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Abstract 

 
Designing wound dressings that restore cutaneous wounds to their original, healthy structure 

remains a clinical and engineering challenge. In the absence of external intervention, adult wound 

healing is an inherently slow and inefficient process. It often leads to scar formation and a 

stiffening in tissue mechanics due in part to the disruption of scaffolding proteins making up the 

extracellular matrix (ECM) of the skin. Within the ECM, the glycoprotein fibronectin (FN) is 

critical to maintaining the structural integrity and spatial organization of cells and tissues during 

wound healing. During development, fibrillar FN is highly expressed in fetal skin, a feature that 

also corresponds with scarless healing after injury. During aging, FN is broken down and replaced 

by fibrillar collagen. When adult skin is wounded, the regenerated tissue forms a dense collagen-

rich matrix, or scar. We hypothesize engineered fibrillar FN nanofibers embedded within an injury 

site can improve wound healing rate and reduce scar formation in vivo. However, this is a 

challenging task because the currently available manufacturing techniques amenable to protein 

fiber engineering have limited production rates. Thus, to test this hypothesis we employ a new 

method of polymer nanofiber production using the Rotary Jet-Spinning (RJS) and define how this 

system can generate the precise control over the chemistry, fiber geometry, and network 

orientation of protein fibers that can be used to recapitulate the microscale architecture of native 

ECM. The RJS is an ideal system for this study. It consists of a perforated reservoir rotating at 

high speeds to propel a liquid, polymeric jet out of the reservoir orifice that stretches, dries and 

eventually solidifies to form nanoscale fibers. While it is known that the RJS enables the mass 
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production of nanostructured fibers by centrifugal forces, methods to control topography and 

surface morphology of the formed fibers are unknown. In an effort to control fiber properties when 

building synthetic ECM, we developed a scaling framework complemented by a semi-analytic and 

numerical approach to characterize the regimes of nanofiber production, leading to a theoretical 

model for the fiber diameter consistent with experimental observations. In addition, our study 

yielded a phase diagram for the design of continuous nanofibers as a function of process 

parameters with implications for the morphological quality of fibers. Because ECM analogues 

should mimic geometry and surface topology of the native proteins, we also asked which 

parameters can be tuned during production to control fiber morphology. We developed and tested 

a mathematical model that describes how the competition between fluid instability and solvent 

removal in RJS regulates the degree of beading in fibers. The RJS was used to vary experimental 

parameters showing that fiber beading can be reduced by increasing solvent volatility, solution 

viscosity, and spinning velocity. After gaining a thorough understanding of the mechanisms 

necessary to control fiber topology, we hypothesized that RJS could also be used to control 

molecular orientation within fibers. We aim to create wound dressings composed of unfolded, 

polymerized FN nanofibers to be used to accelerate cutaneous wound healing and reduce scar 

formation in vivo. We describe a fluid dynamics model of shear induced fibrillogenesis using an 

RJS system to manufacture the FN nanofibers. The formed fibers are applied as dressings, which 

improve the quality of healing in a murine model of wound healing. Wounds healed with the FN 

dressings exhibited enhanced hair follicle and fat deposit regeneration, epidermal thinning, and a 

decrease in tissue stiffness, suggesting that these scaffolds effectively restore tissue structure and 

functional architecture. Collectively, our data suggests that FN-based fiber scaffolds may 

contribute to regeneration of a healthy, elastic skin tissue structure.  
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1. Nanofiber-based Scaffolds for Regenerative Medicine 

1.1 Introduction 

The extra cellular matrix (ECM) is a dynamic network of fibrillar proteins, including 

collagen, laminin, elastin, fibrin, and fibronectin. These proteins provide biophysical integrity to 

tissues1 by holding cells in an appropriate spatial arrangement and facilitating temporal 

synchronization of their collective function.2 It is difficult to regenerate the ECM after injury. 

Tissue engineered scaffolds can be designed to overcome this by mimicking properties of the 

ECM in order to promote cell adhesion and guide tissue morphogenesis. One strategy is to 

assemble engineered tissues3 using a bottom-up approach that provides a synthetic, three-

dimensional (3D) ECM to support cellular organization and tissue formation. We believe that 

recapitulating the structural hierarchy of the ECM from molecular-level signaling to macroscale 

fibril organization is desirable to build functional tissues for regenerative medicine. We argue 

that nanofibers with anisotropic nanotopography, directional elasticity, and high surface-area-to-

volume ratio, that concentrates functional moieties at the biotic-abiotic interface, are an ideal 

platform for building engineered tissues for regenerative medicine.  

                                                 
1 Badylak, S. F., Freytes, D. O., & Gilbert, T. W. (2009). Extracellular matrix as a biological 
scaffold material: Structure and function. Acta Biomaterialia, 5(1), 1-13. 
doi:10.1016/j.actbio.2008.09.013 

2 Boudreau, J., & Jones, P. L. (1999). Extracellular matrix and integrin signalling: the shape of 
things to come. Biochemical Journal, 339, 481-488. 

3 Khademhosseini, A., Langer, R., Borenstein, J., & Vacanti, J. P. (2006). Microscale technologies 
for tissue engineering and biology. Proceedings of the National Academy of Sciences of the United 
States of America, 103(8), 2480-2487. doi:10.1073/pnas.0507681102 
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Previous efforts to mimic the ECM using non-fibrous 3D scaffolds have failed to fully 

replicate native architecture and function. Isotropic hydrogels,4,5,6,7 and micromolded 

biodegradable polymer scaffolds8,9,10,11 have been engineered with spatial control of chemical 

moieties on the surface of biomaterial devices including functional groups or growth 

                                                 
4 Behravesh, E., Jo, S., Zygourakis, K., & Mikos, A. G. (2002). Synthesis of in situ cross-linkable 
macroporous biodegradable poly(propylene fumarate-co-ethylene glycol) hydrogels. 
Biomacromolecules, 3(2), 374-381. doi:10.1021/bm010158r 

5 Burdick, J. A., Khademhosseini, A., & Langer, R. (2004). Fabrication of gradient hydrogels using 
a microfluidics/photopolymerization process. Langmuir, 20(13), 5153-5156. 
doi:10.1021/la049298n 

6 Chiu, Y.-C., Larson, J. C., Isom, A., Jr., & Brey, E. M. (2010). Generation of Porous 
Poly(Ethylene Glycol) Hydrogels by Salt Leaching. Tissue Engineering Part C-Methods, 16(5), 
905-912. doi:10.1089/ten.tec.2009.0646 

7 Minh, K. N., & Lee, D. S. (2010). Injectable Biodegradable Hydrogels. Macromolecular 
bioscience, 10(6), 563-579. doi:10.1002/mabi.200900402 

8 Dvir, T., Timko, B. P., Kohane, D. S., & Langer, R. (2011). Nanotechnological strategies for 
engineering complex tissues. Nature Nanotechnology, 6(1), 13-22. doi:10.1038/nnano.2010.246 

9 Engelmayr, G. C., Jr., Cheng, M., Bettinger, C. J., Borenstein, J. T., Langer, R., & Freed, L. E. 
(2008). Accordion-like honeycombs for tissue engineering of cardiac anisotropy. Nature materials, 
7(12), 1003-1010. doi:10.1038/nmat2316 

10 Fisher, O. Z., Khademhosseini, A., Langer, R., & Peppas, N. A. (2010). Bioinspired Materials 
for Controlling Stem Cell Fate. Accounts of chemical research, 43(3), 419-428. 
doi:10.1021/ar900226q 

11 Guillemette, M. D., Park, H., Hsiao, J. C., Jain, S. R., Larson, B. L., Langer, R., & Freed, L. E. 
(2010). Combined Technologies for Microfabricating Elastomeric Cardiac Tissue Engineering 
Scaffolds. Macromolecular Bioscience, 10(11), 1330-1337. doi:10.1002/mabi.201000165 
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factors12,13,14,15 and tunable scaffold porosity.16,17,18,19 However, these structures do not fully 

support tissuegenesis at larger scales. With fibrillar anisotropy across multiple spatial scales and 

geometry controlled degradation rates, nanofiber scaffolds may address the shortcomings of 

these previous efforts to engineer tissues. Here we discuss methods of producing nanofiber 

scaffolds based on their structural hierarchy, biocompatibility, and ability to serve as a 

biophysical ECM analogue for regenerative medicine applications. First, we will discuss the 

structure and function of native ECM. We will make an argument for nanofiber based materials 

as an appropriate material for tissue scaffolding. We will introduce common methods for 

producing nanofibers and the benefits and drawbacks to producing fibers from synthetic or 

