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The Viscoelastic Properties of Individual Electro-spun Fibers Electrospinning is a method to spin fibers which was patented for textiles in 1934. Recent research improved the method and nanofibers can nowadays be produced. However, the mechanical properties of these fibers at a microscopic scale remain largely unknown. In this project, we first developed a protocol to electro-spin fibrinogen and collagen fibers. Then, using a nanomanipulation systems which combines Atomic Force Microscopy and Fluorescence Microscopy, stress and strain measurements were performed to elucidate the viscoelastic behavior of those fibers. Finally, we will interpret the results.
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I NTRODUCTION project is part of the "Fibrin Fiber Project" led by my internship advisor Martin Guthold at the Physics Department of Wake Forest University, WinstonSalem, North-Carolina, USA. 1 Post-Doc and 1 undergraduate student were initially involved in the project, but left during the summer so that the team was composed of 1 associate professor, 1 graduate student and 2 undergraduate students.



T



HIS



The main motivation of the "Fibrin Fibers Project" is to elucidate the properties of blood clots through the study of single fibrin fibers. Indeed, fibrin fibers are the principal component of blood clots (See figure 1). With a combined Atomic Force / Fluorescence Microscopy system, the extensibility, elastic limit [8] have already been determined. The Young’s modulus has been determined by experiments using optical tweezers [3]. But a wide domain of investigation remains unexplored. Further F IG . 1 - Colorized Scanning knowledge would not only be useful for the unElectron Microscope image derstanding of blood clots but might help to proof a whole blood clot. The duce new bio-materials with uncommon mechanfibrin fibers blue, platelet ical properties. To this end, electro-spinning is a aggregates purple, and red very efficient and cheap technique. Unlike macroblood cells red. Taken from scopic properties of electro-spun fibrin and colla[1] gen clots, the behavior of single electro-spun fibers isn’t known at all. Therefore, in this project, we made electro-spun fibers and studied them at the nanoscopic, single-fiber scale.
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A. E LECTRO - SPINNING F IBERS After Rayleigh and Zeleny [22], Taylor [17, 18, 19] worked on jets of water within high electric field. Based on the same principle, the electro-spinning is a method patented in 1934 to produce textile fibers and it has also been used in industry. Nowadays, this technique can be used to produce fibers of various materials with a range of diameters. A-1 Principle In the electro-spinning process, a polymer solution held by its surface tension at the end of a capillary tube is subjected to an electric field. Charge is induced on the liquid surface by an electric field. Mutual charge repulsion causes a force directly opposite to the surface tension. As the intensity of the electric field is increased, the hemispherical surface of the solution at the tip of the capillary tube elongates to form a conical shape known as the Taylor cone [19] (See figure 2). When the electric field reaches a critical value at which the repulsive electric force overcomes the surface tension force, a charged jet of the solution is ejected from the tip of the Taylor cone. Since this jet is charged, its trajectory can be controlled by an electric field. As the jet travels in air, the solvent evaporates, leaving behind a charged polymer fiber which lays itself randomly on a collecting metal screen. Thus, continuous fibers are laid to form a non-woven fabric.



F IG . 2 - Picture of the Taylor cone. The Taylor cone is produced by balance between the electrostatic energy and the surface tension. Taken from [2]



The above description of the process suggests that the following parameters affect the process (See [5] for a complete study of the influence of these parameters): • solution properties including viscosity, conductivity, and surface tension; • controlled variables including hydrostatic pressure in the capillary, electric potential at the tip, and the distance between the tip and the collector; • and ambient parameters including temperature, humidity, and air velocity in the electro-spinning chamber. Our initial goal was to find parameters to reproductibly obtain fibers. A-2 Experimental Setup The experiments were performed in a nanoengineering laboratory, Wake Forest University Bowman Gray School of Medicine/ Virginia Tech. The solvent has to evaporate very easily so that it will not pollute the sample with droplets. The solvent that we used for that purpose is HFP1 . Indeed, this solvent seems to help the 1 1,1,1,3,3,3 hexafluoro-2-propanol,



99 + %Sigma Aldrich, St Louis, Missouri, USA
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formation of α-helical domains [11, 16, 20]. The monomers used were collagen2 and fibrinogen3 , they were dissolved in HFP. For fibrinogen, adding MEM with Earle’s salt 4 was necessary to get it in solution. A scheme of the whole experiment is displayed in figure 3. Flow Rate



Tube Syringe Pump



Needle +



∼ 20 kV kV Patterned Stamp



mA Power Supply



Cover Slide −



F IG . 3 - Experimental Setup of the Electro-spinning



The solvent and the monomers were dispensed from a syringe of 1 ml, diameter 4 mm 5 and a syringe pump 6 that ensured a constant and well-known flow rate. The tube and needle were an infusion set 7 . The cover slides 8 were stamped with a pattern and grounded by tweezing it with an alligator clip.



