concentrations which 

are close to its Kd would allow for more robust control over fibrin network properties 

mediated by pre-engagement of the hole b.  

We hypothesized that the effect of AHRPYAAC-PEG on fibrin network 

properties would be more pronounced at concentrations near the Kd of B:b interactions.  

Here, we first characterize the binding kinetics of free and PEGylated knob B mimics to 

fibrinogen fragment D and then investigate the effect of these synthetic knobs on fibrin 

network properties at concentrations below, near and above the Kd.  In these studies, we 

characterize the effect of PEGylated knob B on clot properties at multiple length scales by 

analyzing events at the molecular, nano- and micro- scale.    

5.2 Materials and Methods 

5.2.1 Preparation and characterization of PEGylated knobs 

Knob B and non-binding control cysteine-terminated peptides, AHRPYAAC and 

GPSPFPAC respectively, were custom-ordered from Genscript (Piscataway, NJ) in 
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lyophilized form.  Peptides were conjugated to 5 kDa maleimide-PEG (JenKem 

Technology, Allen, TX) by reacting components at a 10:1 peptide to PEG molar ratio in 

100 mM phosphate buffer pH 7.2, 150 mM NaCl, 10mM EDTA for four hours at room 

temperature.  Excess unconjugated peptide was removed from the conjugated product 

through dialysis overnight into deionized water utilizing 2 kD molecular weight cutoff 

membranes (Slidalyzer, Thermo Fisher Scientific). The product was aliquoted, 

lyophilized and quantified.  PEG and peptide concentrations were quantified through a 

barium chloride PEG assay and the CBQCA amine assay, respectively.  Briefly, the 

barium chloride assay for PEG quantitation was based on the method of Sims and Snape 

and modified for a 96-well plate format [23].  80 μL of sample was incubated with 20 μL 

of barium chloride solution (5% in 1 M HCL).  10 μL of 0.1 N iodine solution was then 

added to each well and absorbance was measured at 535 nm using a plate reader.  PEG 

concentration was calculated through the use of a standard curve generated with 

unconjugated 5 kD PEG.  Peptide concentration was then determined using the CBQCA 

assay kit (Invitrogen, Carlsbad, CA) according to manufacture specifications using 

unconjugated AHRPYAAC or GPSPFPAC peptides to generate standard curves.   

5.2.2 Preparation of fibrinogen fragment D 

Human fibrinogen (FIB 3, Enzyme Research Laboratories (ERL)) at 2 mg/mL 

was digested with 0.1 U/mL human plasmin (ERL) in HEPES (N-2-

hydroxyethylpiperazine-N_-2-ethanesulfonic acid) CaCl2 buffer (150mM NaCl, 5mM 

CaCl2, 25mM HEPES; pH 7.4) overnight at room temperature. Fragment D was isolated 

by incubating the plasmin-digested fibrinogen with GPRPAA beads at room temperature 

for 30 minutes, with occasional agitation [24, 25]. The unbound proteins and protein 
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fragments were removed with excessive washing with HEPES + CaCl2 buffer. Fragment 

D was eluted with 1M sodium bromide and 50mM sodium acetate (pH 5.3). Eluted 

samples were pooled together and exchanged back into HEPES + CaCl2 buffer with a 

centrifugal filter (molecular weight cutoff, 10,000 Da). Fragment D was verified by 

sodium dodecyl sulfate–polyacrylamide gel electrophoresis and stored at -80°C until use. 

5.2.3 Surface Plasmon Resonance 

The Biacore 2000 (Biacore Lifesciences, GE Healthcare) was used to investigate 

kinetic binding constants (ka and kd) of knob peptide variants for fibrinogen Fragment D, 

which contains the polymerization holes. Briefly, Fragment D was covalently 

immobilized to gold-coated SPR sensor chips via self-assembled monolayer surface 

chemistry to generate a nonfouling surface with a controlled density of reactive 

carboxylic acid groups. Mixed self-assembled monolayers were generated on gold-coated 

chips by incubating with a 1-mM mixture of tri(ethylene glycol)–terminated alkanethiols 

(HS-(CH2)11–(OCH2CH2)3–OH; ProChimia) and carboxylic acid– terminated 

alkanethiols (HS-(CH2)11–(OCH2CH2)6–OCH2COOH) overnight [25]. On loading the 

senor chip into the Biacore 2000, the carboxylic acid–terminated alkanethiols in all 4 

flow cells was activated by flowing 200 mM 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (Sigma- Aldrich) and 50 mM N-hydroxysuccinimide (Sigma-Aldrich; 5 

μL/minute for 10 minutes). Immediately after activation, Fragment D was immobilized in 

3 flow cells (5 μL/minute for 10 minutes) to achieve approximately 1500 resonance units 

(1 resonance unit ~1 pg/mm
2
). Unreacted N-hydroxysuccinimide groups were quenched 

in all 4 flow cells (3 sample cells and 1 reference cell) with 20 mM ethanolamine (10 

μL/minute for 10 minutes). On stabilization of the baseline signal, kinetic binding 
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experiments were run in duplicate with the peptide variants as the flow analytes. Five 

different concentrations for each peptide (ranging from 5 μM to 1.5 mM) were flowed at 

25 μL/minute for 4 minutes immediately followed by a 5-minute dissociation phase. 

Between each run, the surface was regenerated with 1 M sodium bromide and 50 mM 

sodium acetate (pH 6.0).  

5.2.4 SPR analysis and evaluation 

SPR sensorgrams were analyzed with the aid of Scrubber 2 and ClampXP 

software (Center for Biomolecular Interactions Analysis, University of Utah) [26-28].  

Sensorgrams with abnormalities (i.e., baseline drift, air spikes, or irregular deviations) 

were excluded from analysis.  Reference cell responses were subtracted from 

corresponding active response curves. Double-referenced curves were acquired by further 

subtracting the reference cell blank buffer injections from each reference subtracted 

response curve. All double-referenced curves were normalized by the molecular weight 

of each peptide and multiplied by 1000 to account for minor variations in response 

because of molecular weight. The resulting curves were then analyzed and fitted to the 

kinetic models. Kinetic modeling and simulations were performed with ClampXP 

software with the Langmuir 1:1 model or the heterogeneous ligand model; globally fitted 

parameters were determined for each kinetic dataset per peptide. Equilibrium binding 

constants were calculated from fitted kinetic constants. Goodness of fit for each model 

was determined by evaluating the residual plots and residual sum of squares. 

5.2.5 Confocal Microscopy 

Clot structure was analyzed using fluorescence confocal microscopy.  Fibrin clots 

were prepared with a final fibrinogen concentration (FIB 3, ERL) of 1 mg/mL and 0.25 
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U/mL thrombin (human α-thrombin, ERL) in the presence or absence of various 

concentrations of free peptides or PEGylated peptides (1 mM, 250 μM and 100 μM) and 

examined using confocal microscopy (63x oil immersion objective, NA 1.4; Zeiss 510 

VIS).  These concentrations of peptides were chosen because they represented 

concentrations above, near and below the Kd values calculated for PEGylated knob B 

binding to fibrinogen fragment D.  To allow for visualization of the fibrin matrix, Alexa 

Fluor 647-labeled fibrinogen was utilized for these assays.  Clots were formed directly on 

a glass slide, overlaid with a coverslip and allowed to polymerize for an hour prior to 

imaging. 

5.2.6 Clot Polymerization Assays 

Fibrin polymerization dynamics were observed in the presence of various 

concentrations (1 mM, 250 μM and 100 μM) of free and PEGylated knob B and control 

peptide.  Clots were formed in 25 mM HEPES, 150 mM NaCl, pH 7.4 with final 

fibrinogen, thrombin and CaCl2 concentrations of 1 mg/mL, 0.25 U/mL and 5 mM, 

respectively.  Polymerization was monitored by real time analysis of clot turbidity 

through measuring A350 every minute for one hour using a plate reader (BioTek Synergy 

H4, Winooski, VT).  Baseline absorbance values were subtracted from each reading and 

polymerization curves were analyzed to determine various parameters including final 

turbidity, half-max polymerization time and rate of polymerization.  Half-max 

polymerization time corresponds to the time required to reach half of the maximum 

turbidity value.  Following the one-hour polymerization phase, the amount of unclotted 

protein was determined by analyzing the clot liquor for total protein using the Quant-it 

protein assay (Invitrogen).  Percent clottable protein was determined by comparing each 
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experimental sample to negative control fibrinogen only samples.      

5.2.7 Microrheology of fibrin clots 

Local material response functions within hydrogels were measured by active 

microrheology (AMR) as previously described [29, 30].   Fibrin gels were polymerized as 

described in previous sections but with the addition of 2 μm microbeads added to the 

unpolymerized solution at a concentration of 1 mg/mL.  A set of microbeads were chosen 

at random for active microrheology. Briefly, a microbead is oscillated by optical tweezers 

(1064 nm laser microbeam) steered by galvanometer mirrors. A detection laser 

microbeam (785nm) not steered by mirrors is focused onto the microbead, which deflects 

the detection beam as the microbead oscillates in position. Detection beam deflection is 

measured by a quadrant photodiode that outputs analog signals related to the absolute 

position of the bead. The optical trapping beam was oscillated sinusoidally with 

amplitude of 60 nm at frequencies 10, 20, 50, 75, and 100 Hz.  Local material properties, 

including the complex shear modulus G* are computed from the amplitude-phase 

response of each microbead relative to the laser. G* is decomposed into the storage and 

loss moduli, G’ and G” respectively [31].  