                                                 
12 Burdick, J. A., Khademhosseini, A., & Langer, R. (2004). Fabrication of gradient hydrogels 
using a microfluidics/photopolymerization process. Langmuir, 20(13), 5153-5156. 
doi:10.1021/la049298n 

13 Khademhosseini, A., Langer, R., Borenstein, J., & Vacanti, J. P. (2006). Microscale technologies 
for tissue engineering and biology. Proceedings of the National Academy of Sciences of the United 
States of America, 103(8), 2480-2487. doi:10.1073/pnas.0507681102 

14 Luo, Y., & Shoichet, M. S. (2004). A photolabile hydrogel for guided three-dimensional cell 
growth and migration. Nature Materials, 3(4), 249-253. doi:10.1038/nmat1092 

15 Mapili, G., Lu, Y., Chen, S. C., & Roy, K. (2005). Laser-layered microfabrication of spatially 
patterned functionalized tissue-engineering scaffolds. Journal of Biomedical Materials Research 
Part B-Applied Biomaterials, 75B(2), 414-424. doi:10.1002/jbm.b.30325 

16 Behravesh, E., Jo, S., Zygourakis, K., & Mikos, A. G. (2002). Synthesis of in situ cross-linkable 
macroporous biodegradable poly(propylene fumarate-co-ethylene glycol) hydrogels. 
Biomacromolecules, 3(2), 374-381. doi:10.1021/bm010158r 

17 Chiu, Y.-C., Larson, J. C., Isom, A., Jr., & Brey, E. M. (2010). Generation of Porous 
Poly(Ethylene Glycol) Hydrogels by Salt Leaching. Tissue Engineering Part C-Methods, 16(5), 
905-912. doi:10.1089/ten.tec.2009.0646 

18 Gumusderelioglu, M., Erce, D., & Demirtas, T. T. (2011). Superporous polyacrylate/chitosan 
IPN hydrogels for protein delivery. Journal of Materials Science-Materials in Medicine, 22(11), 
2467-2475. doi:10.1007/s10856-011-4422-4 

19 Ji, C., Khademhosseini, A., & Dehghani, F. (2011). Enhancing cell penetration and proliferation 
in chitosan hydrogels for tissue engineering applications. Biomaterials, 32(36), 9719-9729. 
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natural polymers. Finally, we will highlight efforts to use nanofiber scaffolds for tissue 

engineering applications. 

1.2 ECM matrix structure and assembly 

The ECM is composed of proteins assembled via fibrillogenesis, biologic fiber assembly, 

which is facilitated by a highly organized nanoscale architecture (Figure 1-1). Each protein has a 

unique secondary structure arrangement ordered within its domain sequence that informs its 

folding within fibers. That folding, the molecular conformation, dictates which functional groups 

are presented on the protein surface, controlling the bioactivity of the protein and fibrillogenesis. 

Individual protein fibers are organized within a network to form the scaffolding structure to 

support cells and tissues. The orientation of these fibers varies depending on the tissue type it 

supports.  
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Figure 1-1. Multiscale organization in ECM fibers. Hierarchical organization of the ECM spans from the 

nanometer length scale of protein secondary structure to the millimeter length scale of the protein fiber network.  

To evaluate design and production of synthetic ECM, we considered how ECM assembly 

regulates hierarchical function from molecular binding to network organization.20 Organization 

of peptide domains within the secondary structure of proteins is critical for modular interactions 

between ECM, cells and growth factors. Cells interact bi-directionally with the ECM via alpha 

                                                 
20 Hynes, R. O. (2009). The Extracellular Matrix: Not Just Pretty Fibrils. Science, 326(5957), 
1216-1219. doi:10.1126/science.1176009 
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and beta heterodimer transmembrane proteins called integrins21,22 (Figure 1-2 A). To confer 

biologically relevant cues to cells, synthetic ECM must be assembled with molecular level 

control of protein conformation and integrin binding domains. For example, in the body, FN 

fibrillogenesis is regulated by α5β1 cell surface integrins that bind to the Arg–Gly–Asp (RGD) 

and synergy sites on the protein simultaneously. Fibrillogenesis occurs when integrin binding 

receptors attach to and extend the FN molecule from its compact conformation to an extended 

conformation allowing for binding at the otherwise shielded binding sites.  This molecular level 

interaction controls cellular traction and migration, and macroscale tissue assembly.23,24 Protein 

secondary structure and conformational folding within fibers not only affects the exposure of cell 

binding sites but also controls ECM mechanics.25,26 Synthetic ECM can serve as an inert 

platform for tissue growth; however, a true ECM mimic will replicate the physical features of the 

ECM as well as the biochemical interactions critical for tissue integration and signaling. 

                                                 
21 Berrier, A. L., & Yamada, K. M. (2007). Cell-matrix adhesion. Journal of cellular physiology, 
213(3), 565-573. doi:10.1002/jcp.21237 

22 Dabiri, B. E., Lee, H., & Parker, K. K. (2012). A potential role for integrin signaling in 
mechanoelectrical feedback. Biophysical Molecular Biology, Jul 19 [Epub ahead of print]. 

23 Hynes, R. O. (2002). Integrins: Bidirectional, allosteric signaling machines. Cell, 110(6), 673-
687. doi:10.1016/s0092-8674(02)00971-6 

24 Legate, K. R., Wickstroem, S. A., & Faessler, R. (2009). Genetic and cell biological analysis of 
integrin outside-in signaling. Genes & development, 23(4), 397-418. doi:10.1101/gad.1758709 

25 Abu-Lail, N. I., Ohashi, T., Clark, R. L., Erickson, H. P., & Zauscher, S. (2006). Understanding 
the elasticity of fibronectin fibrils: Unfolding strengths of FN-III and GFP domains measured by 
single molecule force spectroscopy. Matrix Biology, 25(3), 175-184. 
doi:10.1016/j.matbio.2005.10.007 

26 Peng, X. N., Chen, X., Wu, P. Y., & Shao, Z. Z. (2004). Investigation on the conformation 
transition of regenerated silk fibroin films under thermal treatment by two-dimensional (2D) 
correlation FT-IR spectroscopy. Acta Chimica Sinica, 62(21), 2127-2130. 
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Fibrinogen, the most abundant protein in blood plasma, polymerizes to form fibrin fibers, the 

primary ECM component in clots.27  

Some examples of fibrillogenesis in vivo can inform synthetic production of biologically 

relevant, synthetic ECM. Soluble fibrinogen and fibrin fibers act as the provisional matrix for 

cell migration in the wound healing cascade. Fibronectin is a long-chain (440 kDa) glycoprotein 

dimer that binds integrins in vivo, promoting cell adhesion and migration.28,29,30 Fibronectin 

circulates in blood plasma in its folded conformation, and relies on mechanical forces to unfold 

the molecule, inducing polymerization at the N-terminus of the molecule.31 The most abundant 

                                                 
27 Clark, R. A. F., Lanigan, J. M., Dellapelle, P., Manseau, E., Dvorak, H. F., & Colvin, R. B. 
(1982). Fibronectin and Fibrin Provide a Provisional Matrix for Epidermal-Cell Migration During 
Wound Reepithelialization. Journal of Investigative Dermatology, 79(5), 264-269. 
doi:10.1111/1523-1747.ep12500075 

28 Mao, Y., & Schwarzbauer, J. E. (2005). Fibronectin fibrillogenesis, a cell-mediated matrix 
assembly process. Matrix Biology, 24(6), 389-399. doi:10.1016/j.matbio.2005.06.008 

29 Pankov, R., & Yamada, K. M. (2002). Fibronectin at a glance. Journal of Cell Science, 115(20), 
3861-3863. doi:10.1242/jcs.00059 

30 Pearlstein, E., Gold, L. I., & Garciapardo, A. (1980). Fibronectin - Review of its Structure and 
Biological-Activity. Molecular and Cellular Biochemistry, 29(2), 103-128. 

31 Mao, Y., & Schwarzbauer, J. E. (2005). Fibronectin fibrillogenesis, a cell-mediated matrix 
assembly process. Matrix Biology, 24(6), 389-399. doi:10.1016/j.matbio.2005.06.008 
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structural protein in the body is collagen.32 The tertiary structure of collagen is organized in a 

triple helix.33 Laminin is a fibrillar component of the basement membrane in vivo.34 

 

Figure 1-2. Extracelluar matrix fibers. (A) Schematic of a transmembrane alpha and beta subunit integrin cluster 

binding to fibrillar ECM. (B) Scanning electron microscopy image of decellularized mouse large intestine showing 

isotropic collage nanofibers.(C) Scanning electron microscopy image of decellularized rat left ventricle showing an 

anisotropic portion of the collagenous ECM. Scale bars are 2 µm.  