To be able to study single fibers, a "ridges and valleys" surface was patterned on the cover glass. The striated substrate (figure 4) was prepared by micromoulding [21].



2 C857 Collagen Type 1 acid soluble, from calf skin, Elastin Products Company, Inc., Owensville, Missouri , USA 3 bovine fibrinogen, type I, Sigma Aldrich, St Louis, Missouri, USA 4 Minimum Essential Medium 10x, Invitrogen, Eugene, Oregon, USA 5 Becton-Dickinson, Franklin Lakes, New Jersey, USA 6 NE-1000 Programmable Syringe Pump, New Era Pump System, Inc, Wantagh, New-York, USA 7 18 or 23 gauge size, Butterfly, Becton-Dickinson, Franklin Lakes, New Jersey, USA 8 24x60 mm, VWR micro cover glass, VWR International
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Ridges



Grooves



Optical Glue 6 µm



Cover Slip



8 µm 12 µm F IG . 4 - "Ridges and Valleys" patterned surface on cover slip This process uses a PDMS9 stamp to mold the desired shape of a surface. PDMS is a clear silicone- and oxygen-based inert polymer. To create the mold, 40 ml PDMS plus catalyst10 was poured over a SU-8-silicon master in a petri dish; the dish put in a vacuum chamber to remove air bubbles, and the PDMS cured at 70 ◦ C. An approximately cubic section could then be cut away from the whole as the new stamp to be used. This PDMS stamp was then pressed into optical glue11 sitting on the cover slip, the glue cured with ultraviolet radiation 12 for 70 seconds and the PDMS stamp could then be peeled away from the patterned surface. The cover slip with patterned surface was then cleaned by UV/ozone stripping13 . To perfect the grounding of the slides, they can be coated with gold (See appendix 1). However, in comparison with voltages as high as 20 kV, the grounding of the cover glass with gold is negligible. Since the fibers are attracted by the ground, they are concentrated around the alligator clip, but are still well dispensed on the area close to the alligator. If the cover glass is not grounded at all, the fibers are not targeted on the slide.



A-3 Parameters The following table lists all the parameters and gives the range at which the electro-spinning works. Parameter Voltage (kV) Distance (cm) Flow Rate (ml/hour) Gauge Size Concentration (mg/ml)



typical 22 16 2 23 80



minimum 12 12 0.3 23 80



maximum 35 20 7 18 100



9 PolyDiMethylSiloxane 10 Sylgard



184 Silicone Elastomer, Dow Corning, Midland, USA Optical Adhesive 81, Norlands Products Inc., Cranbury, New Jersey, USA 12 365 nm, UVP 3UV transilluminator , Upland, California, USA 13 UV & Ozone Dry Stripper, Model UV-1, Samco Inc., Sunnyvale, California, USA



11 Norland
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So far, we investigated the influence of the parameters listed in the table on the radius (See section C-1). Previous papers [10, 11] parameters were used as a starting point. To evaluate the influence on the electro-spinning, we inspected the appearance of the fibers by optical and atomic force microscopy (See figure 5).



F IG . 5 - Picture of electro-spun fiber obtained with transmission microscope. 20x lens
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THE PROPERTIES OF SINGLE



FIBERS



B-1 Instrumentation Setup



The physical properties of individual fibers were investigated by the use of combined Atomic Force, Fluorescence and Transmission Microscopy. The AFM 14 is used to determine the radii of the fibers and as a nanomanipulator to pull on fibers (See the figure below). Indeed, a computer interface15 connected to the AFM computer can be used to control the feedback loop and have the AFM cantilever move to any desired positions (See figures 6 and 7). To help the targeting of the fibers and to measure their length with the fluorescence microscope 16 the fibers were labeled with fluorescent beads17 .



The beads were diluted 1 : 104 with buffer18, and 200 µl were dispensed on the patterned surface. After incubating for 10 minutes at room temperature, buffer19 was used to rinse and to hydrate the samples.