5.2.8 Bulk Rheology 

Oscillatory rheology was performed on the various fibrin constructs using a cone-

plate rheometer (Anton Paar, Graz, Austria) with a 25 mm diameter tool attachment. 

Clots were formulated as previously described and allowed to polymerize in contact with 

the tool for one hour prior to measurements. Frequency sweeps were performed over a 

frequency range from 0.01 Hz to 10 Hz at 0.1% strain to obtain storage and loss moduli. 



Chapter 5: Molecular Interference of Fibrin’s Divalent Polymerization Mechanism Enables Modulation of 

Multiscale Material Properties 

 

110 
 

Average storage moduli were calculated from the average value over the frequency range 

for three different gel constructs. Data is represented as mean +/- SEM. 

5.2.9 Formation of Fibrin Fibers for Single Fiber Experiments 

 Mimetic knob B (AHRPYAAC) was added to a fibrinogen solution in HEPES 

buffer (140 mM NaCl, 10 mM HEPES, 5 mM CaCl2, pH 7.4) and allowed to incubate at 

37°C for 15 min. After incubation, Human alpha Thrombin (ERL) and Human Factor 

XIII (FXIII) (ERL) were added to the solution and a clot was allowed to form on striated 

substrates made from optical glue, as described previously, for 75 min [32]. Final 

concentrations of mimetic knob B for different samples were 1 mM, 250 μM, and 100 μM 

respectively. The final concentration of fibrinogen, thrombin, and FXIII were 3.2 μM 

(1.09 mg/ml), 0.3 NIH u/ml, and 9.00 Loewy u/ml respectively. Clots were also formed 

using PEGylated knob B with final concentrations of 1 mM, 250 μM, and 100 μM as 

described above. Control clots were formed from a fibrinogen solution and 5 kDa PEG 

with final concentrations of PEG being 1 mM, 250 μM, and 100 μM as before. After clots 

were formed, fibers were labeled with 24 nm yellow-green carboxyl fluorescence beads 

(Invitrogen, Fluospheres, Carlsbad, CA) diluted 1/100 in fibrin buffer-2 (10mM HEPES, 

140mM NaCl, pH 7.4). A 200 μl drop was added directly to the clot on the cover slide 

and allowed to bind to the fibers for 10 min. The slide was then rinsed and stored with 

HEPES buffer.  

5.2.10 Combined Atomic Force Microscopy (AFM)/Fluorescence Microscopy 

 Fibrin fiber manipulations were performed using a combined atomic 

force/fluorescence microscopy technique [32,33]. The AFM (Topometrix Explorer, 

Veeco Instruments, Woodbury, NY) rests on a custom-made stage on top of an inverted 
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microscope (Zeiss Axiovert 200, Göttingen, Germany). The cover slide with the fibrin 

sample is sandwiched between the AFM and the fluorescence microscope. The stage is 

designed to allow for independent movement of the fibrin sample, objective, and AFM 

cantilever. Fluorescence images were captured using a Hamamatsu EM-CCD C9100 

Camera (Hamamatsu Photonics KK, Japan) and IPLab software (Scanalytics, Fairfax, 

VA). The AFM cantilever tip (CSC38/AlBS, force constant 0.03-0.08 N/m, MikroMasch, 

Wilson, OR) was placed between two of the ridges in the striated substrate, next to a fiber 

for manipulation. The cantilever tip, controlled by nanoManipulator software (3rd Tech, 

Chapel Hill, NC) was then laterally moved to stretch a single fiber at a rate of 305 nm/s. 

The elapsed time, tip travel distance, and left-right photodiode signal were recorded by 

the nanoManipulator software.  

5.2.11 Force and Strain Calculations 

 The force applied to single fibrin fibers and single fiber strain were calculated as 

previously reported [32]. The lateral force spring constant Kc, is determined from 

cantilever beam mechanics, , where E is the Young’s modulus of 

silicon (1.69x10
11

 N/m
2
), w, t, and l are the cantilever width, thickness and length 

respectively, Sn  is the normal sensor response of the cantilever, and h is the height of the 

tip. Using this and the left-right photodiode signal, Il, we can determine the lateral force 

using . The height of the tip and length and width of the cantilever were 

found using the optical microscope. The thickness was calculated using the resonance 

frequency of the cantilever, , where ρ is the 
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density of silicon (2330 kg/m
3
). The force applied to the fiber, , was 

found using the lateral force measured by the AFM tip, Fl, and 











initialL

s
arctan  found 

from Figure 5.6B, where s is the distance the tip traveled, recorded by nanoManipulator 

and Linitial is the initial length of the fiber. The strain of each individual fiber was 

calculated from , where L’ is the length of the stretched fiber and Linitial is 

the initial length of the fiber. 

5.2.12 Statistical Analysis 

All statistical analyses were performed with Prism software program (GraphPad, 

San Diego CA).  Data was analyzed using a one way analysis of variance (ANOVA) 

using a Tukey or Scheffe posthoc test at a 95% confidence interval.  

5.3 Results 

5.3.1 Binding kinetics 

The binding capacities of knob B peptide, AHRPYAAC, non-binding peptide, 

GPSPFPAC, and their respective PEGylated peptides to fragment D were determined 

through SPR.  Experimental SPR curves were fit to a Langmuir 1:1 model or a 2-site 

model to determine the association and dissociation rates (ka, kd, respectively) for each 

peptide variant.  Goodness of Fit was analyzed by the residual sum of squares (RSS), 

which characterizes the difference between the experiment values and the fitted curves.  

A lower RSS corresponds to a better fit, and in general, this value should be below 10% 

of the maximum binding response.  The RSS was evaluated for all knob peptide variants 

F fiber=
F l
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fit to both the Langmuir 1:1 model as well as the 2-site model.  Knob B native peptides 

and their PEGylated counterparts best fit a 2-site model, while the non-binding control 

only converged when fit to the Langmuir 1:1 model. Binding to fragment D was only 

observed for the native non-binding peptide and the PEGylated version at high (mM) 

concentrations, which is likely due to nonspecific interactions.  Previous reports 

characterizing the affinity of knob A for fragment D also reported a 2-site binding model 

[25], presumably because knob A binds both hole a and hole b.  The binding affinities of 

the knob B have not been previously reported, however, knob B is thought to only bind 

hole b.  Examination of the fitted parameters for the 2-site model of knob B demonstrate 

one higher and one lower affinity interaction, with these values being two orders of 

magnitude apart for the PEGylated knob B.  The higher affinity reaction is assumed to be 

the specific interaction of knob B and hole b, whereas the lower affinity reaction likely 

corresponds to nonspecific binding, as we have previously reported [25]. The 

experimental sensograms and their respective best fits are shown below in Figure 5.1. 

The fitted parameters (ka, kd) for each knob peptide variant are displayed in Table SI.  

Kd1, again assumed to be the specific interaction of knob B and hole b, was found to be 31 

μM for free knob B peptide and 57 μM for the PEGylated knob B. The lower affinity Kd2, 

likely corresponding to nonspecific binding, was found to be 80 μM for free knob B 

peptide and 1750 μM for the PEGylated knob B.  The calculated Kd for the nonbinding 

control peptides and their PEGylated counterpart were found to be 181 and 290 μM, 

respectively. These results indicate that, at a minimum, micromolar concentrations of 

PEGylated knob B peptides are required to observe binding to fibrinogen.  We therefore 

utilized peptide concentrations ranging from 100 μM - 1 mM for subsequent studies. 
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5.3.2 Confocal Microscopy 

Fibrin clots were polymerized in the presence of free or PEGylated knob B 

peptide or the non-binding control and examined using confocal microscopy. Inclusion of 

free or PEGylated knob B peptide greatly altered fibrin network structure, resulting in 

Figure 5.1:  Experimental SPR curves and fits.  Fragment D immobilization and analysis of 

binding capacity of knobs. Fragment D was immobilized on the surface of a sensorchip (A).  

The binding capacities of knob B peptide, AHRPYAAC (B), non-binding peptide, GPSPFPAC 

(C), and their respective PEGylated peptides (D, E) to fragment D were analyzed through SPR.  

Representative experimental binding curves and fits are shown in black and red, respectively.   
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thicker fibers and an increased porosity (Figure 5.2) in a concentration dependent 

manner.  The addition of free non-binding peptide had minimal effect on clot structure, 

while the PEGylated non-binding peptide resulted in slight modifications of clot 

structure.  Clots formed in the presence of the PEGylated non-binding peptides were 

found to have slightly more porous networks and thicker fibers than those observed in 

control clots.  These differences highlight the different effects of knob B and PEG in 

alterations of clot structure. 

5.3.3 Clot Polymerization Assays 

Fibrin polymerization dynamics were analyzed in the presence of free or 

PEGylated knob B peptide, non-binding control peptide or free PEG by monitoring 

turbidity every minute for 1 hour.  Final turbidity was increased in the presence of free 

PEG at all concentrations tested while 1 mM concentrations of free ‘B’ peptide decreased 

turbidity (Figure 5.3, Figure S4).  It should be noted that confocal images demonstrate 

that the structures observed in the presence of free and PEGylated ‘B’ peptide, as well as 

free PEG, are extremely heterogeneous; turbidity measurements average over the entire 

structure and therefore these final turbidity measurements are somewhat difficult to 

interpret.  Nonetheless, monitoring turbidity during polymerization does allow for direct 

monitoring of polymerization dynamics including polymerization rates.  It was found that 

free knob B peptide increased the rate of polymerization at all concentrations tested.  