Mechanical regulation of function is an important component of cell-ECM interactions in 

tissues. Cells sense the rigidity of the ECM via integrin binding and induce tissue remodeling in 

response to extracellular tension.35 For example, during early stages of cardiac development, FN, 

                                                 
32 Bowers, S. L. K., Banerjee, I., & Baudino, T. A. (2010). The extracellular matrix: At the center 
of it all. Journal of Molecular and Cellular Cardiology, 48(3), 474-482. 
doi:10.1016/j.yjmcc.2009.08.024 

33 Koide, T. (2007). Designed triple-helical peptides as tools for collagen biochemistry and matrix 
engineering. Philosophical Transactions of the Royal Society B-Biological Sciences, 362(1484), 
1281-1291. doi:10.1098/rstb.2007.2115 

34 Koide, T. (2007). Designed triple-helical peptides as tools for collagen biochemistry and matrix 
engineering. Philosophical Transactions of the Royal Society B-Biological Sciences, 362(1484), 
1281-1291. doi:10.1098/rstb.2007.2115 

35 McCain, M. L., & Parker, K. K. (2011). Mechanotransduction: the role of mechanical stress, 
myocyte shape, and cytoskeletal architecture on cardiac function. Pflugers Archiv-European 
Journal of Physiology, 462(1), 89-104. doi:10.1007/s00424-011-0951-4 
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rich in elastic beta sheet domains,36,37 is the dominant component of the ECM. The developing 

heart becomes less compliant as FN is replaced by more stiff, triple helical collagen fibers in the 

adult heart.38,39 In vitro cells prefer to bind to and demonstrate a healthy phenotype on specific 

ECM proteins that are present in in vivo analogues.40 Developing cardiac myocytes, for example, 

bind readily to FN substrates, forming aligned and contracting tissues. These cells remodel the 

ECM substrate as they develop, replacing isotropic FN with a fibrillar collagen-rich ECM. This 

finding reveals the importance of synthesizing scaffolds with mechanical properties appropriate 

to the cell type and age.  

                                                 
36 Klotzsch, E., Smith, M. L., Kubow, K. E., Muntwyler, S., Little, W. C., Beyeler, F., . . . Vogel, 
V. (2009). Fibronectin forms the most extensible biological fibers displaying switchable force-
exposed cryptic binding sites. Proceedings of the National Academy of Sciences of the United 
States of America, 106(43), 18267-18272. doi:10.1073/pnas.0907518106 

37 Magnusson, M. K., & Mosher, D. F. (1998). Fibronectin - Structure, assembly, and 
cardiovascular implications. Arteriosclerosis Thrombosis and Vascular Biology, 18(9), 1363-
1370. 

38 McCain, M. L., & Parker, K. K. (2011). Mechanotransduction: the role of mechanical stress, 
myocyte shape, and cytoskeletal architecture on cardiac function. Pflugers Archiv-European 
Journal of Physiology, 462(1), 89-104. doi:10.1007/s00424-011-0951-4 

39 Sheehy, S., Grosberg, A., & Parker, K. K. (2012). The Contribution of Cellular 
Mechanotransduction to Cardiomyocyte Form and Function. Biomechanics and modeling in 
mechanobiology. doi:10.1007/s10237-012-0419-2 

40 McCain, M. L., & Parker, K. K. (2011). Mechanotransduction: the role of mechanical stress, 
myocyte shape, and cytoskeletal architecture on cardiac function. Pflugers Archiv-European 
Journal of Physiology, 462(1), 89-104. doi:10.1007/s00424-011-0951-4 
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Fibrillar proteins in the body have diameters in the range of nanometers to microns41,42 

over micron to centimeter length scales. For example, collagen and FN fibers are typically 50 – 

500 nm in diameter,43,44 and the diameter of fibrin fibers is ~100 nm.45 In our own analysis of the 

ECM of murine tissue46 decellularized in 1% sodium dodecyl sulfate, we observed that the 

differences in fibril diameter are specific to the organ. For instance, the ECM of the intestine 

(Figure 1-2 B) and ventricle (Figure 1-2 C) contained nanofibers with diameters of 58.9 ± 12 nm 

and 299 ± 127 nm, respectively. ECM nanotopography guides cellular organization in vivo and 

in vitro.47 

                                                 
41 Li, W. J., Danielson, K. G., Alexander, P. G., & Tuan, R. S. (2003). Biological response of 
chondrocytes cultured in three-dimensional nanofibrous poly(epsilon-caprolactone) scaffolds. 
Journal of Biomedical Materials Research Part A, 67A(4), 1105-1114. doi:10.1002/jbm.a.10101 

42 Li, W. J., Laurencin, C. T., Caterson, E. J., Tuan, R. S., & Ko, F. K. (2002). Electrospun 
nanofibrous structure: A novel scaffold for tissue engineering. Journal of Biomedical Materials 
Research, 60(4), 613-621. doi:10.1002/jbm.10167 

43 Smith, M. L., Gourdon, D., Little, W. C., Kubow, K. E., Eguiluz, R. A., Luna-Morris, S., & 
Vogel, V. (2007). Force-induced unfolding of fibronectin in the extracellular matrix of living cells. 
Plos Biology, 5, 2243-2254. doi:10.1371/journal.pbio.0050268 

44 Zhang, X. H., Reagan, M. R., & Kaplan, D. L. (2009). Electrospun silk biomaterial scaffolds for 
regenerative medicine. Advanced drug delivery reviews, 61(12), 988-1006. 
doi:10.1016/j.addr.2009.07.005 

45 Baker, S., Sigley, J., Helms, C. C., Stitzel, J., Berry, J., Bonin, K., & Guthold, M. (2012). The 
mechanical properties of dry, electrospun fibrinogen fibers. Materials Science & Engineering C-
Materials for Biological Applications, 32(2), 215-221. doi:10.1016/j.msec.2011.10.021 

46 Thibeaux, R., Dufour, A., Roux, P., Bernier, M., Baglin, A.-C., Frileux, P., . . . Labruyere, E. 
(2012). Newly visualized fibrillar collagen scaffolds dictate Entamoeba histolytica invasion route 
in the human colon. Cellular microbiology, 14(5), 609-621. doi:10.1111/j.1462-
5822.2012.01752.x 

47 Grosberg, A., Kuo, P. L., Guo, C. L., Geisse, N. A., Bray, M. A., Adams, W. J., . . . Parker, K. 
K. (2011). Self-Organization of Muscle Cell Structure and Function. PLoS computational biology, 
7(2). doi:10.1371/journal.pcbi.1001088 
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Alignment and topology of ECM fibers are critical to maintaining the bulk properties of 

tissues.48,49,50 Synthetic ECM must support structure-function synchrony at every spatial scale51 

so that host cell populations take up residence in engineered ECM and begin to secrete, 

assemble, and integrate their own ECM into functional tissues. It is well known that topography 

(including diameter, anisotropy, and density) are important in vivo. Thus, engineered scaffolds 

must recapitulate these nanotopographical cues, in addition to provide directional elasticity and 

support, provide binding sites for cell adhesion, and control the conformation of protein 

molecules. The multiscale complexities of proteins highlight the engineering challenges 

associated with producing synthetic ECM scaffolds.  

1.3 Nanofibers as biomimetic ECM scaffolds 

Nanofiber-based scaffolds can support tissue regeneration by providing protein non-

woven textiles that recreate the morphology, chemistry, and conformation of native ECM across 

multiple spatial scales. These scaffolds can promote tissue formation in vitro or may assist in 

tissue regeneration in vivo. Similar to the native ECM, nanofibers have directional elasticity and 

strength, providing a more structurally relevant ECM mimic than isotropic films or gels. 