14 Topometrix



Explorer, Veeco Instruments, Woodbury, New-York, USA 3rd Tech, Chapel Hill, North Carolina, USA 16 Axiovert 200 & 40x Lens, Zeiss, Göttigen, Germany, EM-CCD C9100 Camera, Hamamatsu, Japan, and IPLab Software, Scanalytics, Fairfax, Virginia, USA 17 Invitrogen FluoSpheres rcarboxylate-modified microspheres, 0.02 µm, yellow-green fluorescent (505/515) 2% solids,Eugene, Oregon, USA 15 NanoManipulator,



18



Collagen 200 mmol/L KCl, 50 mmol/L Glycine, pH 9.2 Fibrin 10 mmol/L HEPES, 140 mmol/L NaCl, pH 7.4 The beads are negatively charged and will stick to positively charged molecules. In order not them to aggregate with strong charged ions, CaCl2 is removed from the fibrin buffer. 19



Collagen 200 mmol/L KCl, 50 mmol/L Glycine, pH 9.2 Fibrin 10 mmol/L HEPES, 140 mmol/L NaCl, 5 mmol/L CaCl2 pH 7.4
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AFM − → → → x p, − y p, − zp piezo translator
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Cover Slide − → → x c, − yc translator R



Objective lens − → zo translator



 -



AFM Cantilever − → → → x p, − y p, − zp



PDMS Stamp Cover Slide



Stage − → → x s, − ys translator



A



AFM Tip + 



Fluorescently labeled electro-spun fiber



− → → x c, − yc Objective lens − → → → x s, − y s, − zo



B



F IG . 6 - Instrumentation setup for the manipulation of single fibers. (A) - Picture of the instrumentation set-up. (B) - Side view of the set-up the AFM cantilever, the coverslide and the objective lens can move independently so that any area of the sample can be studied



F IG . 7 - Fluorescence microscopy movie frames of a stretching experiment on an electro-spun fibrin fiber. The fiber is anchored on two ridges (8 µm wide bars) and suspended over a groove (12 µm wide bar); the AFM cantilever appears as a 35 µm shadow; the AFM tip is indicated as a green dot.
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B-2 Strain measurements



Thanks to the setup described in figure 8, the strain can be easily determined. Actually, for the calculation that is done, it is assumed the tip is exactly on the middle of the ridge, thus p L = L′ + L′′ = 2 ∆X2 + Linit 2 That way, Strain =



L − 2 Linit 2 Linit



Fiber



Ridge



Linit



L′



AFM Tip



L′′



Groove



∆X F IG . 8 - Bottom-view of the setup



Linit is determined with the fluorescence microscope, ∆X is determined with the AFM and/or the FM. B-3 Force measurements The laser beam, which is reflected on the back of the cantilever20 is converted into a current by the photo-diode (See scheme 9-A). The position of the beam is measured by two quantities ITop-Bottom = ITB =



(a + b) − (c + d) a+b+c+d



and



ILeft-Right = ILR =



(a + c) − (b + d) a+b+c+d



When the cantilever is at its rest position the beam has to be centered on the photodiode by adjusting the mirrors (not represented here) and the position of the laser. When the tip of the AFM pulls on an object laterally, the latter exerts a reaction force that bends the cantilever of the AFM (See scheme 9-B), the beam shifts and the lateral photo-current changes. a b c



Photo-diode



a b c



d



Photo-diode



d



A



Fℓ B F IG . 9 - Reflection of the laser beam on the back of the cantilever . (A) The laser is aligned on the center of the photo-diode (ILR = 0). (B) Reflection of the cantilever on the bent cantilever induces a shift on the photo-diode and ILR 6= 0 20 Ultrasharp Noncontact silicon cantilever NSC12/without Al/50, Mikromasch, Wilsonville, Oregon, USA
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B-4 AFM lateral force calibration To compute force measurements from the torsion of the cantilever, a calibration is required. There is two types of forces measurements: • normal force measurements; the tip is moved normally to the surface and Fn = k n ∆xn = k n Sn ∆ITB ; • lateral force measurements, the cantilever is moved parallel to the surface and Fℓ = kℓ ∆xℓ = kℓ Sℓ ∆ILR . To stretch on fibers, lateral force measurement is more appropriate. We used two types of calibration (See figure 10, Appendix 3 and [9] for further details) to measure the constant KC given by



2∆θ



Fℓ = KC ∆ILR Beam Mechanics The AFM Software provides normal force calibration called "sensor response" Sn .Through elasticity theory and thanks to the characteristics of the cantilever, kℓ can be calculated and Sℓ can be deduced from Sn . In this way, KC can be computed. Glass rod By pulling on a glass rod whose characteristics are known, the pulling force can be deduced. Therefore, since both the the force and the photo-current are known, the slope of the photo-current vs force curve directly provides KC .



∆θ



∆xℓ



∆θ F IG . 10 - Torsion of the AFM cantilever . The lateral force bends the cantilever within an angle ∆θ so that the laser is deflected within an angle 2∆θ and the lateral photo-current changes of ∆ILR .