Interestingly, PEGylated knob B, along with free and PEGylated control peptides and free 

PEG, did not significantly alter polymerization rates except at 1 mM concentrations 

(Figure 5.3C).  This increase could potentially be due to a molecular crowding effect due 

to high concentrations of PEG leading to a concentration of clotting factors.  Following  
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Figure 5.2: Incorporation of free or PEGylated knob B peptides grossly alters clot structure in 

a concentration dependent manner.  Fibrin clots were formed in the presence of 0.1, 0.25 or 1 

mM free or PEGylated knob B, negative control peptides or free PEG.  The presence of free or 

PEGylated knob B peptides greatly alters fibrin network structure, resulting in thicker fibers 

and an increased porosity in a concentration dependent manner.  
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completion of polymerization, percent clottable protein was determined by measuring the 

protein content of the clot liquor and comparing values to fibrinogen only (no thrombin) 

controls (Figure 5.4).  It was found that the presence of both free and PEGylated knob B 

peptide significantly decreased percent clottability (p<0.001) compared to the fibrin only 

control in a dose dependent manner.  Clots formed in the presence of 1 mM free or 

PEGylated knob B peptide were found to be only 26% or 34% clottable compared to 

fibrin controls which were 92% clottable.  Polymerization in the presence of free PEG or 

GPSPFPAC-PEG was significantly inhibited at 1mM concentrations, and clots formed in 

the presence of these compounds were found to be 77% and 79% clottable, respectively.  

Figure 5.3:  Quantitative analysis of polymerization dynamics.  Turbidity curves obtained 

from clots formed in the presence of free or PEGylated knob B, negative control peptides or 

free PEG were analyzed to determine final clot turbidity (A), half polymerization time (B) and 

polymerization rate (C).  Dotted lines indicate values obtained from fibrinogen + thrombin 

control samples.  All concentrations of free knob B peptide tested increase rate of fibrin 

polymerization.     
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Polymerization was not significantly affected by the presence of free GPSPFPAC 

peptide; clots were found to be between 88% and 92% clottable for all concentrations 

tested.   

5.3.4 Micro and Bulk Rheology 

We characterized storage modulus of fibrin clots at both the micro and macro 

scales utilizing AMR and bulk rheology, respectively (Figure 5.5).  For all conditions, G’ 

was not dependent on the frequency of oscillation (for the range tested) and we report the 

average value across frequencies.   AMR results demonstrate that AHRP-PEG peptides 

increase storage modulus (G’) in a dose dependent manner compared to control and at 1 

mM concentrations, G’ is more than doubled and is significantly different (p<0.05) than  

Figure 5.4:  Incorporation of free or PEGylated knob B peptides inhibits protein 

incorporation into clot.  Fibrin clots were formed in the presence of 1, 0.25 or 0.1 mM free or 

PEGylated knob B or negative control peptides or free PEG.  Following completion of 

polymerization, percent clottable protein was determined by analyzing total protein in the clot 

liquor.  The presence of either free or PEGylated knob B peptide significantly decreased 

percent clottability in a dose dependent manner compared to the fibrin only control. ***, 

p<0.001, *, p<0.05, relative to fibrinogen + thrombin control. 
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Figure 5.5:  Analysis of microscale and bulk mechanical properties.  Fibrin clots were formed 

in the presence of 0.1, 0.25 or 1 mM free or PEGylated knob B or negative control peptides or 

free PEG and then storage modulus (G’) was determined through AMR (schematic A; results 

B) or bulk cone and plate rheology (C).  An illustration of a laser trapped bead embedded in 

the fibrin network and oscillated by laser tweezers (left) with the response of the bead detected 

by a second laser and a brightfield image (right) are shown in A.    AMR demonstrated a dose 

dependent increase in G’ in the presence of PEGylated knob B compared to control clots, while 

bulk analysis was not able to resolve significant differences in any conditions analyzed. 
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control samples.  An increase in storage modulus was also observed in the presence of 

free knob B peptide and free PEG, however these responses were muted in comparison 

and were not significantly different than control samples, indicating that the increased 

storage modulus has an additive effect.  Interestingly, an initial spike in G’ was also 

observed upon addition of GPSPAAC-PEG samples compared to fibrin only controls 

(p<0.05) but G’ decreased with subsequent increases in GPSPAAC-PEG concentrations 

and was not significantly different than control samples.  No significant differences in 

storage moduli were observed through bulk rheology analysis under any of the conditions 

tested.             

5.3.5 Single Fiber Breaking Strain 

We determined the breaking strain for individual fibrin fibers as is described 

previously [32]. Briefly, breaking strain was determined by stretching individual fibers 

attached at adjacent parallel ridges until they broke as can be seen in Figure 5.6. All 

fibers were stretched at a constant a rate of 305 nm/s. Figure 5.6D shows force strain 

curves for single fiber manipulations at low (100 µM) and high (1 mM) knob B 

concentrations while also showing that as the force applied to the AFM tip increased the 

force required to stretch the fibers also increased. Average single fiber breaking strains 

for 1 mM, 250 μM, and 100 μM concentrations of mimetic knob B (AHRPYAAC, 

AHRPYAAC-PEG) and free PEG as well as unmodified fibrin are shown in Figure 5.6E. 

At a 1 mM concentration of AHRPYAAC the breaking strain for individual fibers 

decreases by 78% when compared to unmodified fibrin fibers and slowly returned closer 

to the breaking strain for unmodified fibrin fibers as the concentration is lowered to 250 

μM and then 100 μM. 1 mM concentrations of AHRPYAAC-PEG have an average  
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Figure 5.6:  Single Fiber Manipulation for Determination of Breaking Strain.  The fibrin fiber 

is suspended over the grooves of the striated substrate. The AFM cantilever tip, located above 

the sample, pulls on an individual fiber while the optical microscope, located below the 

sample, records fluorescence images of the manipulation (A). Top view of fiber manipulation 

(B). Linitial is the initial length of the fiber, L
’
 is the stretched length of the fiber, and s is the 

distance the cantilever tip has traveled. L
’
 can be calculated trigonometrically using s and 

Linitial.  Fluorescence microscopy movie frames showing a single fibrin fiber being stretched 

and broken (C). The individual fiber is indicated by the arrow. Scale bar is 15µm.  This setup 

was utilized to analyze single fibrin fibers formed with the addition of various concentrations 

of AHRPYAAC, AHRPYAAC-PEG, and free PEG.  Fibers were pulled until they broke.  

Single fiber extensibility is shown in D.  Representative data showing the difference in 

breaking strain for single fiber manipulations of AHRPYAAC (green), AHRPYAAC-PEG 

(black), and Free PEG (red) at a concentration of 1mM or 100 µM. Note that the Fibrinogen 

concentration was held constant throughout all experiments.  Fiber breaking strain is shown in 

(E).  Numbers are given as a percentage of the fiber’s original length. Normal, unmodified 

fibrin fiber breaking strain is given as a reference point. 
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breaking strain of 202%, 20% higher than the average breaking strain for unmodified 

fibrin fibers. At concentrations of 250 μM and 100 μM the average breaking strain drops 

to 164% and 171% respectively. For samples where PEG was added to a solution of 

fibrinogen prior to polymerization into fibrin, we see that the average breaking strain 

drops from 215% at 1 mM to 195% at 250 μM and finally to 167% at 100 μM. 

5.4 Discussion 

Incorporation of both free and PEGylated synthetic knob B peptides significantly 

alter clot architecture, polymerization kinetics and mechanical properties.  The 

engagement of hole b by synthetic peptides leads to the formation of a heterogeneous 

network displaying regions of dense fibrin interspersed among large pores.  These 

changes are accompanied by a concentration dependent decrease in percent clottability, 

indicating less available protein is incorporated into the resulting clot, a result that is 

consistent with the highly porous nature of clots formed in the presence of both free knob 

B peptide and PEGylated knob B.  Interestingly, free knob B peptides also significantly 

increase the rate of polymerization.  Native knob B is thought to be exposed (via 

thrombin cleavage and release of the N-terminal fibrinopeptide B) at a slower rate than 

knob A, however engagement of hole b by knob B is thought to elicit a conformation 

change in fibrinogen which enhances further knob:hole interactions [11, 22, 34].  Our 

results that pre-engagement of hole b by synthetic knob B peptides leads to enhanced 

rates of polymerization, could be due to this previously described knob B induced 

confirmation change.  

  Despite the increase in porosity and decreased clottability associated with 

engagement of hole b, these networks display increased stiffness at the micromechanical 
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level.  These results are enhanced greatly when the knob B peptide is PEGylated. We 

hypothesize that the lack of statistically significant differences in the bulk rheological 

measurements at the concentrations tested is due to the heterogeneous nature of the clots 

where slight differences in microarchitecture are averaged. For example, the combination 

of increased fiber stiffness with increased porosity as seen with the addition of PEGylated 

knob B could have competing effects on the storage modulus resulting in no change from 

the control group.  AMR analysis indicates that the effect of PEG and knob B appear to 

be additive for enhancing storage modulus.   However, free PEG and knob B peptide have 

opposite effects on fiber mechanics.  Breaking strain decreases (fibers become less 

extensible) in the presence of free knob B peptide but also increases in the presence of 

free PEG, compared to control fibrin only fibers.  Interestingly, the addition of PEGylated 

knob B decreases the extensibility of fibers at concentrations near its Kd but increase 

extensibility of fibers at concentrations above its Kd, indicating that the effects of PEG 

may dominate at higher concentrations.    