                                                 
48 Hynes, R. O. (2009). The Extracellular Matrix: Not Just Pretty Fibrils. Science, 326(5957), 
1216-1219. doi:10.1126/science.1176009 

49 Plank, G., Burton, R. A. B., Hales, P., Bishop, M., Mansoori, T., Bernabeu, M. O., . . . Kohl, P. 
(2009). Generation of histo-anatomically representative models of the individual heart: tools and 
application. Philosophical Transactions of the Royal Society a-Mathematical Physical and 
Engineering Sciences, 367(1896), 2257-2292. doi:10.1098/rsta.2009.0056 

50 Teixeira, A. I., Abrams, G. A., Bertics, P. J., Murphy, C. J., & Nealey, P. F. (2003). Epithelial 
contact guidance on well-defined micro- and nanostructured substrates. Journal of Cell Science, 
116(10), 1881-1892. doi:10.1242/jcs.00383 

51 Pham, Q. P., Sharma, U., & Mikos, A. G. (2006). Electrospinning of polymeric nanofibers for 
tissue engineering applications: A review. Tissue Engineering, 12(5), 1197-1211. 
doi:10.1089/ten.2006.12.1197 
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Molecular self-assembly52,53 and electrically driven fiber assembly54,55 are common techniques 

used to produce synthetic fiber microenvironments for tissue engineering. While self-assembly 

controls production at the molecular level and electrically driven techniques can control 

morphology at the microscale, current techniques lack control across multiple spatial scales. 

Recent advances in rotation driven fiber assembly56,57,58 may provide a means to coordinate 

molecular and geometric assembly of 3D tissue scaffolds. 

1.4 Manufacturing synthetic ECM 

 Nanofibers are produced by a variety of methods. Some techniques allow for tight control 

over microscale assembly while others control nanoscale organization. The disconnect between 

molecular level assembly and bulk mechanics, chemistry, and structure has limited these 

materials. However, recent advances in production techniques and novel methods currently 

                                                 
52 Palmer, L. C., & Stupp, S. I. (2008). Molecular Self-Assembly into One-Dimensional 
Nanostructures. Accounts of Chemical Research, 41(12), 1674-1684. doi:10.1021/ar8000926 

53 Zhang, S. G. (2003). Fabrication of novel biomaterials through molecular self-assembly. Nature 
biotechnology, 21(10), 1171-1178. doi:10.1038/nbt874 

54 Bhardwaj, N., & Kundu, S. C. (2010). Electrospinning: A fascinating fiber fabrication technique. 
Biotechnology Advances, 28(3), 325-347. doi:10.1016/j.biotechadv.2010.01.004 

55 Huang, Z. M., Zhang, Y. Z., Kotaki, M., & Ramakrishna, S. (2003). A review on polymer 
nanofibers by electrospinning and their applications in nanocomposites. Composites science and 
technology, 63(15), 2223-2253. doi:10.1016/s0266-3538(03)00178-7 

56 Badrossamay, M. R., McIlwee, H. A., Goss, J. A., & Parker, K. K. (2010). Nanofiber assembly 
by rotary jet-spinning. Nano letters, 10(6), 2257-2261. 

57 Mellado, P., McIlwee, H. A., Badrossamay, M. R., Goss, J. A., Mahadevan, L., & Parker, K. K. 
(2011a). A Simple Model for Nanofiber Formation by Rotary Jet-Spinning. Applied Physics 
Letters, 99(203107). 

58 Golecki, H. M., Yuan, H., Glavin, C., Potter, B., Badrossamay, M. R., Goss, J. A., . . . Parker, 
K. K. (2014). Effect of solvent evaporation on fiber morphology in rotary jet spinning. Langmuir, 
30(44), 13369-13374. 
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under development may address this problem to improve hierarchical control of nanofiber 

assembly. Here, we review approaches to design, build, and test synthetic ECM nanofibers 

(Figure 1-3).

 

Figure 1-3. Engineering synthetic ECM. In our method to build ECM fibers, we employed an engineering 

feedback loop approach. This includes designing the system; building the device and testing its utility. In the design 

phase, the surface area of nanofibers increases with decreasing fiber diameter. Empirical and theoretical models can 

be used to control nanofiber size and morphology. Build: Using RJS or electrospinning, nanofibers can be produced. 

RJS nanofibers are ~1/100th the diameter of a human hair. Test: Nanofibers can be tested for various biomedical 

applications, for example, cardiac tissue engineering. Primary neonatal rat ventricular myocytes can be seeded onto 

nanofibers and align with the anisotropy of the scaffold. Functional outputs of the tissue such as contraction and 

alignment can be measured.  
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1.4.1 Introduction to Self-Assembly  

Self-assembly is the bottom-up approach to nanofiber synthesis that utilizes non-covalent 

interactions between small molecules or peptides.59,60,61,62,63,64 Self-assembly creates well-

ordered 1D structures with nanoscale scale resolution and fiber diameters on the order of 5 – 8 

                                                 
59 Baneyx, G., & Vogel, V. (1999). Self-assembly of fibronectin into fibrillar networks underneath 
dipalmitoyl phosphatidylcholine monolayers: Role of lipid matrix and tensile forces. Proceedings 
of the National Academy of Sciences of the United States of America, 96(22), 12518-12523. 
doi:10.1073/pnas.96.22.12518 

60 Datar, A., Gross, D. E., Balakrishnan, K., Yang, X., Moore, J. S., & Zang, L. (2012). Ultrafine 
nanofibers fabricated from an arylene-ethynylene macrocyclic molecule using surface assisted 
self-assembly. Chemical communications (Cambridge, England), 48(71), 8904-8906. 

61 Greving, I., Cai, M., Vollrath, F., & Schniepp, H. C. (2012). Shear-Induced Self-Assembly of 
Native Silk Proteins into Fibrils Studied by Atomic Force Microscopy. Biomacromolecules, 13(3), 
676-682. doi:10.1021/bm201509b 

62 Huang, Y.-L., Baji, A., Tien, H.-W., Yang, Y.-K., Yang, S.-Y., Wu, S.-Y., . . . Wang, N.-H. 
(2012). Self-assembly of silver-graphene hybrid on electrospun polyurethane nanofibers as 
flexible transparent conductive thin films. Carbon, 50(10), 3473-3481. 
doi:10.1016/j.carbon.2012.03.013 

63 Kumaraswamy, P., Lakshmanan, R., Sethuraman, S., & Krishnan, U. M. (2011). Self-assembly 
of peptides: influence of substrate, pH and medium on the formation of supramolecular assemblies. 
Soft Matter, 7(6), 2744-2754. doi:10.1039/c0sm00897d 

64 Pandey, M. K., Yang, K., Pei, C., Sharma, P. K., Viola, J., Stromberg, R., . . . Watterson, A. C. 
(2010). Design and Biocatalytic Synthesis of Pluronics-based Nanomicellar Self-assembly 
Systems for Drug Encapsulation Applications. Journal of Macromolecular Science Part a-Pure and 
Applied Chemistry, 47(8), 788-793. doi:10.1080/10601325.2010.492036 
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nm.65 Although efforts have been made to increase production rates66,67,68 to fabricate 3D 

scaffolds, scaling-up remains a major limitation to this technique. While nanoscale control of the 

chemistry of synthetic ECM is critical to scaffold integration, the low production rates of 

molecular self-assembly prohibit its use for fabrication of ECM scaffolds for large wounds or 

tissue regeneration. Therefore, this review will focus on building molecular level control into 

high production rate techniques.  

1.4.2 Introduction to electrically driven nanofiber assembly  

Electrospinning is the process of drawing polymer solutions from a needle that is 

electrically connected to a plate or spindle to collect nanofibers (Figure 1-4 A, B). Electrospun 

produces 3D scaffolds with control over fiber diameter and fiber alignment within centimeter 

                                                 
65 Ma, Z. W., Kotaki, M., Inai, R., & Ramakrishna, S. (2005). Potential of nanofiber matrix as 
tissue-engineering scaffolds. Tissue engineering, 11(1-2), 101-109. doi:10.1089/ten.2005.11.101 

66 Holmes, T. C., de Lacalle, S., Su, X., Liu, G. S., Rich, A., & Zhang, S. G. (2000). Extensive 
neurite outgrowth and active synapse formation on self-assembling peptide scaffolds. Proceedings 
of the National Academy of Sciences of the United States of America, 97(12), 6728-6733. 
doi:10.1073/pnas.97.12.6728 

67 Zhang, S. G., Holmes, T., Lockshin, C., & Rich, A. (1993). Spontaneous Assembly of a Self-
Complementary Oligopeptide to Form a Stable Macroscopic Membrane. Proceedings of the 
National Academy of Sciences of the United States of America, 90(8), 3334-3338. 
doi:10.1073/pnas.90.8.3334 

68 Zhang, S. G., Holmes, T. C., Dipersio, C. M., Hynes, R. O., Su, X., & Rich, A. (1995). Self-
Complementary Oligopeptide Matrices Support Mammalian-Cell Attachment. Biomaterials, 
16(18), 1385-1393. doi:10.1016/0142-9612(95)96874-y 
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scale scaffolds. Electrospinning nanofibers can be aligned by controlling fiber collection 

employing an electric field,69 a rotating collector,70 or a rectangular frame-shaped collector.71  

Diameters within meter long fibers72 from 3 nm to tens of microns73 can be tuned by 

controlling process parameters including voltage, needle to collector separation distance, flow 

                                                 
69 Theron, A., Zussman, E., & Yarin, A. L. (2001). Electrostatic field-assisted alignment of 
electrospun nanofibres. Nanotechnology, 12(3), 384-390. doi:10.1088/0957-4484/12/3/329 

70 Kiselev, P., & Rosell-Llompart, J. (2012). Highly aligned electrospun nanofibers by elimination 
of the whipping motion. Journal of Applied Polymer Science, 125(3), 2433-2441. 
doi:10.1002/app.36519 

71 Khadka, D. B., & Haynie, D. T. (2012). Protein- and peptide-based electrospun nanofibers in 
medical biomaterials. Nanomedicine : nanotechnology, biology, and medicine, (Article in Press 
DOI: 10.1016/j.nano.2012.02.013). 