The torsion of such a rectangular silicon ribbon remains in a linear regime while the Lateral photo-current is in the range + − 64 nA, which corresponds −2 to a deflection of ∆θ = + rad. − 10
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OF



S INGLE



10



E LECTROSPUN



C-1 Radius measurements Several scans were performed, using the Atomic Force Microscopy. Some are displayed in figure 11. To prepare the sample for AFM imaging, a piece of the cover slip with electro-spun fibers was glued21 on a metal disc22 , so that it could be magnetically attached to the AFM stage. No liquid was added so that the scans 23 were performed in dry conditions with ultrasharp cantilevers24 .



A A F IG . 11 - AFM scan of electro-spun fibers A collagen, B fibrinogen Since the AFM gives an image of the topography, the radius of the fibers can determined (see table 1).



21 Super



Glue, Elmer’s Products Inc., Colombus, Ohio, USA



22 Veeco 23 AFM



Dry Scanner 10 µm Z, Linearized, 100 µm x,y, TopoMetrix Corporation, Santa Clara, USA AI Ultrasharp Cantilevers and Gratings, Micromasch USA, Wilsonville, Oregon



24 NSC16/no
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Fiber Concentration (mg/ml) Electrostatic Field (V/m) Flow Rate(ml/hr) Average Radius (nm) Number of measurements



Collagen 80 80 7.2.106 7.2.106 6 2 + 170 + 120 218 − 280 − 18 20
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Fibrin 80 100 13.5.106 13.5.106 1.9 1.9 + 49 + 84 121 − 208 − 20 22



Table 1: Measurements of the radius of electro-spun fibers obtained thanks to AFM topography imaging C-2 Straight Pulling



The stress is equal to the force Fℓ over the cross section area A = πr2 of the fiber where r is its radius. The figure 12 displays an example of a continuously pulled fiber which breaks at a certain strain where the stress suddenly drops. The strain at rupture is called extensibility.



Stress (MPa)



Using the technique developed to study the properties of single regular fibrin fibers [8], electro-spun collagen fibers and electro-spun fibrinogen fibers were pulled the same way. The fibers were labeled with fluorescent beads. Thanks to the transmission and the fluorescence microscopy, the maximum strain can easily be determined. The force data were derived from the AFM with the NanoManipulator software which records the deflection of the cantilever. This deflection can then be used to determine the force Fℓ . 60 6



40



20



0 0 0.5 1 1.5 2 Strain F IG . 12 - Stress vs Strain curve for a collagen fiber. The fiber is continuously pulled within a rate 2 µm/s.
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C-3 Incremental Method



Strain



The incremental stress-strain method [13] consists of pulling, pausing and restarting the pulling several times to let the fibers relax. The force-time and the stressstrain curve show a clear relaxation (See figure 13), which clearly demonstrates the viscoelastic behavior of the fibers. In this way, the total modulus is the sum of the viscous modulus and the Elastic modulus. The latter is given by the stress exerted by the fibers once they have relaxed i.e. the viscous component has vanished. However, the radius of fibers remains tricky to measure in buffer and on the ridges so that only a few stress measurements have been performed so far. 6



10



M 8



To ta l



Force (µN)



12



od ul us



-
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Stress (MPa)



15 6



5



4



Ela



0 0



0



0.4



c sti



lus du o M



0.8 Strain



1.2 B



160 240 320 Time (s) A F IG . 13 - Incremental curves. (A) Incremental Strain-Time and Stress-Time curves for an electro-spun fibrinogen fiber. (B) Incremental Stress-Strain curve for a fibrinogen fiber. The fiber relaxes during the pause. The Total Modulus is given by the top slope (red) and the Elastic Modulus is given by the bottom slope (blue). 0



80



Several measurements of the Elastic modulus have been done (See table 2 and compared to the natural fibers [7].



Electrospun Collagen Electrospun Fibrin Non-Crosslinked25 Fibrin Crosslinked25 Fibrin Type I Collagen radius ≃ 50 µm [14]



Total Modulus (MPa) + 1.0 14.8 − + 12.19 17.7 − + 4.41 7.01 − + 2.91 7.61 − 60



Elastic Modulus (MPa) + 2.0 9.4 − + 8.3 11.4 − + 1.9 4.43 − 4.01 + 2.02 11.5 4.65 − 30



Table 2: Total and Elastic Modulii Measurements. For collagen, 3 measurements have been done, for fibrinogen, 5. References from [3] and [7]



-
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C-4 Relaxation 6 14



force = e −t/τ1 + e −t/τ2



12 Force (µN)



Furthermore, the relaxation fits a double exponential function as shown in figure 14.