It is well known that knob A:hole a interactions occur with higher affinity 

compared to knob B:hole b interactions, and are approximately six times stronger [35, 

36].  The functional consequences of knob B:hole b interactions have been a topic of 

debate in the fibrin field.  However, our data demonstrate that either free or PEGylated 

knob B peptides, when utilized at concentrations near or above their Kd concentration for 

Fragment D, significantly influence clot polymerization dynamics as well as structural 

and mechanical properties.  While knob B:hole b interactions are not required for clot 

formation, they do influence clotting dynamics and, based on the current study, fibrin 
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fiber and clot architecture. These data provide insight into the role of knob B:hole b 

interactions in clot formation.   

Clot modifications via knob B molecular interference of polymerization may have 

interesting and advantageous properties for biomedical applications.  Fibrin is a widely 

used biomaterial for tissue sealants and tissue engineering scaffolds; however, current 

commercial formulations lack the balance between mechanical properties and porosity 

required to achieve optimal handleability for clinical applications while also allowing for 

cell infiltration.  The ability to create clots with increased porosity in conjunction with 

altered mechanical properties, as we have demonstrated here in the presence of knob B 

peptides, might be advantageous for addressing these current limitations. 

5.5 Conclusions 

Engagement of the fibrinogen hole b by synthetic knob B, either synthetic or 

PEGylated, significantly alters clot structure, polymerization dynamics and mechanical 

properties.  Clots formed in the presence of synthetic knob B peptides are considerably 

more porous, polymerize faster, display increased G’ at the microscale and are comprised 

of fibers with increased elastic modulus but decreased extensibility compared to control 

clots.  PEGylation of these knobs display similar features, however, the effect of PEG can 

be observed in increased G’ as measured by AMR and increased fiber extensibility at 

higher concentrations.  These data provide new insights into the kinetics of knob B:hole b 

interactions and their role in fibrin polymerization and clot structure. These data also 

demonstrate the effect of PEGylation on modification of knob B:hole b interactions and 

resulting further alterations to clot properties.  PEGylated synthetic knob B could be 
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utilized for targeting purposes for drug delivery or modification of fibrin networks for 

tissue engineering purposes.  
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Abstract 

Many factors relating to lifestyle or diet are known to be associated with cardiovascular 

disease. However, the underlying molecular connections between CVD, coagulation 

proteins and fibrin fibers remain poorly understood. Using a combined atomic force 

microscope (AFM)/fluorescent microscope technique, we studied the mechanical 

properties of fibrin fibers formed from the blood plasma of individuals from three 

different categories: Middle-aged healthy males, older healthy males, and older males 

with CVD. We found that fibrin fibers from older males with CVD are 30% more 

stretchable and 50% more elastic than those from the other two groups.  Age alone did 

not affect single fibrin fiber mechanical properties. Fibers from all three groups had the 

same average Young’s modulus (stiffness), Y. Y strongly varied with radius, R; for 

healthy individuals the modulus varied as Y ~ R
-1.5

, whereas for individuals with CVD it 

varied as Y ~ R
-1.0

.  This radius dependence of the modulus is consistent with a new fiber 

model in which fibrin fiber density strongly varies with radius. Fibers have a denser core 

and a less dense periphery; this radius dependence is less pronounced in fibrin fibers from 

individuals with CVD.   

6.1 Introduction 

Fibrin, the protein that provides the structural network for a blood clot, is formed 

from the precursor fibrinogen [1]. This 340 kDa protein consists of two distal D-domains 

and one central E-domain connected by two identical sets of triple alpha-helical coiled-

coils. The N-terminal of the E-domain consists of two pairs of fibrinopeptides denoted as 

FpA and FpB. The activated serine protease thrombin cleaves the fibrinopeptides, 

exposing the A and B-knobs, and thus converting soluble fibrinogen to fibrin. The knobs 
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are now able to bind to the respective a and b pockets in the D-domains, which causes 

fibrin to polymerize and form protofibrils. These protofibrils are then able to laterally 

aggregate to form fibrin fibers and eventually an entire clot.  

 Bloods clots, and therefore also the fibrin fiber network making up the blood clot, 

perform the mechanical task of preventing the flow of blood. After acute trauma, platelets 

and fibrin aggregate around the trauma site. During normal healthy coagulation, platelets 

aggregate first, and then fibrin will form a network, which strengthens the clot, and the 

flow of blood will be stopped. What is unclear is how the various parameters are affected 

by those parameters needed to get to the point of a normal blood clot. What is clear is that 

the strength and mechanical response of a clot is important for coagulation. Without a 

subsequent mechanical response as a result of trauma equal to the trauma presented, 

blood will continue to flow and more and more life threatening problems may result. 

Understanding how this mechanical task works and what variations may be present 

allows for a better understanding of the clot as a whole and what can be done to prevent 

further complications.  

Previous studies have determined the viscoelastic properties of fibrin fibers using 

Atomic Force Microscopy and optical tweezers. Much of the previous work that was 

done was with purified fibrinogen to study these mechanical properties for uncrosslinked, 

crosslinked, and partially crosslinked fibrin samples [2,3]. Collet et al. used plasma 

samples to determine clot elasticity both in the presence and absence of clot stabilizing 

Factor XIII (FXIII) [2–6]. Liu et al showed that crosslinked fibers were stiffer, less 

elastic, and less extensible than uncrosslinked fibers while Carlisle et al showed that the 

mechanical properties of partially crosslinked fibers fell somewhere in between [2,3,5]. 
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Collet et al showed similar results for uncrosslinked and crosslinked clots made from 

plasma samples [4].  

Cardiovascular disease (CVD) was shown to be correlated with various clot 

related factors including: increased fibrinogen concentration, denser clot structure, 

smaller fibrin fiber size, and increased resistance to fibrinolysis [7–10]. Studies have 

shown that higher than normal fibrinogen concentrations in blood are associated with 

increased risk for CVD though it is unclear whether this is a cause or effect [11]. Recent 

studies have focused on the change in clot structure in patients that have CVD or are at 

risk for CVD. These finding indicate that blood from patients having CVD or at risk for 

CVD form clots with smaller fibers that are more densely packed than normal clots [8]. 

As a result of this modified clot structure, clots from CVD patients are also more difficult 

to lyse resulting in a higher risk for thrombosis. Though the effect of pharmaceuticals 

such as Acetylsalicylic Acid (ASA) have been shown to modify the clot structure 

allowing for less dense clots that are easier to lyse [12–15], it is unclear how the rigidity 

and overall mechanical properties of the clot are affected by CVD and/or ASA.  

Here we determined single fibrin fiber mechanical properties as a function of age 

and CVD. All individuals with CVD also took ASA. We found that there was no 

significant difference in single fibrin fiber mechanical properties (extensibility, elasticity 

and modulus) between the middle aged individuals and the older, healthy individuals.  

Thus, fibrin fiber properties do not seem to change as a function of age. In contrast, there 

was a marked difference between the fibers from individuals with CVD as compared to 

the healthy middle-aged and healthy old group.  Fibers from individuals with CVD were 

significantly more extensible and more elastic; though fibers from all three groups had 
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the same modulus. We also found that the modulus is strongly dependent on fiber 

diameter; this is unexpected because the modulus is a material constant and should not 

depend on fiber dimensions. We found that the modulus is proportional to R
-1.5

 for 

healthy individuals, regardless of age, and it is proportional to R
-1.0

 for older individuals 

with CVD. One would expect an R
0
 dependence for fibers with a solid cross-section or R

-

1.0
 for fibers with a spoke-like cross-section similar to a bicycle wheel. This is an 

important finding as it may help to distinguish the effect the CVD has on the physical and 

mechanical properties of fibrin fibers in the presence of ASA. 

6.2 Materials and Methods 

6.2.1 Plasma Collection 

5 ml of whole blood samples was taken from male patients in three different 

categories: 5 young healthy (YH, <50 years old), 5 old healthy (OH, >50 years old), and 

5 old at risk for cardiovascular disease (OR, >50 years) and stored in citrated tubes. All 

patients were nonsmokers. OR patients were controlled with various medications 

including various doses of ASA. Other medication history can be found in the 

supplemental information. Whole blood samples were then centrifuged at 3700 rpm and 

plasma was transferred to small aliquots and frozen at -80°C.  

6.2.2 Substrate Preparation 

Preparation of the striated substrate is based on soft lithography and 

micromoulding in capillaries  [16]. We have described this technique previously [17,18]. 

Briefly, a PDMS stamp is pressed into a 10 µl drop of Norland Optical Adhesive-81 

(NOA-81, Norland Products, Cranbury, NJ) on top of a 60 mm x 24 mm, #1.5 

microscope cover slide (Thomas Scientific, Swedesboro, NJ).  The NOA-81 was cured 
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for 70 s with UV light (365 nm setting, UVP 3UV transilluminator, Upland, CA) and the 

stamp was removed. The substrate pattern had 6.5 µm wide ridges separated by 13.5 µm 

wide and 6 µm deep channels. 

6.2.3 Formation of Fibrin Fibers from Plasma 

Plasma samples were then aliquoted into 28 µl samples and stored at -80°C. Prior 

to clot formation in vitro, individual 28 µl samples were thawed at room temperature for 

5 minutes. 8 µl of 100 mM CaCl2 was added to the plasma sample to reach a final CaCl2 

concentration of 20 mM. 18 µl of this mixture was added to the striated substrate 

followed by 2µl of human alpha thrombin (final concentration 0.1 NIH units/ml, Enzyme 

Research Laboratories, South Bend, IN). Reactions were allowed to run for ~ 60 minutes. 