72 Frenot, A., & Chronakis, I. S. (2003). Polymer nanofibers assembled by electrospinning. Current 
Opinion in Colloid & Interface Science, 8(1), 64-75. doi:10.1016/s1359-0294(03)00004-9 

73 Subbiah, T., Bhat, G. S., Tock, R. W., Pararneswaran, S., & Ramkumar, S. S. (2005). 
Electrospinning of nanofibers. Journal of Applied Polymer Science, 96(2), 557-569. 
doi:10.1002/app.21481 
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rate, and solvent volatility.74,75,76,77,78 Theoretical models79,80 have identified the parameters 

controlling fiber diameter as well as fiber morphology to produce bead-free nanoscale 

structures.81,82,83 However charge buildup in the formed polymers84 limits the ability to form 

multilayered, aligned structures for blood vessels or heart valve replacement, structures that 

                                                 
74 Gu, S. Y., & Ren, J. (2005). Process optimization and empirical modeling for electrospun 
poly(D,L-lactide) fibers using response surface methodology. Macromolecular Materials and 
Engineering, 290(11), 1097-1105. doi:10.1002/mame.200500215 

75 Gu, S. Y., Ren, J., & Vancso, G. J. (2005). Process optimization and empirical modeling for 
electrospun polyacrylonitrile (PAN) nanofiber precursor of carbon nanofibers. European polymer 
journal, 41(11), 2559-2568. doi:10.1016/j.eurpolymj.2005.05.008 

76 Shenoy, S. L., Bates, W. D., Frisch, H. L., & Wnek, G. E. (2005). Role of chain entanglements 
on fiber formation during electrospinning of polymer solutions: good solvent, non-specific 
polymer-polymer interaction limit. Polymer, 46(10), 3372-3384. 
doi:10.1016/j.polymer.2005.03.011 

77 Sukigara, S., Gandhi, M., Ayutsede, J., Micklus, M., & Ko, F. (2004). Regeneration of Bombyx 
mori silk by electrospinning. Part 2. Process optimization and empirical modeling using response 
surface methodology. Polymer, 45(11), 3701-3708. doi:10.1016/j.polymer.2004.03.059 

78 Thompson, C. J., Chase, G. G., Yarin, A. L., & Reneker, D. H. (2007). Effects of parameters on 
nanofiber diameter determined from electrospinning model. Polymer, 48(23), 6913-6922. 
doi:10.1016/j.polymer.2007.09.017 

79 Feng, J. (2002). The stretching of an electrified non-Newtonian jet: A model for electrospinning. 
Physics of Fluids, 14(11), 3912-3926. 

80 Tan, E. P. S., & Lim, C. T. (2006). Mechanical characterization of nanofibers - A review. 
Composites science and technology, 66(9), 1102-1111. doi:10.1016/j.compscitech.2005.10.003 

81 Baumgart.Pk. (1971). Electrostatic Spinning of Acrylic Microfibers. Journal of colloid and 
interface science, 36(1), 71-&. doi:10.1016/0021-9797(71)90241-4 

82 Theron, S. A., Zussman, E., & Yarin, A. L. (2004). Experimental investigation of the governing 
parameters in the electrospinning of polymer solutions. Polymer, 45(6), 2017-2030. 
doi:10.1016/j.polymer.2004.01.024 

83 Yu, J. H., Fridrikh, S. V., & Rutledge, G. C. (2006). The role of elasticity in the formation of 
electrospun fibers. Polymer, 47(13), 4789-4797. doi:10.1016/j.polymer.2006.04.050 

84 Senthilram, T., Mary, L. A., Venugopal, J. R., Nagarajan, L., Ramakrishna, S., & Dev, V. R. G. 
(2011). Self crimped and aligned fibers. Materials Today, 14(5), 226-229. 
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require not only microscale alignment but also mechanical strength to withstand physiological 

blood pressures in vivo. The use of a high voltage electric field limits the safety and accessibility 

of the technique for “on demand” delivery of nanofibers for trauma or wound healing 

applications.  

Electrospun nanofibers can be formed from a range of materials including synthetic 

polymers. Polystyrene (PS) nanofibers were spun from a 15% (wt/vol) solution dissolved in 

chloroform, with a needle-collector separation distance of 15 cm at 15 kV (Figure 1-4 C). While 

developments are made to expand applications of electrospinning, the high voltage electric field 

limits the ability to electrospin fibers from proteins. 

 

Figure 1-4. A comparison between electro- and rotary jet- spinning systems. (A) Electrospinning setup consists 

of a polymer solution extruded from a syringe needle connected to a metallic collector via electric field. Charged 

polymer solutions are drawn towards the collector to form nanofibers. (B) Photograph of electrospinning setup. (C) 

Scanning electron micrograph of polystyrene nanofibers produced by electrospinning. (D) Rotary Jet-Spinning 

(RJS) setup. RJS consists of a perforated reservoir attached to a motor rotating at speeds, Ω. Polymer solutions are 

projected from the reservoir toward the collector by centrifugal forces to form nanofibers. (E) Photograph of RJS 
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setup. (F) Photograph of 3D bundle of polystyrene nanofibers spun with RJS. (G) Scanning electron micrograph of 

polystyrene nanofibers produced by RJS. Scale bars in (C) and (G) are 5 µm. 

1.4.3 Centrifugal force driven nanofiber assembly  

Recently, a technique of nanofiber production, termed rotary jet-spinning (RJS), was 

introduced as an alternative to electrospinning.85 Similar to the glass wool process of fabricating 

fiber glass,86  RJS employs centrifugal forces to elongate polymer jets into nanofibers without 

the use of an electric field.87 A high-speed motor rotates a perforated reservoir containing 

polymer solutions that are ejected from a sidewall orifice toward a collector88,89,90,91 (Figure 1-4 

D, E). RJS has a number of advantages over common production techniques including a 

production rate ~5-6 times that of electrospinning.92 Radially ejected fibers have inherent 

                                                 
85 Badrossamay, M. R., McIlwee, H. A., Goss, J. A., & Parker, K. K. (2010). Nanofiber assembly 
by rotary jet-spinning. Nano letters, 10(6), 2257-2261. 

86 Zhang, X., & Lu, Y. (2014). Centrifugal spinning: an alternative approach to fabricate nanofibers 
at high speed and low cost. Polymer Reviews, 54(4), 677-701. 

87 Sarkar, K., Gomez, C., Zambrano, S., Ramirez, M., de Hoyos, E., Vasquez, H., & Lozano, K. 
(2010). Electrospinning to Forcespinning (TM). Materials Today, 13(11), 12-14. 

88 Badrossamay, M. R., McIlwee, H. A., Goss, J. A., & Parker, K. K. (2010). Nanofiber assembly 
by rotary jet-spinning. Nano letters, 10(6), 2257-2261. 

89 Beachley, V., Katsanevakis, E., Zhang, N., & Wen, X. (2012). Highly Aligned Polymer 
Nanofiber Structures: Fabrication and Applications in Tissue Engineering. In R. Jayakumar & S. 
V. Nair (Eds.), Biomedical Applications of Polymeric Nanofibers (Vol. 246, pp. 171-212). 

90 Long, Y.-Z., Yu, M., Sun, B., Gu, C.-Z., & Fan, Z. (2012). Recent advances in large-scale 
assembly of semiconducting inorganic nanowires and nanofibers for electronics, sensors and 
photovoltaics. Chemical Society Reviews, 41(12), 4560-4580. 