10 The relaxation times displayed in table 3 for collagen and fibrinogen are simi8 lar, that is why a control was performed to make sure this relaxation was not 6 instrumentation-related, but intrinsically fiber-related, we performed a control ex240 300 360 Time (s) periment with a glass fiber (See appendix F IG . 14 - Force-Time Relaxation 3). Curve fits a double exponential function displayed in magenta. The experimental data is plotted in red.



Fast Relaxation Rate τ1 (s) Slow Relaxation Rate τ2 (s)



Electrospun Collagen Fibrin 2.2 4.1 + 1.2 + 2.5 − − 54.2 70.3 + 39.1 + 47.0 − −



Non-Crosslinked Collagen Fibrin − 2.82 − + − 2.35 − 52.5 − + − 47.2



Crosslinked Collagen Fibrin − 2.04 − + − 1.37 − 53.4 − + − 63.6



Table 3: Relaxation rates measurements. For collagen, 29 measurements have been performed, for fibrinogen, 18.



C-5 Extensibility In addition, the maximum strain of a fiber at rupture called extensibility, is also an interesting property. The extensibility of fibrinogen and collagen fibers were determined and are displayed in the table 4.



Extensibility (%)



Electrospun Collagen Fibrin + 34 + 30 69 − 144 −



Non-Crosslinked Collagen Fibrin + 52 [8] 28 − 68 [7] 226 −



Crosslinked Collagen Fibrin + 72 [8] 12 − 16 332 −



Table 4: Extensibility of electro-spun and natural fibers.



At strain 0 %, the fiber is not stretched at all. At strain 100 %, the fiber is stretched twice its length.
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The extensibility of electro-spun fibrinogen fiber is less than the extensibility of natural fibrin fibers, but remains in the range of extensibility some natural fibers show [7]. On the contrary, Type I electro-spun collagen fibers have an extensibility near the upper limit of the extensibility of natural self assembled type I collagen. Moreover, thicker collagen fibers have even less extensibility. C-6 Energy Loss & Hysteresis phenomenon Another type of measurement was performed: the elasticity of fibers. The fiber is pulled and released; it is then determined if the fiber returns to its original shape. With the help of the fluorescence microscope, it was noticed that the fibers don’t often recover their original shape (See figure 15). It was also determined that the force was lower during the release than during the pulling that can be interpreted as a hysteresis phenomenon.



A



B



C



F IG . 15 - Pulled and Released Fibrinogen frames from a sequence. The Fiber held to a certain strain (picture B) and is released (picture C). It can be seen that the initial shape (picture A) is not recovered Hysteresis is a physical property which describes non-ideal spring-like systems. The term refers to the common behavior of materials whose force curve during extension is different from (usually greater than) their force curve during return. On a forcedistance curve, the area between the two curves represents the amount of energy dissipated by the fiber during its extension and release (see figure 16). These areas were measured via point-by-point integration (See appendix 2) of the data.In the following figure, Force vs distance curve and energy loss vs strain are displayed.
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0 0.5 1 1.5 Strain B F IG . 16 - Energy Loss curves (A) Force vs strain curve. with a pulling and release at a certain strain. (B) Stress vs strain curve. The fiber has been pulled and released (in red), and then pulled up to rupture (in green). It can be seen that the stress doesn’t recover when pulled the second time. 0
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Unlike natural fibrin fibers which show a pure elastic behavior at strains as high as 120 % for non-crosslinked fibers, 180 % for crosslinked ([8] and figure 17A ), electro-spun fibers seems to to damaged26 very low strain (See graph 16- A and 17-B). 1006 Energy Loss (%)



Energy Loss (%)
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0 0 0.5 1 1.5 Strain B F IG . 17 - Energy loss vs strain curve (A) for natural fibrin fibers.The crosslinked fibrin fibers are displayed in red, and the non-crosslinked fibrin fibers in blue. (B) for electro-spun fibrinogen fibers. The data points are more scattered, and so far, no clear trend is apparent.