Then a pipet tip was used to carefully remove the top layer of the clot and the slide was 

rinsed with Fibrin Buffer-1 (pH 7.4, 10mM Hepes, 140mM NaCl). 24 nm fluorescent 

beads (Invitrogen, Fluospheres, Carlsbad, CA) diluted 1/100 with Fibrin Buffer-1 were 

added to the slide and the whole sample was allowed to incubate for 10 minutes. Samples 

were then rinsed and stored in Fibrin Buffer-2 (pH 7.4, 10 mM Hepes, 140 mM NaCl, 5 

mM CaCl2). 

6.2.4 Fibrin Fiber Manipulation 

Fibrin fiber mechanical properties were determined using a combined atomic 

force microscopy (AFM)/ fluorescence microscopy technique as described previously. 

This technique is briefly described. Fiber samples are prepared as described above and 

stored in a buffer solution. Samples were placed on an inverted optical microscope (Zeiss 

Axiovert 200, Göttingen, Germany) and the AFM (Topometrix Explorer, Veeco 

Instruments, Woodbury, NY) was positioned on top of the microscope with the sample 
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between the two. This set-up allows for manipulations to be viewed with the optical 

microscope while fibers are manipulated with the AFM as can be seen in Figure 6.1A.  

 Single fibers suspended over the ridges of the striated substrate are laterally pulled 

and the AFM cantilever is torqued. NanoManipulator software (3
rd

 Tech, Chapel Hill, 

NC) provides precise control of the AFM tip and collects force and position data during 

fiber manipulations. Fiber diameters are measured on the ridges of the striated substrate 

using tapping mode.  From these data the actual force on the fiber is calculated; stress and 

strain are determined as σ = F/A and ε = L/Linit, where A is the fiber cross-sectional 

area, Linit is the initial length of the fiber and L is the change in fiber length.  

 

 

* * * *AFM 
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Figure 6.1: Schematic of Single Fiber AFM/Fluorescence Microscopy Technique. (A) Fibrin 

fiber sample cover slides with wells and ridges are sandwiched between an AFM (top) and an 

inverted microscope (bottom). This allows for single fibers spanning the well to be 

mechanically manipulated by the AFM cantilever tip from above. (B) Top down view of a 

single fiber manipulation. (C) Snap shots of a single fiber manipulation during an extensibility 

test. Scale bar is 10 μm. 
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6.2.5 Statistical Analysis 

Statistical analysis was done using SOFA statistics software (Paton-Simpson & 

Associates Ltd).  Significant difference of two groups is determined by a two-tailed t-test. 

Significant difference of two slopes is calculated by analysis of covariance (ANCOVA). 

A p<0.05 was considered statistically significant.  

6.3 Results 

Fibrin fibers are formed on the ridges as shown in Figure 6.1. They are very 

sticky and remain attached to the ridges very well without any further treatment. 

Occasionally slippage occurs between the fibers and the substrate; these data were 

excluded from analysis. We used only fibers that were vertically straight across the ridges 

(for easy to analyze geometry).  We tested three main mechanical properties of single 

fibrin fibers (extensibility, elasticity, and modulus) from blood plasma of healthy 

individuals and individuals with cardiovascular disease.  For each experiment, we took at 

least 20 measurements per sample. 

6.3.1 Fiber extensibility 

Initially we determined the extensibility, ɛmax, of single fibrin fiber. It is defined 

as the extension at which the fiber breaks during a pull. As shown in Figure 6.2C, the 

lateral force increases as the fiber is stretched, then suddenly drops to zero as the fiber 

breaks.  Extensibility is defined as the maximum strain a fiber can sustain before it breaks

initialfinalinitial LLLLL    where%;100*)/( maxmax , Lfinal is the final length of the 

fiber. In all samples, we see the elastic modulus (slope of stress-strain curve) increases as 

strain increases (As shown in Figure 6.2C). This is known as strain hardening.  
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Averaging the data from each group, we found the average extensibility for 

healthy middle-aged individuals was 118% ± 29% (average ± standard deviation), for the 

healthy old individuals it was 129% ± 24%, while for the old CVD individuals it was 

177% ± 12% (Figure 6.2B and Table V). These data are similar to the result from the 

previous purified fibrinogen [2], in that fibrin fibers are very extensible. From 

quantitative analysis, it was determined that the old CVD group is significantly different 

from the healthy middle age (P << 0.01) and healthy old group (P << 0.01), but there is 

no significant difference in extensibility within the healthy groups (P = 0.51). In 

summary,  fibrin fibers  from old  individuals with  CVD (who  all  took  ASA)  are  more  

A B

C

Figure 6.2: Extensibility of Fibrin Fibers with respect to Age and CVD. (A) Extensibility of 

each individual sample. (B) Average extensibility of each sample. (C) Plot of the strain vs. 

lateral force. Lateral force increases until at a strain of 227.5% where the fiber breaks and the 

lateral force drops to zero. Middle aged healthy people in pink (213 data points). Healthy older 

people in orange (266 data points). Older CVD people in blue (279 data points). Error bar is 

the standard error. 
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 Extensibility (%) Elasticity (%) Total 

Modulus (Pa) 

Normalized 

Total Modulus 

(Pa) 

Healthy 

Middle Age 

118 ± 29 43 ± 6 1.4E7 ± 5.8E6 8.6E6 ± 2.3E6 

Healthy 

Old 

129 ± 24 40 ± 5 1.2E7 ± 8.6E6 8.3E6 ± 2.4E6 

Old CVD 177 ± 12 57 ± 4 1.7E7 ± 3.8E6 1.1E7 ± 4.8E6 

 

 Healthy Middle 

Age 

Healthy Middle 

Age 

Healthy Old 

T-TEST(P value) Healthy Old Old CVD Old CVD 

Extensibility 0.51 1.19E-18 1.03E-16 

Elasticity 0.15 2.23E-24 1.03E-32 

Total Modulus 0.31 0.68 0.28 

Normalized Total 

Modulus 

0.84 0.09 0.14 

 

stretchable (~1.5 times) than those from healthy individuals, but age alone doesn’t have a 

significant effect on the mechanical properties of single fibrin fiber. 

6.3.2 Fiber viscoelastic properties  

The second mechanical property, the elastic limit, ɛelastic, is the maximum strain a 

fiber can sustain and still return to its original length without any permanent elongation. 

To test the elastic limit, we first pulled the fiber to a small strain, then released the fiber, 

after it reached zero strain we pulled the fiber to a larger strain, then released again to 

zero strain. This process was repeated until it the fiber was permanently deformed, that is, 

it reached zero stress (force), before the fiber returned to its original length. This whole 

process can be seen in Figure 6.3C, the first three pulls haven’t reached the elastic limit, 

Table V: Mechanical Properties of CVD patient Single Fibrin Fibers. 

Table VI: Significant Difference among CVD Patient Groups (P-value from T-TEST). 
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since strain goes to zero as the lateral force reach zero. However, the fourth pull was 

beyond the elastic limit, because the strain is not zero as the lateral force reaches zero. 

Since with our method, we cannot tell the exact position at which the fiber gets 

deformed, we define a lower limit (fiber hasn’t deformed) and upper limit (deformed). 

C

A B

Figure 6.3: Elastic limit with respect to Age and CVD. (A) The elastic limit of each individual 

in each sample. (B) Average elastic limit of each group. (C) A representative force-strain curve 

(the stress would be obtained by dividing the force by the fiber cross-sectional area). We tested 

a total of 144 fibers for the healthy middle aged people (pink), 143 for healthy old people 

(orange), 139 for old CVD people (blue). Error bar is the standard error. 
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The elastic limit is then within these two limits. In Figure 6.3C, the elastic limit is within 

the third and fourth pull, which is between 30% and 47%. 

Since the real elastic limit falls into a certain range of the lower and upper limit, 

we found the elastic limit of three different groups are as following: healthy middle age 

35% - 47%, healthy old 34% - 46%, old CVD 49% - 64%. For statistical analysis, the 

average elastic limit for each group: healthy middle age 43% ± 6%, healthy old group 

40% ± 5%, old CVD group 57% ± 4% (average ± standard deviation).  

There is a significant difference between diseased and healthy individuals as seen 

in Figure 6.3. It shows that fibrin fibers from old individuals with CVD (and taking ASA) 

are significantly more elastic (~1.4 times) (P << 0.01) than those from middle-age and 

older healthy individuals, but age does not appear to play a role in changing the 

mechanical properties of single fibrin fibers (P = 0.15). 

6.3.3 Total and relaxed elastic moduli (fiber stiffness) 

The third mechanical property, the elastic modulus, Y, is defined as the ratio of 

the stress to the strain (slope of a stress-strain curve) at small strains. To determine the 

modulus, we perform and incremental stress-strain experiment:  We stretch the fiber to a 

certain strain, hold it there without further stretching for some time.  During this time the 

fiber relaxes (strain decreases). The fiber is then stretched again by another increment, 

again held at the strain for a certain amount of time, during which stress relaxes. This 

process is repeated several times. An example manipulation is shown in Figure 6.4. 

Stress relaxation is indicative of a viscous property. For the stress-time curve, we 

use double exponential to fit the curve, since we found two relaxation times (fast and 

slow).  
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The calculated modulus for the healthy middle aged group was 13.5 MPa, healthy 

old group was 18.6 MPa, and old CVD was 16.6 MPa. As seen in Figure 6.5A and 6.5B, 

there was no significant difference among these three groups, no difference between 

healthy and diseased people (P = 0.68, 0.28), and no difference between the different age 

groups (P = 0.31). 