91 Luo, C. J., Stoyanov, S. D., Stride, E., Pelan, E., & Edirisinghe, M. (2012). Electrospinning 
versus fibre production methods: from specifics to technological convergence. Chemical Society 
Reviews, 41(13), 4708-4735. doi:10.1039/c2cs35083a 

92 Badrossamay, M. R., McIlwee, H. A., Goss, J. A., & Parker, K. K. (2010). Nanofiber assembly 
by rotary jet-spinning. Nano letters, 10(6), 2257-2261. 
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alignment. Because there is no requirement for a high voltage electric field, RJS can spin 

polymers in neutral solvents and has the potential to be used to spin biomaterials non-

destructively. It was recognized that because of these advances, RJS may surpass electrospinning 

as the preferred method of bulk nanofiber production.93 To demonstrate the functionality of RJS, 

PS nanofibers were spun by RJS using a 15 wt% (wt/vol) solution in chloroform at 35,000 rpm 

with a collector diameter of 13 cm (Figure 1-4 F, G). RJS, employing a heated reservoir, has 

been used to produce thermoplastic polymers such as, polylactide, often used in prosthetic 

applications.94,95 RJS produces fibers with varying and tunable surface topography including 

porosity and beadedness96,97 which increases surface area for drug or growth factor delivery.98 

Recently, the concepts of RJS and electrospinning were combined in a process termed 

                                                 
93 Senthilram, T., Mary, L. A., Venugopal, J. R., Nagarajan, L., Ramakrishna, S., & Dev, V. R. G. 
(2011). Self crimped and aligned fibers. Materials Today, 14(5), 226-229. 

94 Huttunen, M., & Kellomäki, M. (2011). A simple and high production rate manufacturing 
method for submicron polymer fibres. Journal of tissue engineering and regenerative medicine, 
5(8), e239-e243. 

95 Sarkar, K., Gomez, C., Zambrano, S., Ramirez, M., de Hoyos, E., Vasquez, H., & Lozano, K. 
(2010). Electrospinning to Forcespinning (TM). Materials Today, 13(11), 12-14. 

96 Badrossamay, M. R., McIlwee, H. A., Goss, J. A., & Parker, K. K. (2010). Nanofiber assembly 
by rotary jet-spinning. Nano letters, 10(6), 2257-2261. 

97 Casper, C. L., Stephens, J. S., Tassi, N. G., Chase, D. B., & Rabolt, J. F. (2004). Controlling 
surface morphology of electrospun polystyrene fibers: Effect of humidity and molecular weight in 
the electrospinning process. Macromolecules, 37(2), 573-578. doi:10.1021/ma0351975 

98 Mellado, P., McIlwee, H. A., Badrossamay, M. R., Goss, J. A., Mahadevan, L., & Parker, K. K. 
(2011a). A Simple Model for Nanofiber Formation by Rotary Jet-Spinning. Applied Physics 
Letters, 99(203107). 
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Doublespinning.99,100 Nanofibers were spun by centrifugal forces within an electric field, the 

resulting fibers had high elastic modulus (3.3 GPa),101 due to proposed alignment of polymer 

chains within fibers by centrifugal forces. It is possible that due to the high spinning speed (up to 

52,000 rpm, in our case), RJS may also be used to increase molecular alignment within fibers to 

achieve the structural hierarchy of native ECM.  

In cases where on contact crosslinking or precipitation are necessary, modifications to the 

standard RJS can be made. The RJS employs air as the medium that facilitates solvent 

evaporation when jets are ejected from the reservoir. In order to further expand the RJS 

technology to build fibers from a wider range of materials, a new spinning medium was 

employed in a technique termed iRJS.102  The work grew out of a desire to spin alginate-based 

nanofiber materials for use in tissue engineering or food science applications. The necessity for 

immediate crosslinking to stabilize the nanostructure, drew us to think about methods to 

crosslink solution jets as they expelled from the reservoir. If fibers could be spun into a solution 

bath of calcium chloride, then stabilization can occur before beading or jet breakup would occur. 

Solutions of sodium alginate dissolved in aqueous solutions are spun into a vortex bath of 

                                                 
99 Li, M., Long, Y.-Z., Yang, D., Sun, J., Yin, H., Zhao, Z., . . . Fan, Z. (2011). Fabrication of one 
dimensional superfine polymer fibers by double-spinning. Journal of Materials Chemistry, 21(35), 
13159-13162. doi:10.1039/c1jm12240a 

100 Liao, C.-C., Wang, C.-C., & Chen, C.-Y. (2011). Stretching-induced crystallinity and 
orientation of polylactic acid nanofibers with improved mechanical properties using an electrically 
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varying concentrations of CaCl2. This method is further expanded to include spinning Kevlar in 

sulfuric acid or nylon in HFIP into aqueous baths, and DNA into ethanol, all yielding bead-free 

nanofiber scaffolds.103 With multiple methods to produce nanofibers of controlled geometry, 

next we will investigate the chemistry of such fibers produced by the methods explained above. 

1.5 Nanofibers made from synthetic materials  

Cells respond to physical properties of materials but also to the chemical make up of such 

materials in in vitro or in vivo implants. Synthetic materials exhibit consistent material properties 

across batches, allowing the fabrication of nanofiber scaffolds with reproducible characteristics. 

Formation of synthetic polymer nanofibers is facilitated by random entanglement of polymer 

chains to manufacture fiber assemblies. Polymer chemistry can be tuned to achieve specific 

molecular weights, mechanical properties, degradation rates, and surface chemistries to control 

fiber diameters, elasticity, stability, and biocompatibility of fibers spun from these materials for 

biomedical applications. To date synthetic nanofibers were spun from nearly 100 
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materials,`104,105,106,107,108,109,110,111,112 using electrospinning or RJS. Although synthetic polymers 

are reliable and tunable, one of the major concerns with using synthetic materials is the 

biological response at the biotic-abiotic interface. Implants composed of synthetic polymers, 

such as polyurethane cardiac pacemaker leads, often result in surface fouling, infection, immune 
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response and subsequent fibrosis around the implanted polymer.113,114,115 While synthetic 

polymers are mechanically robust, they lack bioactivity, in the form of biochemical interactions 

with cell surface integrins. Incorporating biopolymers or proteins with synthetics may alter the 

reaction at the biotic/abiotic interface to promote healthy wound healing and tissue regeneration 

at the site of implantation. 

1.6 Hybrid material nanofibers  

Hybrids of synthetic and natural polymers harness the robust properties of synthetic 

materials while building in biofunctionality necessary for healthy tissuegenesis. Synthetic 

materials provide mechanical strength and tunable degradation, while natural polymers and 

proteins provide bioactive signaling, compliance, and promote biocompatibility. Biohybrid 
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nanofiber scaffolds can be manufactured through surface functionalization116,117,118,119 or co-

spinning hybrid solutions into fibers.120,121,122  

While many natural materials are water soluble, biodegradable synthetic polymer 

nanofibers can be stable in vivo up to ~6 months.123 To increase the biofunctionality of synthetic 

ECM, while maintaining in vivo stability, surface functionalization is used to coat the surface of 

a synthetic material with a second polymer or protein. This is accomplished by conjugation or 

physical adsorption of proteins to fibers. The high surface area to volume ratio of nanofibers 

results in increased exposure of functional groups to the surface of the fiber to bind proteins, 
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growth factors, or other functional biomolecules.124 For example poly(LLA-co-poly-e-

caprolactone) plasma treated nanofibers were coated in collagen to promote endothelialization in 

vascular grafts, resulting in enhanced adhesion, spreading, and proliferation when compared to 

uncoated fibers.125 In another study, polycaprolactone (PCL) nanofibers were coated with 

laminin by either covalent linkage and physical adsorption.126 On laminin coated fibers, neither 

coating method showed significant difference when attachment of neuronal cells or neurite 

outgrowth was measured, but coated fibers recruited more cells to attach than non-coated fibers. 

Physical adsorption and covalent crosslinking are effective methods to incorporate proteins into 

nanofiber matrices post spinning to promote cell adhesion.  