26 Is



damaged if the force reach 0 before the strain reach 0.
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D-1 The Stiffness is Induced by Lateral Bonds In previous experiments, it was found that the extensibility of crosslinked fibrin is higher than the extensibility of non-crosslinked fibrin. Furthermore, it was found that the stiffness of crosslinked and non-crosslinked fibers are close. Moreover, it is known that the fast-forming γ-γ crosslinks form predominately in the longitudinal direction (slow forming α-α crosslinks form mainly in the lateral direction). Therefore, it may be assumed that high extensibility depends on strong longitudinal bonds and stiffness depends on strong lateral bonds. In almost all biological fibers, it is found that stiffer fibers are less extensible, and vice-versa (See [7]). We found that the total modulus and elastic modulus of electro-spun fibrinogen fibers is higher than those of natural fibrin fibers. In contrast, they are lower for electro-spun collagen than for natural collagen. Thus, it seems that electro-spun fibrinogen fibers have more lateral crosslinks than natural fibers and that there is the same or less crosslinks for electro-spun collagen than for natural collagen fibers. Despite the nearly crystalline arrangement of monomers along the fiber axis (See figure 18), the natural fibers demonstrate very large extensibilities, that may relie on the straitening of the monomers or/and of the bonds. Electro-spun fibers denote large extensibility to. However, we don’t know if the arrangement of monomers in electro-spun fibers match the figure 18.



A



15 nm 300 nm



B



5 nm 6 nm 15 nm 15 nm



F IG . 18 - Arrangement of Collagen (A) and Fibrin (B) monomers when they form a fiber proposed by [15] for collagen and by [4] for Fibrin. The beads represent globular domains and the lines triple helical region.
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Elasticity, Viscosity & Relaxation



The stress-relaxation phenomenon and the double exponential fit suggest a springdamper model. Monomers and bonds can be considered as a spring for the elastic behavior and a viscous dampener for the viscous behavior. Two mechanical models analogies are proposed in [6]: • the Maxwell model represented in figure 19, whose relaxation time is know to be τi = µi /Gi , where µi and Gi are respectively the viscosity and the elastic F IG . 19 - Visco-elastic modulus of the element i. Under a constant strain, Maxwell model such a system shows a stress relaxation   t σi (t) = σi0 exp − τi Any Maxwell elements properties of a single Maxwell elP in series have the P ement with 1/G = 1/Gi and 1/µ = 1/µi . However, for a group of Maxwell elements in parallel arrangement, it can be shown that the stress are additive   P t ; σ(t) = σi0 exp − τi i • the Voigt model represented in figure 10, whose retardation time is defined by the same τi as before. Under a constant stress, this system show a strain F IG . 20 - Visco-elastic recover    Voigt model t εi (t) = εi0 1 − exp − τi Any Voigt P elements in parallel P have the properties of a single Voigt element with G = Gi and µ = µi . However, for a group of Voigt elements in parallel arrangement, it can be shown that the strains are additive    P t . ε(t) = εi0 1 − exp − τi i Since the performed measurements revealed a double exponential relaxation of the stress     t t + σ2 exp − + σ3(1) , σ(t) = σ1 exp − τ1 τ2



µ1



µ2



G3 the more appropriate model is the combined model with three Maxwell elements. The relaxG1 G2 ation rate τ3 is infinite and in this way the viscosity µ3 is infinite. Therefore, σ3 denotes the pure elastic behavior of the fiber that remains when the relaxation is over. Both τ1 and τ2 are known, and might represent two different effects that occur while the fiber is strechted. F IG . 21 - Maxwell model for the electro-spun fibers
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D-3 Energy Loss & Hysteresis Phenomenon The energy loss may be explained through qualitative thermodynamics analysis. It has been showed in section C-6 that during the pulling and release process, energy is lost (See figure 22). The appropriate state variable here is the Free Energy, which is a balance between the binding energy and the entropy.However, ∆Grelease is smaller than ∆Gpulling and somehow , energy is lost.



Free Energy







×



× partially unfolded/ slided × folded



Stress F IG . 22 - Free energy-strain diagram. The initial position is the blue cross, the proteins are in a very stable state. The first pull (red) raises the free energy as described above to a arrow up to the red cross. When the fiber is released, the energy decreases but doesn’t go back into its initial well. Three possible mechanisms may occur: 1. during the pulling, the α-helix regions (lines of the figure 18) unfold into a β-strand (or coiled) state, whereas during the release, the exact re-folding of the protein into an α-helix state has a very low probability to occur, given the very high number of configurations. Even if the initial folding is the most stable, the re-folding is more likely to reach a metastable state with a higher energy which is a compromise between the high entropy of a coiled polymer and the low energy of "monomer-monomer" interactions. It is a first order phase transition, with a characteristic hysteresis phenomenon (See graph 17); 2. following the same process during the pulling, globular domains can unfold as well, and may not recover their original state. 3. the sliding of the monomers and fibrils (lines of monomers) within a fiber is an irreversible process too. The partial re-folding would explain the relaxation rates. Indeed, the elastic rearrangement would stand for the springs and the loss for the dampers. Besides, The sliding would explain the irreversible deformations. Moreover, it has been noticed that both crosslinked and non-crosslinked fibrin fibers had a pure elastic behavior at low strains while electro-spun fibers hadn’t [8]. Since the crosslinks bonds that both crosslinked and non-crosslinked fibers have, are random coiled polymers. They can be considered as purely entropic springs. Thus, it can be deduced that electro-spun fibers haven’t these crosslinks, and that their stretching are more likely to relie on an irreversible α-helix - β-strand or folded/unfolded globular domain transition.
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P ERSPECTIVES