Figure 6.4: Incremental Stress and Strain Curves for Single Fibrin Fibers. (A) Strain versus 

time. (B) Stress versus Strain. (C) Stress versus time. (D) Individual stress versus time 

relaxation curve showing a double exponential curve fit (black) to the raw data.  
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6.3.4 Relationship of diameter and modulus 

There was no significant difference in the moduli of the three different groups. 

However, closer inspection of the data revealed a clear and very strong relationship 

between the diameter of the fiber and the total modulus (Figure 6.6). The total modulus 

decreases as the diameter of the fiber increases. They have a power law relationship, 

which is seen as a linear relationship in the log-log plot of Figure 6.6. The slope 

(exponent of the power law) is - 1.48 ± 0.19 (healthy old subjects, R
2 

= 0.36), - 1.37 ± 

0.15 (healthy middle age subjects, R
2 

= 0.45), - 0.91 ± 0.16 (old CVD subjects, R
2 

= 

0.22).  

Figure 6.5: Total Modulus with respect to Age and CVD. (A) Total modulus of each subject. 

(B) Average total modulus of each group. (C) Normalized total modulus of a standard fiber of 

130 nm. (D) Average normalized total modulus. Middle aged healthy people in pink (110 data 

points). Healthy old people in orange (104 data points). Old CVD people in blue (116 data 

points). Error bar is shown as standard error. 
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Since we observed that modulus strongly depends on fiber diameter, we 

calculated the normalized modulus of a standard (average) fiber diameter from each of 

the three different groups to see if differences exist. The average fiber diameter from each 

of the three different groups is close to 130 nm ( Figure S5). Thus, we calculated the 

normalized total modulus as follows: Since we found the relationship between modulus Y 

and diameter D of each group Y ~ D
slope

, we first multiplied each modulus data point by 

D
-slope

 to eliminate the diameter dependence. Then we multiplied this value by 130
slope

 to 

get the normalized total modulus. When examining the data for the normalized modulus, 

there is still no significant difference between the three groups (as shown in Figure 6.5C 

and 6.5D, Table V and VI).  
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Figure 6.6: Total Modulus as a function of Diameter with respect to Age and CVD. (A) 

Healthy middle aged individuals with 110 data points. (B) Healthy old individuals with 104 

data points. (C) Old CVD individualss with 116 data points. 

 



Chapter 6: The Effect of Cardiovascular Disease and Age of Fibrin Fiber Mechanical Properties 

 

145 
 

Even though the modulus shows a strong diameter-dependence, the extensibility 

showed no diameter-dependence (details shows in Supplement Figure S6). 

6.4 Discussion 

Cardiovascular disease has been shown to correlate with various clot related 

factors and structural properties in addition to the rate at which the clot breaks down 

(fibrinolysis). Although many of the risk factors associated CVD are well known (such as 

high cholesterol, high blood pressure, and overall clot structure) and have been well 

studied, it is still unclear if the mechanical properties of blood clots and their building 

blocks, mainly fibrin fibers, affect this disease process. In the present study, we aimed to 

determine how the mechanical properties of single fibrin fibers, made from plasma clots, 

were affected by CVD and age as well as how the radius-dependence of the fiber 

modulus changes between healthy and CVD patients. It is important to note that all CVD 

patients took Acetylsalicylic Acid (ASA), which may have an effect on fibrin fiber 

mechanical properties. However, we were not able to determine if the changes in 

mechanical properties were associated with CVD or ASA.   

 Fibrinogen concentration has been shown to be an important indicator for 

cardiovascular disease risk [7,19,20], though it is not clear whether fibrinogen 

concentration plays a causal role or if it is a result of CVD. For the present study, it is 

also important to note that fibrinogen concentration somewhat depends on age; younger 

patients typically have lower plasma fibrinogen concentrations than older patients 

[21,22]. Thus, in our samples, one might expect the plasma fibrinogen concentration to 

be lower in the young healthy (YH) samples than the old healthy (OH) and old 

cardiovascular disease (OR). We saw a slight increase in modulus from YH to OH and 
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from OH to OR, though the difference was not statistically significant (see Supplement). 

Fibrinogen concentration may be responsible for the small (but insignificant difference) 

in modulus, but not likely to be responsible for the large, and statistically significant 

difference in extensibility, elasticity and diameter dependence of the modulus.  

 Patients with CVD showed a significant difference in some mechanical properties 

when compared to healthy patients (young and old). OR patients had more extensible 

single fibers and more elastic fibers than healthy patient, both YH and OH. These 

findings indicate that patients with CVD (taking ASA) have fibrin fibers that can be 

stretched further without breaking or permanently deforming. Our previous studies with 

purified fibrin showed that fibrin fibers have differing mechanical properties depending 

on whether they are crosslinked or uncrosslinked [2]. Crosslinked fibrin fibers had a 

maximum extension of 147%, while uncrosslinked fibers had a maximum extension of 

226% [2,5]. Our current findings show an extensibility of 118%, 129%, and 177% for 

YH, OH, and OR samples respectively. Since these samples use plasma and not purified 

fibrinogen it is expected that there is FXIII present in each of the samples and, thus, for 

extensibilities would be expected to be in the range of crosslinked fibers and not 

uncrosslinked fibers. Liu et al. showed that crosslinked fibers had elastic properties up to 

50% while uncrosslinked fibers are elastic up to 120% [2,5]. In the current study we 

measured an elasticity of 40-57% for all groups which again falls within the region for 

crosslinked fibers and outside the region of uncrosslinked fibers.  

 Looking at Figure 6.6, the slope of the modulus vs. diameter plot (i.e., the 

diameter dependence of the modulus) is different for each sample group, despite the fact 

that the overall average modulus of each group was the statistically the same. This 
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diameter dependence of the modulus means the internal structure of the individual fibrin 

fibers is different for the CVD groups as compared to the two healthy groups. The 

shallower slope seen in the CVD sample set (-0.91) indicates that the fibers are more 

uniform or not as porous at the periphery as those found in both healthy groups (-1.48 for 

YH and -1.37 for OH). Early electron microscopy studies showed that fibrin fibers likely 

have a dense inner core with a less dense outer diameter [23]. We have previously shown 

similar diameter dependences for purified fibrin fibers using AFM [24] while more recent 

studies have looked at the internal structure of individual fibrin fibers using light 

scattering [25]. Taken together our current findings indicate that fiber assembly may be a 

different for patients with CVD; though, it should be noted that we are unable to 

determine whether this effect is due to CVD or due to the presence of ASA in the CVD 

subjects.  

 The clots of cardiovascular disease patients typically have a denser fibrin network 

with thinner fibers than normal healthy individuals [4,26,27]. A common test to 

determine risk for CVD is to test a patient’s plasma fibrinogen concentration. As Kotze et 

al. asserts, final clot structure and fibrinogen concentration are not correlated in a simple 

fashion, and other risk factors such as age, metabolic syndrome, C-reactive protein 

(CRP), high density lipoprotein (HDL)-cholesterol and homocysteine also have a 

significant effect on clot structure, independent of fibrin concentration [27]. We did not 

observe an increase in plasma fibrin concentration between either older and younger 

patients (YH and OH) or healthy patients and patients with CVD (YH and OH versus 

OR). Our findings did not show a significant change in the mechanical properties of 

single fibrin fibers with age, but did show a change in the extensibility and elasticity of 
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fibers between healthy subjects compared to patients with CVD. These results indicate 

that although fibrin concentration and age did not play a significant role in determining 

the single fiber mechanical properties of fibrin fibers made from fibrin clots, patients with  

CVD have fibers that are more elastic and more extensible than healthy patients. 

 Antovic et al. showed that fibrin clot permeability was changed in a dose 

dependent manner in the presence of ASA [13]. They showed that low doses of ASA 

(37.5 mg/day) had a more drastic effect on the permeability of the clot, causing larger 

pores and larger fibers, than high doses of ASA (either 320 mg/day or 320mg/day 

followed by one time 640mg dose) while not affecting the concentration of fibrin found 

in any of the tested patients [13]. Similarly, other studies have noted that clot structure is 

changed causing clots made from smaller, more densely packed fibers to have larger, 

more porous clots that are more susceptible to lysis in the presence of ASA [8,12,14,15]. 

It should be noted that patients with coronary artery disease or patients with 

cardiovascular events while on aspirin where still shown to have clots with thinner, more 

densely packed fibers that were less susceptible to lysis [8]. As a result, further studies 

are needed to better understand the mechanism for this ASA resistance in CVD patients.  

 We acknowledge that we cannot determine the cause and effect of the change in 

mechanical properties and CVD from this study. Untreated CVD patients are uncommon 

in the United States and as a result a high percentage of CVD patients will also be subject 

to ASA treatment. Healthy, untreated patients typically have more porous clots with 

larger fibers that are more susceptible to lysis than CVD patients with less porous, 

smaller fiber clots. Aspirin treatment in CVD patients causes the clot to become more 

porous, with larger fibers. Individual fibrin fibers also show a change with aspirin 
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treatment in CVD patients. Here we see a change in the internal structure of individual 

fibrin fibers with CVD and aspirin. As noted previously, fibrin fibers are commonly 

found with a dense inner core following by a less dense outer core with the density being 

diameter dependent. A recent study by Svensson et al. found the acetylated lysine 

residues on fibrinogen using mass spectroscopy [28]. Similarly, Sobel et al. found twelve 

different lysine residues on the α-chain involved in crosslinking [29]. The glutamine 

acceptor crosslinking sites for the lysine donor cites have also been identified [30]. At 

least one, but more likely four, of these acetylated lysine sites on the α-chain are also 

involved in crosslinking with glutamine acceptors. Considering that crosslinking affects 

the structure of not only the clot itself, but also the structure of the single fibers that make 

up the clot, we propose that there may be a link between our diameter density dependence 

and the acetylation sites found on the fibrin(ogen) molecules. Further studies with larger 

patient samples are needed to confirm this hypothesis as well as a control with acetylated 

fibrin(ogen) from patients that do not have CVD. 