Another method to produce hybrid fibers is co-spinning. The co-spinning technique 

combines two or more polymers into solutions through nanofibers by spinning a hybrid solution 

of multiple materials. Co-spinning was used to produce PCL/gelatin nanofiber scaffolds, and 

promoted bone marrow stromal cell penetration ~100 µm deep into the fiber scaffolds, compared 

to half that depth into the synthetic only analogue.127 The availability or cost of proteins can limit 

the ability to form pure protein fibers. To address this, some materials are co-spun with a 
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polymer or protein of interest and a sacrificial polymer to facilitate fiber formation by entangling 

small molecules or proteins in small quantities in the viscous jet. For example, solutions of 

collagen were doped with water soluble PEO.128 Fibrin nanofibers were spun with polyvinyl 

alcohol as a water soluble sacrificial carrier polymer129 to facilitate protein nanofiber formation 

with low concentrations of protein. The co-spinning technique has also been used as a method to 

visualize individual molecules within fibers. Fluorescently tagged DNA molecules were co-spun 

with PEO130 allowing for visualization of the orientation of individual molecules in polymer 

nanofibers. These results indicate that molecular orientation can be studied and potentially 

controlled in electrospinning as it is controlled in native ECM. Using this method to study 

molecular orientation in fibers, it may be possible to develop methods to mimic fibrillogenesis in 

proteins where alignment and mechanical extension of molecules is necessary to induce 

fibrillogenesis including fibrin, fibronectin, and collagen.131  
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1.7 Protein nanofibers  

Issues often associated with synthetic polymers, biologic response and high stiffness, 

may be eliminated completely by fabricating nanofiber scaffolds comprised entirely of proteins 

that are naturally found in the ECM. Synthetic production of ECM is more difficult than random 

entanglement due to complexities of molecular unfolding and fibrillogenesis. We will now 

review attempts to produce pure protein nanofibers with electrospinning or RJS. Some have 

asked if the electrospinning process parameters, electric field and solvents, denature immiscible 

collagen into water soluble gelatin.132 The signature 67 nm collagen banding pattern was 

observed in electrospun collagen nanofibers using transmission electron microscopy.133 This 

finding is an indication that some portion of the structure is retained when collagen is 

electrospun, but solubility remains an issue. If denaturation occurs, nanofibers form as a function 

of polymer chain entanglement rather than fibrillogenesis. Collagen fibers were formed by this 

method using RJS. Type I collagen (5% (wt/vol)) dissolved in hexafluoroisopropanol (HFIP) 

was spun at 30,000 rpm to form fibers (Figure 1-6). Investigation into the mechanism of collagen 

fibrillogenesis may provide insight into modifications that may be made to nanofiber production 

techniques to form biomimetic collagen fibers. 

Fibrin nanofibers can be produced via electrospinning. It was proposed that these fibers 

may be used for wound healing applications because of the presence if fibrin in the natural 

clotting cascade. To use fibrin nanofiber scaffolds as wound dressings, one consideration is 
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packaging and long-term storage of the delicate protein nanofibers.134 Baker et al. studied 

changes in scaffold mechanics after dehydration. Fibrinogen solutions were electrospun into 

fibers using electrospinning after dissolving the protein in a mixture of culture medium and HFIP 

(1:9).135 Degradation or loss of function in long-term storage and packaging can jeopardize the 

quality of tissue scaffolds.  Human umbilical cord blood derived mesenchymal stem cells 

attached and spread on freshly prepared fibrin nanofibers.136 Pure protein scaffolds are desirable 

for biomedical applications such as wound healing because of their immunocompatibility, 

elasticity, and bioadhesion. However, potential degradation during storage or instability in the 

body are important considerations, in designing protein-based tissue engineering scaffolds for 

clinical applications. 

Stability in culture is important for applications both in vitro and in vivo. Murine laminin 

dissolved in HFIP was spun into 90-300 nm nanofibers by electrospinning.  To demonstrate the 

functionality of the proteins, adipose stem cells cultured on nanofiber scaffolds in serum free 

media. Cells and fibers were stable for 2 days in solution.137 Native laminin nanofibers are 
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insoluble in vivo. Co-spinning or crosslinking may help to stabilize laminin in long-term culture 

by trapping the protein in a stable polymer matrix. The solubility of laminin nanofibers produced 

by electrospinning suggests that solution parameters such as solvent or spinning parameters must 

be tuned to facilitate proper fibrillogenesis in vitro. 

Fibronectin nanofibers have been produced by a number of methods138,139,140,141,142,143,144  

such as the single fiber drawing technique.145,146 To date, no reports exist of pure FN nanofibers 
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created via electrospinning. Feinberg et al. presented a method of producing fibronectin 

nanofibers and nanofabrics based on surface initiated assembly.147 Here hydrophobic/hydrophilic 

interactions are used to unfold the protein conformation to induce fibrillogenesis at the surface of 

the fibronectin/dissolving PIPAAm interface. Considerable effort has been dedicated to probing 

the orientation and organization of fibronectin molecules within matrix fibers. Smith et al. used 

fluorescence resonance energy transfer (FRET) experiments to observe and measure the 

conformation of fibronectin molecules in vitro and conclude that fibronectin molecules are 

partially unfolded within fibers. Molecular-level control of molecular stress is necessary to 

induce fibrillogenesis to produce physiologically relevant protein nanofibers. We argue that if it 

is possible to create these forces in bulk production techniques, it may be possible to induce 

fibrillogenesis outside the body. 

1.8 Tissue engineering applications of nanofibers  

The end goal in creating scaffolds is to build tissues. Nanofiber scaffolds offer an 

attractive alternative to traditional tissue culture substrates due to the level of control over 

chemical composition, mechanical properties, and 3D cellular organization they provide. 3D 

ECM is ubiquitous throughout the body. As proof-of-concept study, we tested the ability of the 

RJS to produce tissue engineering scaffolds. We prepared anisotropic, fibrous constructs from 

PLA and coated fibers in FN by surface absorption (Figure 1-5 A,B). We seeded chemically 

dissociated neonatal rat ventricular myocytes onto the constructs. In this set-up, the cells bound 

to and spontaneously aligned with the fibers (Figure 1-5 C). Individual myocytes organized their 

contractile cytoskeleton with respect to the external cue provided by the ECM fibers, as indicated 
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by the alignment of the sarcomeric Z lines perpendicular to the fiber alignment (Figure 1-5 D). 

the body. 

 

Figure 1-5. Building tissue scaffolds using RJS fibers. (A) Photographic image of PLA scaffold affixed to a 25 

mm glass coverslip. (B) Stereomicroscope image of PLA scaffold shows macroscale alignment of fibers. (C) SEM 

of PLA fibers with a cell attached to and encompassing the fiber bundle. Median fiber diameter is 1.43 ± 0.55 µm. 

(D) Laser scanning confocal image of a cardiomyocyte attached to and extending along a gelatin nanofiber. Median 

diameter of gelatin fibers is 515 ± 27 nm (white dashed line). (E) Laser scanning confocal image of engineered 

anisotropic cardiac muscle on a RJS-produced PLA scaffold (fibers are 1.43 ± 0.55 µm diameter, white dashed 

lines). Nuclear DNA is stained in blue, R-actinin at the sarcomeric Z-lines is red. Scale bars are 20 µm. Reprinted 

(adapted) with permission from Badrossamay, M. R., McIlwee, H. A., Goss, J. A., & Parker, K. K. (2010). 

Nanofiber assembly by rotary jet-spinning. Nano letters, 10(6), 2257-2261. DOI: 10.1021/nl101355x. Copyright 

2010 American Chemical Society.  

Multicellular constructs self-organized with respect to the fibers and formed beating, 

anisotropic muscle with aligned and elongated myocytes and ordered myofibrils, as seen 
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previously observed with other cardiac tissue engineering techniques.148 This test suggested that 

the RJS may be a simple means of forming anisotropic scaffolds of biodegradable nano- and 

microfibers made from synthetic and natural polymers. Reprinted (adapted) with permission 

from Badrossamay, M. R., McIlwee, H. A., Goss, J. A., & Parker, K. K. (2010). Nanofiber 

assembly by rotary jet-spinning. Nano letters, 10(6), 2257-2261. DOI: 10.1021/nl101355x. 

Copyright 2010 American Chemical Society. After producing pure protein collagen fibers, we 

show adhesion and spreading of a variety of cell types to these fibers. Collagen nanofibers 

produced by RJS were vapor gluteraldehyde crosslinked. No further protein coating was used. 

Fibers were seeded with primary cardiac fibroblasts (Figure 1-6 B), primary neonatal rat cortical 

neurons (Figure 1-6 C), valve endothelial cells (Figure 1-6 D), primary neonatal rat ventricular 

myocytes (Figure 1-6 E), and commercial murine iPS-derived cardiomyocytes (Axiogenesis) 

(Figure 1-6 F). Adhesion and spreading of multiple cell types to collagen nanofibers was 

visualized using scanning electron microscopy. As discussed, the functional requirements of the 

ECM differ according to the tissue or organ in the body. 
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Figure 1-6. Mammalian cells adhering and aligning to RJS spun fibers. (A) Pure collagen nanofibers are spun in 

HFIP at 30,000 rpm. Collagen fibers are seeded with (C) primary neonatal rat cortical neurons (D) valve endothelial 

cells (E) primary neonatal rat ventricular myocytes, and (F) mouse iPS-derived cardiomyocytes. Cells are shown to 

adhere to and align with nanofibers. (A) Scale bar is 5 µm. (B-F) Scale bars are 20 µm.  