From the analysis in section D-1, we propose that electro-spun fibrinogen fibers form more dominant bonds in the lateral direction than natural fibrin fibers. Section D-2 highlights the fact there are two different mechanisms that drive the stressrelaxation of the fibers. In section D-3, we propose that the streching of electrospun fibers may be due to α-helix - β-strand state transition, other protein unfolding events and/or fibril/monomer sliding. Different phenomenons with two time constants seems to be involved in the streching process. It is important to note that all these theoretical considerations remain rough interpretations and speculations trying to match on the experiments. It is always interesting to provide a feeling of what happens and give a physic sense to the results. It has also driven me to learn how to conduct some bibliographic searches. Still, some further experiments could be led to perfect and improve some aspects presented in this report: • to build a stage to control the temperature. Indeed, the properties of the fibers may change with the temperature. For instance through Soft Matter theory, the area under the relaxation curve is known to be proportional to the temperature. The effect of temperature on the energy loss could also be a reliable way to see how significant are the entropic effects27; • to compare the properties of natural and electrospun fibrin clot, and the properties of natural and electrospun fibers. Indeed, some papers describe the rheological properties of electrospun [10] and natural [12] fibrin fibers; • for now, only the stress relaxation - the change of stress at a constant strain could have been studied. It would be interesting to measure the creep - the change of strain at a constant stress. This could maybe done by using the Nanomanipulator without disabling the feedback, so that the normal bending of the cantilever can be controled and exert a constant force on the fiber. The change of strain will be given by the distance the piezo has to move to ensure a constant deflection. Otherwise, this internship provided the occasion to participate in the life of laboratory for twelve weeks, and to give my contribution to the work of a research project and to use the knowledges acquired during the year. I particularly enjoyed working team-wise and discovering differents laboratories such as the Department of Reconstructive and Plastic Surgery at Wake Forest University Bowman Gray School of Medicine for the electrospinning and the Wake Forest University Center for Nanotechnology and Molecular Materials for the gold coating. In addition, I learned how to use an AFM for imaging and for nanomanipulation, and how to work with it to get force measurements. Moreover, the writing of my report required a thorough analysis and synthesis of my work and taught me how to present things better.



27 provided



the energy doesn’t depend strongly on temperature
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Appendix Appendix 1. G OLD C OATING An evaporator is used to make a surface conductive. It is usually used on samples for Scanning Electron Microscopy. With such a machine, layers as thin as several atoms thick can be deposited on a surface. Evaporator



Sample The laboratory where the experiment took place was Wake Forest University Center of Nanotechnology and Molecular Materials; the humidity of the room is set at 20%. The principle of the evaporator is to have gold powder in gaz phase, in order to have it condensed on the desired object. See figure α. The gold powder is put in a little tungsten cup, the sample is taped near the top of the "bell". To have the melting point of the gold at a low temperature, the pressure is decreased.



"Bell" Gazeous gold atoms Gold Powder Evaporator



F IG . α - Scheme of the Evaporator Therefore, the vacuum is reached in two times: 1. The pressure is roughly decreased by a mechanical pump at a 10 mPa; 2. Then, a diffusion pump , which is easily hurt by the humidity28 . The heated silicon oil traps the remaining gaseous molecules, then it is condensed by liquid nitrogen. Thanks to this system, pressure as low as 10−6 − 10−7 mPa can be reached Once the pressure is low, the gold can be evaporated while the diffusion pump is still working. By heating it in the cup with a current of 10 A. It let the gold powder evoporate and spread everywhere inside the "bell". After several hours, the gold has condensed on the walls of the bell, and on the slide, the current is turned off and the pressure set to the atmosphere pressure. The slides are ready. 28 That



is why a very low humidity is required for the vacuum system.
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Appendix 2. P OINT- BY P OINT I NTEGRATION From the Force data, the work dispensed by the movement of the tip can be calculated. Indeed, Z − → → W(∆X) = Fℓ · d− x ∆X



Since the movement of the tip is x-wise and the vector   Fℓ →′′ − → − →′ − Fℓ = Fℓ + Fℓ =  0  → → → 0 (− x ,− y ,− z) is x wise too, W(∆X) =