6.5 Conclusions 

Cardiovascular disease is associated with many of the factors involved in blood 

coagulation, including fibrinogen concentration, clot structure, fibrin fiber size, and clot 

lysis. We have determined that while patient age does not affect the mechanical 

properties of single fibrin fibers made from blood plasma, patients with CVD (and taking 

ASA) have more stretchable and more elastic fibrin fibers. This finding, combined with 

previous studies showing an increased lysis time, could help explain why patients with 

CVD risk have greater difficulty breaking down unwanted thrombi. Interestingly, while 

we did not find an effect on modulus with either age or CVD risk or treatment, we did see 



Chapter 6: The Effect of Cardiovascular Disease and Age of Fibrin Fiber Mechanical Properties 

 

150 
 

that the internal structure or diameter density dependence changed between healthy 

patients and those being treated for CVD. We hypothesize that this diameter density 

change may be related to the acetylation sites found on fibrinogen that are also involved 

in normal crosslinking with Factor XIII.  
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7.1 Perspective 

The first three studies above focused on determining the nanomechanical 

properties of electrospun fibers that are used in tissue engineering applications for 

mimicking the native ECM. The ECM provides the structural support for the tissue and is 

the framework on which cells will attach and move throughout the tissue. Functionally, 

tissue engineered devices used for biological substitutes must meet three important goals: 

restore, maintain, and improve tissue function [1]. Cell-substrate interaction is one of, if 

not the, most important factors that will help to determine the success of these tissue 

engineered devices [2,3]. One must consider that these cells are not only interacting with 

the substrate, but the individual nano- and micrometer sized fibers that make up the 

structure of this substrate [4]. Previous studies done with electrospun scaffolds have 

shown that focal adhesion site from cells attach to the individual fibers and that fiber 

alignment helps to guide cell movement and behavior [5,6]. For these reasons we believe 

that our findings of the nanomechanical properties of single electrospun fibrinogen, 

collagen/fibrinogen, and PCL fibers will help to design better scaffolds for use in tissue 

engineering applications.  

The fourth study focused on the effect that modifying the polymerization of fibrin 

would have on clot structure and mechanics. During normal polymerization, fibrinogen is 

exposed to thrombin, converting it to fibrin by cleaving FpA and FpB located on the N-

terminal of the Aα and Bβ chains in the central E-domain [7]. The cleavage of FpA and 

FpB exposes the A-knob and B-knob respectively. These two knobs are now functionally 

able to bind to their respective a- and b-pockets found on the C-terminal of the γ- and β-

chains in the D-domain [8]. This process continues by first forming protofibrils and then 
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the protofibrils laterally aggregating to form fibers [9,10]. Previous studies showed that 

without the A:a interaction, polymerization would not occur [11,12]. The same is not the 

case for the B:b interaction [9]. For this reason we sought to determine the effect that 

blocking the B:b interaction had on fibrin clot structure and mechanical properties on the 

nano- and micro-scale. We showed that blocking the B:b interaction produced clots that 

were more porous with increasing concentration of mimetic B-knob. Nanomechanically 

we showed that fibers were less extensible with higher concentration of mimetic B-knobs 

while PEGylated knobs proved to be more extensible than unmodified fibrin at high 

mimetic B-knob concentrations.  

The final study was focused on determining the effect that CVD had on the 

mechanical properties of single fibrin fibers. Typical treatment for CVD involves first 

determining the fibrinogen concentration found in the patient’s blood, with high 

concentrations of fibrin being associated with CVD [13]. CVD patients also have been 

shown to have more densely packed clots made from smaller diameter fibrin fibers [14]. 

This leads to a clot that is harder to lyse or that will not fully lyse leading to thrombosis. 

These findings lead us to believe that there may be a change in the mechanical properties 

of the individual fibrin fibers that make up CVD patient clots. When compared to healthy 

old and healthy young patients, we found that CVD patients had increased extensibility 

and increased elasticity. This would lead to a clot that is more difficult to break down 

while being able to elastically recover from larger strains than normal, non-CVD patient 

clots.  
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7.2 Implications of Findings 

 Important quantitative findings found throughout the previously mentioned 

studies as well as relevant comparisons can be found in Table VII for reference. In 

Chapter 2 we found that dry, electrospun fibrinogen fibers have a much higher total and 

elastic modulus than those that were previously found for hydrated, electrospun 

fibrinogen fibers even though they have similar maximum extensibility. This means that 

although there is not much a difference in the breaking strain for electrospun fibrinogen 

fibers whether they are hydrated or unhydrated, dry fibers are significantly stiffer than 

hydrated fiber. This could have significant implications for tissue engineered applications 

such as skin grafts where the scaffold could be exposed to dry and hydrated conditions. 

Tissue engineered scaffolds are also often stored in a dry, lyophilized state after they are 

made. Before being seeded with cells, they are first hydrated and stored in a buffer 

solution. This finding shows that depending on the samples, dry or hydrated, the 

mechanical properties can be drastically different. 

 Electrospun collagen/fibrinogen hybrid fibers also had some interesting findings.  

We showed that similar to electrospun fibrinogen fibers, collagen/fibrinogen fibers were 

stiffer in their dry state than in the hydrated state, though at a less severe change than for 

fibrinogen. Interestingly we showed that dry and hydrated hybrid fibers were much more 

elastic than either collagen or fibrinogen was on its own. This may imply that there is 

something interesting happening between the packing on the individual molecules during 

the electrospinning process and, as a result, in the final fiber, though other studies would 

need to be done using a technique such as transmission electron microscopy (TEM) to 

visualize the internal packing of the molecules. Interestingly though, the findings suggest  
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Fiber Type ε
max (%) ε

elastic (%) E
0
 (MPa) 

E
∞
 

(MPa) 
τ

1
 (s) τ

2
 (s) Reference 

Dry, electrospun 

fibrinogen fibers 
110

 
16

 
4200 3700 1.2 11 Chapter 2 

Hydrated, electrospun 

fibringen fibers 
130 - 17.5 7.2 3.0 55 [15] 

Dry, electrospun 

collagen/fibrinogen 

fibers 

84 26 - 38 387 488 1.8 17 Chapter 3 

Hydrated, electrospun 

collagen/fibrinogen 

fibers 

198 74 - 113 40 68 1.9 27 Chapter 3 

Dry, electrospun 

collagen fibers 
33 < 2 - 

200 – 

10,000 
- - [16,17] 

Hydrated, crosslinked 

electrospun collagen 

fibers 

- - - 70 – 260 - - [17] 

Dry, electrospun PCL 

fibers ( < 30 days) 
> 98 20 - 24 53 62 1.0 9 Chapter 4 

Dry, electrospun PCL 

fibers ( > 30days) 
> 98 6 - 8 61 99 1.7 21 Chapter 4 

Dry, electrospun PCL 

fibers (Tan, 2005) 
200 - - 120 - - [18] 

Hydrated, crosslinked 

fibrin fibers 
147 50 - 75 8 4 2.1 49 [19] 

Hydrated, 

uncrosslinked fibrin 

fibers 

226 60 - 120 4 2 2.9 54 [19] 

Hydrated, crosslinked 

fibrin fibers, blocked 

B:b interaction 

104 (1 µM) 

154 (250 µM) 

178 (100 µM) 

- - - - - Chapter 5 

Hydrated, crosslinked 

fibrin fibers, Healthy 

Middle Aged Patients 

118 43 - 14 - - Chapter 5 

Hydrated, crosslinked 

fibrin fibers, Healthy 

Old Patients 

129 40 - 12 - - Chapter 6 

Hydrated, crosslinked 

fibrin fibers, CVD 

Patients 

177 57 - 17 - - Chapter 6 

Table VII: Significant Quantitative Findings and Comparisons. 
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that hybrid natural polymer fibers, such as collagen and fibrinogen, may be a better 

choice for applications that will need to undergo large strains while not transitioning 

viscoelastically from an elastic to a plastic region. Such fibers may be a good choice for 

tissue engineering heart valves or blood vessels.  

 Our only study on the mechanical properties of individual electrospun synthetic 

polymers was done using PCL. PCL is a widely used polymer in tissue engineering that 

provides structural integrity while having a well-known, slow degradation time in the 

body (~1 year). We found that certain mechanical properties of single, electrospun PCL 

fibers change with sample age. Older samples were shown to be less elastic and stiffer 

after a period of 30 days. This could have long term implications in tissue engineering 

applications where many scaffolds are made ahead of time and stored over a period of 

time before they are used. Our findings suggest that while electrospun PCL fibers have 

similar mechanical properties to those found in electrospun fibrinogen, and degrade 

slowly in the human body, the scaffold storage time greatly alters the overall mechanical 

properties. Better storage methods may need to be taken into account in order to ensure 

the structural integrity of the scaffold. 

 Our next study looked at the mechanical properties of fibrin fibers where the B:b 

knob:pocket interaction was blocked using different concentrations of PEGylated and 

unPEGylated mimetic B-knobs. Both samples of mimetic B-knobs showed an increase in 

clot porosity with increasing concentration. We also showed that the mechanical 

properties changed in a fascinating manner. While unPEGylated mimetic B-knobs 

showed a decrease in extensibility at increasing concentration, PEGylated mimetic B-

knobs were more extensible than unmodified fibrin fibers at high concentrations. We 
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believe that the PEGylated leg added onto the mimetic B-knob is causing an increase in 

fiber extensibility while the blocking of the B:b interaction decreases the extensibility. 

The goal of the PEGylated leg is to functionalize the mimetic B-knob for possible drug 

delivery purposes. These experiments show that while blocking the B:b interaction will 

decrease the extensibility it may be possible to use a PEGylated leg on the mimetic B-

knob without losing fibrin’s naturally high extensibility. Other tests need to be done to 

better understand how elasticity and modulus are affected by this modification.  

 Our final study looked at the effect that CVD and age has on single fiber 

mechanics. Though we did not see a change in mechanics with patient age, we did see 

that CVD affected the extensibility and elasticity of these fibers. CVD patients typically 

have a clot made from small diameter, tightly packed fibers with small clot pore size. 

ASA has been shown to increase fibrin fiber diameter and pore size in clots [20]. During 

this study we also found an interesting relationship between modulus and fiber diameter. 

This finding indicates a change in the fiber diameter density or internal fiber structure 

with respect to healthy and CVD patients. Somewhat unexpectedly, we found that all of 

our CVD patients were on a daily dose of ASA. A study done by Svensson et al. 

determined the ASA binding sites on fibrinogen [21]. Combing these findings lead us to 

hypothesize that the internal fiber structure change may be related to the acetylation sites 

that are interfering with normal crosslinking. Further studies need to be done to confirm 

this finding with non-CVD patient blood.   

7.3 Future Studies 

 Future studies that seek to determine the mechanical properties of single, 

electrospun nanofibers should focus on hybrid fibers and synthetic polymer fibers. 
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Electrospun hybrid fibers show great promise for various tissue engineering applications 

because of the ability to tailor the size and desired makeup of the individual fibers. Our 

studies on hybrid fibers focused on one small subset of the many possibilities for 

collagen/fibrinogen fibers alone. This is the nice, and somewhat daunting, feature of 

electrospinning. Changing one parameter can change the outcome of your nanofibers. 

With parameters such as polymer type, solvent type, polymer concentration, flow rate 

and working distance that can be changed, the possible outcomes are nearly endless. 

Mechanically, synthetic polymers should also be the focus of future studies. As we 

showed with PCL, these fibers can have similar mechanical properties to natural 

polymers. Future studies should also focus on determining the single fiber mechanical 

properties of commonly used synthetic polymers such as poly(L-lactic acid) (PLLA), 

poly(glycolic acid) (PGA), or poly(lactic acid) (PLA). These findings would help to make 

better informed tissue engineered scaffolds with desired mechanical properties.  

 Future studies done on modified fibrin fibers should determine their viscoelastic 

properties. Our studies focused on determining how the extensibility was changed when 

fibrin clot dynamics was modified. Viscoelastic properties such as elastic limit or 

modulus will help to determine how these fibers are affected by stress. As we showed 

above, maximum strain gives important information on how the B:b provides support for 

the clot. Elastic limit values from blocked B:b clots will help to inform what effect the 

B:b interaction has on fiber, and thus clot, elasticity. Modulus would also give 

perspective on how the B:b interaction contributes to the fiber stiffness.  

 For CVD studies, more patients are needed to fully understand the role that fibrin 

plays in determining the clot mechanics associated with CVD while also understanding 
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the role of ASA independent of CVD. A larger patient group would allow for elimination 

of outliers as well as showing a better understanding of how truly accurate our findings 

are. Future studies should focus on determining how ASA alone affects fibrin fiber 

mechanical properties. This would allow one to determine if ASA or CVD has a greater 

effect on clot mechanics. While studies have shown that the overall clot structure is 

affected by ASA, to my knowledge no one has looked at how single fiber mechanics are 

affected. Other studies should also increase the patient group to include women. This 

would allow for determination of how not only CVD and ASA affect mechanical 

properties but also the role that sex plays on each of these parameters.   
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Figure S1: Incremental Stress and Strain Curves. (A) Representative strain versus time curve 

showing the strain being held constant at five different places on the plot, the first one being at 

a strain of 15%. (B) Representative stress versus time curve showing the five different 

relaxation curves, the first one being at a stress of 5.8 x 10
7
 Pa. (C) Representative stress 

versus strain curve showing five different places where the strain was held constant and the 

stress was allowed to relax, the first being at a strain of 15% with an initial stress of 5.8 x 10
7
 

Pa. (D) Individual stress versus strain curve showing the relaxation of the fiber. A double 

exponential is first to each individual curve which allows for recovery of total and relaxed 

modulus as well as a fast and slow relaxation 
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Figure S2: Sensor Response (approximately proportional to applied force) for Unanchored 

versus Anchored PCL Fibers. Representative plots comparing the sensor response when a fiber 

in unanchored (A) and anchored (B). As strain increases the fiber in (A) slips across the ridges 

of the striated substrate indicated as the sensor response drops at 83% strain and then again at 

103% and 121% strain. In contrast the fiber in (B) is pulled to a strain of nearly 93% and then 

slips off of the AFM cantilever tip allowing the sensor response to drop to zero.  

Figure S3: Total Modulus versus Diameter for PCL Fibers. Scatter plot of showing the 

relationship between Total Modulus and fiber diameter. The plot shows that there is not a 

strong correlation between modulus and fiber diameter. 
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 kfwd krev kfwd krev Kd1 Kd2 RSS 

AHRPYAAC 99.45 3.02e-3 1.81 1.45e-4 3.03e-5 8e-5 2.3 

AHRPYAAC-PEG 287 0.50 4.52 2.6e-4 5.72e-5 1.75e-3 0.73 

GPSPFPAC 4.85 8.8e-4   1.81e-4  2.7 

GPSPFPAC-PEG 0.74 2.14e-4   2.9e-4  0.7 

 

 

 

 

Table SI:  Fitted Parameters.  k
fwd

, association rate; k
rev

, dissociation rate; RSS, residual sum 

of squares.  †Calculated K
d
 from fitted k

a
 and k

d
 values in which K

d
=k

d
/k

a
. 

Figure S4:  Turbidity profiles of fibrin clots formed in the presence of free or PEGylated knob 

B (A-B), negative control peptides (C-D) or free PEG (E).  Final fibrinogen and thrombin 

concentrations were 1 mg/mL and 0.25 U/mL, respectively.  Results are combined from three 

triplicate experiments.   
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Figure S5: Diameter distribution with respect to Age and CVD. Average diameter of healthy 

middle age is 130 nm, healthy old is 140 nm, old CVD is 120 nm. We use 130 nm as the 

standard fiber diameter to get normalized total modulus for three groups. 
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Figure S6: Maximum Strain versus Diameter. (88 data points) Since we knew that the 

modulus is dependent on the diameter of the fiber, here we want to know whether the 

extensibility depends on the diameter. We measure both the diameter of the fiber and the strain 

for extensibility. However, from the plot we see no significant relationship between diameter 

and extensibility. 
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 Healthy 

Middle Age 

(g/l) 

 Healthy Old 

(g/l) 

 Old CVD 

(g/l) 

Sample 1 0.71 Sample 2 0.95 Sample 11 0.61 

Sample 4 0.80 Sample 3 0.78 Sample 12 0.67 

Sample 6 0.55 Sample 5 0.74 Sample 13 1.38 

Sample 7 0.53 Sample 9 0.65 Sample 14 0.92 

Sample 8 0.66 Sample 10 0.38 Sample 15 0.65 

Average 0.65 Average 0.70 Average 0.85 

 

 Healthy Middle Age Healthy Middle Age Healthy Old 

 Healthy Old Old CVD Old CVD 

T-TEST 0.63 0.23 0.43 

 

Table SII: Fibrinogen Concentration for each CVD study group 

Table SIII: Statistical Analysis among Differing groups for CVD Study 
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 Medication 

 

Frequency 

Sample #11 Atenolol (50 mg) 

Benazepril (10 mg) 

Lipitor (40 mg) 

Aspirin (81mg) 

Nitroglycerin (0.4 mg) 

Prilosec 

Celebrex (100 mg) 

Once daily 

Once daily 

Once daily 

Once daily 

As needed 

As needed 

Once daily 

Sample #12 Lipitor (10 mg) 

Aspirin (81 mg) 

Lisinopril (10 mg) 

Once daily 

Once daily 

Once daily 

Sample #13 Enalapril (5 mg) 

Toprol-XL (25 mg) 

Metformin (1000 mg) 

Lipitor (40 mg) 

Glipizide (10 mg) 

Aspirin (325 mg) 

Once daily 

Once daily 

Twice daily 

Once daily 

Twice daily 

Once daily 

Sample #14 Pravastatin (40 mg) 

MTV 

Fish oil (1200 mg) 

Iron (65 mg) 

Aspirin (81 mg) 

Lisinopril (5 mg) 

Cosamin DS (1500/1200) 

St. John’s Wort (300 mg) 

Avodart (0.5 mg) 

Ginkgo biloba (60 mg) 

Ginseng (200 mg) 

Once daily 

Once daily 

Once daily 

Once daily 

Once daily 

Once daily 

Once daily 

Once daily 

Once daily 

Once daily 

Once daily 

Sample #15 Lipitor (10 mg) 

Toprol-XL (12.5 mg) 

Aspirin (325 mg) 

Synthroid (75 mg) 

Once daily 

Once daily 

Once daily 

Once daily 

 

 

Table SIV: The medication taken by five old cardiovascular patients. 
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