Z



Fℓ dx



∆X



In addition, the data is digital and a table instead of continuous values. Therefore, the integral is between the two sums. W1 (n) =



n P



Fℓ,k (xk+1 − xk )



and



W2 (n) =



n P



Fℓ,k (xk − xk−1 )



k=1



k=1



Thus, the better approximation is W1 (n) + W2 (n) 2 To compute the energy the fiber has lost during a pulling, the work Wpulling (0 − → n1 ) exerted by the fiber when pulled has to be compared to the work Wrelease (n1 − → n) exerted by the fiber when released. The difference W(n) =



∆W(n1 ) = Wpulling (0 − → n1 ) − Wrelease (n1 − → n) gives the amount of lost energy and the fraction ∆W(n1 ) Wpulling (0 − → n1 ) gives the percentage of lost energy.
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Appendix 3. L ATERAL F ORCE C ALIBRATION Following the easy and direct method for calibrating atomic force microscopy lateral force measurements (see [9]), we double-checked the beam mechanics calibration usually performed to determine the constant KC . 3-1 Beam Mechanics The AFM Software offers a normal force calibration. Indeed, the linear relationship between the photocurrent and the normal movement involves a constant called Normal Sensor Response Sn . Using the Elasticity Theory and the measurements of the caracterisitics of the Tip, the Lateral Sensor Response Sℓ and the KC constant can be obtained from this latter.



L On the right, a scheme of the cantilever of the A.F.M. is drawn. To perform the calibration of the cantilever, the following caracteristics are required.



t h



w



G=Shear modulus E=Young modulus f r =Resonance frequency



F IG . β - Scheme of a AFM cantilever L t h w ρ fr E G



330.5 µm 2.0 µm 17.6 µm 37.9µm 2330 kg.m−3 21.65 kHz 169 GPa 50 GPa



Transmission microscopy (20X lens) Mikromasch Transmission microscopy (40X lens) Transmission microscopy (40X lens) A.F.M. Sofware calibration



From Hooke’s law, the spring constant k n , for bending a cantilever with rectangular cross section, fixed on one end is kn =



E w t3 4 L3



E w t3 Sn ∆In 4 L3 Moreover, it can be shown that the lateral force constant is Thus,



Fn =



kℓ =



G w t3 3L (h + t/2)2
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The relationship between Sℓ and Sn is also known Sℓ =



E(h + t/2) Sn 2GL



Fℓ = kℓ Sℓ ∆ILR ,



Since



Fℓ = KC ∆ILR



We find



with KC =



E w t3 Sn + t/2)2



6 L2 (h



For a ultrasharp tip, it has been found KC = 83.6 A/N 3-2 Glass Rod Calibration To determine KC , the elasticity theory is one more time used. Indeed, it can be shown the force to bend a cylindrical rod is 3Eg πr4 ∆y 4L3 where ∆y is the deflection of the rod. The caracterisitics of the rod have been measured and are displayed below Fℓ =



L r Eg



112 µm 786 nm 68 GPa



Transmission microscopy A.F.M.



The deflection of the cantilever can be neglected (a photocurrent of 64 nA corresponds to a deflection of 170 nm ≪ 10 µm). Thus, ∆y = ∆xℓ



Unlike the studied biological fibers, they is no energy loss.
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We have plotted the Photo-current which corresponds to the lateral Force in nA vs the Lateral force with a pulling and a release. The slope is the invert of the constant k C . On four measurements performed on the same cantilever as in sec+ 8. tion 3-1, we got an average KC = 89 −



Lateral Photo-Current (nA)



Where ∆xℓ = X − X0 , X is the position of the cantilever, X0 is the initial position of the glass fiber. 6



0 1 2 3 Lateral Force (µN) F IG . γ - Photo-current - Deflection calibration curve. the glass rod is pulled (top curve) and release (bottom curve). It can be see that the pulling and the release force are nearly the same. 0
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Conclusion The values determined with the two methods are close. Still, The lack of precision in the measurement the radius of the glass fiber remains a drawback. 3-3 Control of the instrumentation — Relaxation Having measured a relaxation curve, when acquiring force data on electrospun collagen fibers, we were concerned, because the double exponential fit had very close time constants from those that had been measured on regular fibrin fibers. Indeed, if collagen monomers are really similar to fibrin monomers, it is surprising to get really close numbers. To make sure this relaxation phenomenon wasn’t due to the instrumentation, we pulled the same way on glass fibers, and checked that there wasn’t any relaxation. The plot displayed below shows clearly the relaxation phenomenon doesn’t occur, thus intrument-related relaxation is ruled out. 6 Force (µN)



Lateral Photo-current (nA)
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