We now review various efforts to develop ECM scaffolds and use them in tissue 

engineering applications. The ECM within the heart plays an important role in its organization 

and function. The collagenous ECM of the cardiovascular system supports the anisotropic 
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musculature of the heart.149,150,151 This 3D collagen network enables forces to be transmitted 

across the wall of the ventricle.152 Coordinated contraction of cardiomyocytes for proper 

functioning of the heart to pump blood through the circulatory system. Efficient ventricular 

pumping relies on the structural stability and elasticity provided by the ECM. To mimic cardiac 

ECM, Zong et al. produced PLGA nanofibers via electrospinning and showed that on fibers, 

uniaxially stretched to increase alignment post spinning, primary cardiomyocytes aligned with 

the fibers and also form well-organized sarcomeres.153 PCL nanofibers were seeded with 

contractile connexin 43 expressing cardiomyocytes and formed contracting tissues. In addition to 

morphological evidence, electrical activity of the tissue measured by optical mapping showed 

that cardiac tissues could follow external pacing up to 6 Hz and the action potential duration was 

significantly longer in bioactive PLGA-PLA blended scaffolds than PLA alone. Cardiac 

myocytes that adhered to, spread on, and aligned with nanofibers demonstrated the ability to 

form functional pieces of cardiac tissue on the synthetic nanofiber ECM. Demonstrating long-
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term viability will be important for replacement or repairs to infarcted myocardium. With 

functional data shown for engineered cardiac tissues, the next step would be to demonstrate cell-

cell coupling between engineered tissues and native muscle tissue.  

Synthetic vascular grafts require alignment154 to promote tissue morphogenesis that 

supports efficient function. Anisotropic poly(L-lactide-co-caprolactone) copolymer nanofibers 

were seeded with human coronary artery smooth muscle cells that attach to and align with the 

long axis of fibers and demonstrated a contractile phenotype.155 The adhesion of endothelial cells 

to silk fibroin nanofibers in vitro was confirmed by expression of vascular endothelial 

cadherin.156 To build 3D vascular graft scaffolds, silk fibroin nanofibers were electrospun into 3 

mm tubes with sufficient alignment and analyzed for burst pressure.157 The burst pressure 

reported (811 mmHg) was greater than collagen and other natural polymers, making it a 

promising alternative to vascular graft implants.158   

                                                 
154 Zhang, Y. Z., Lim, C. T., Ramakrishna, S., & Huang, Z. M. (2005). Recent development of 
polymer nanofibers for biomedical and biotechnological applications. Journal of Materials 
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The primary function of skin is to act as a protective barrier, and the most abundant ECM 

protein in the skin is collagen, specifically fiber forming Types I and III.159,160,161,162 Elastin and 

fibronectin add elasticity to the skin and laminin is present in the basement membrane of skin.163 

The cooperative assembly of these proteins provides elasticity, strength, and resilience to skin. 

Dermal wound healing requires fast healing, reduction of infection, and limited scarring upon 

healing. To develop dermal scaffolds collagen coated PCL fibers are shown to support 

attachment of human dermal fibroblasts164 in culture. Silk fibroin nanofibers coated with Type I 

collagen promoted more adhesion and spreading of keratinocytes than films or microfibers.165  

The authors concluded that increasing the surface area of nanofibers increased area for cell 
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adhesion to the scaffold. It was also shown that pure protein nanofibers produced from collagen 

or silk fibroin alone promoted more attachment and spreading of keratinocytes than a 

silk/collagen blended nanofiber.166 This suggests that matching the composition of the scaffold to 

the cell type and desired cellular behavior is critical to fabricating engineered skin grafts that are 

optimized for coordinating the cellular processes necessary for proper wound healing.  

Cao et al. argue that nanofiber scaffolds with specific architectures can be used to purify 

neuron cultures by inhibiting growth of astrocytes in primary cultures167 and for in vivo 

regeneration after central nervous system injury where astrocytes have been identified as the 

major component of glial scars.168 Poly[caprolactone-co-(ethyl ethylene phosphate)] nanofibers 

were shown to induce astrocyte apoptosis when compared to films. Neural progenitor cells were 

grown in a 3D self-assembled matrix of peptide amphiphile nanofibers. This engineered matrix 

reportedly promoted stem cell differentiation into neurons, while inhibiting differentiation into 

astrocytes.169 Using nanofibers to control glial scar formation may have direct therapeutic 

applications to promote healthy wound healing in brain surgery or trauma. This review highlights 
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doi:10.1021/bm700875a 
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the applicability of nanofibers for creating tissue engineered constructs for use in various tissue 

types.  

1.9 Outlook to Future Studies 

The ECM is a complex network of proteins assembled in precise multi-scale spatial 

assemblies that synchronize cellular processes in a variety of functional tissue types. The ECM 

may be best recapitulated by nanofiber scaffolds engineered from biocompatible polymers 

providing tissue-type specific microenvironmental cues. Considerable effort is targeted at 

controlling the morphology of fibers using modeling and the incorporating biochemical cues to 

regulate developmental processes and cellular behavior in scaffolds. However, much work still 

remains to develop a nanofiber structure that exhibits the spatial and temporal coordination 

associated with the native ECM. It will require more than random entanglement of polymer 

chains into fibers to recapitulate the spatio-temporal hierarchy of fibrillogenesis in the ECM.  

Recent advances in molecular level alignment and control within electrospun and RJS 

produced nanofibers, present the most promising outlook for fabricating high quality ECM 

analogs encoding geometric and molecular characteristics suitable for therapeutic use. Insights 

into the structure and function of the native ECM have led to the development of engineered 

tissue scaffolds that can provide a few of the microenvironmental cues critical to proper tissue 

development and homeostasis. However, more work is necessary to bridge the gap between 

techniques like self-assembly that offer control over molecular-level organization of materials to 

the bulk manufacturing of engineered tissues that can be safely and reliably used in the clinic. 
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2 A simple model for nanofiber formation by rotary jet-spinning  

Reproduced from Mellado, P., McIlwee, H. A., Badrossamay, M. R., Goss, J. A., Mahadevan, L., 

& Parker, K. K. (2011b). A simple model for nanofiber formation by rotary jet-spinning. Applied 

Physics Letters, 99(20). doi:20310710.1063/1.3662015, with the permission of AIP Publishing. 

2.1 Introduction 

The combination of high surface area (103 m2/g),1 mechanical flexibility, and directional 

strength make nanofibers an ideal platform for a diverse range of applications.2,3 While nanofibers 

are most commonly produced using electropsinning,4,5,6 we have recently demonstrated that RJS 

can be used as an alternative technique to fabricate sub-micron fibers using rotational inertial 

                                                 
1 Tan, E. P. S., & Lim, C. T. (2006). Mechanical characterization of nanofibers - A review. 
Composites science and technology, 66(9), 1102-1111. doi:10.1016/j.compscitech.2005.10.003 

2 Nisbet, D. R., Forsythe, J. S., Shen, W., Finkelstein, D. I., & Horne, M. K. (2009). Review Paper: 
A Review of the Cellular Response on Electrospun Nanofibers for Tissue Engineering. Journal of 
Biomaterials Applications, 24(1), 7-29. doi:10.1177/0885328208099086 

3 Tibbetts, G. G., Lake, M. L., Strong, K. L., & Rice, B. P. (2007). A review of the fabrication and 
properties of vapor-grown carbon nanofiber/polymer composites. Composites science and 
technology, 67(7-8), 1709-1718. doi:10.1016/j.compscitech.2006.06.015 

4 Fridrikh, S. V., Yu, J. H., Brenner, M. P., & Rutledge, G. C. (2003). Controlling the fiber diameter 
during electrospinning. Physical Review Letters, 90(14). doi:10.1103/PhysRevLett.90.144502 

5 Theron, S. A., Zussman, E., & Yarin, A. L. (2004). Experimental investigation of the governing 
parameters in the electrospinning of polymer solutions. Polymer, 45(6), 2017-2030. 
doi:10.1016/j.polymer.2004.01.024 

6 Theron, S. A., Zussman, E., & Yarin, A. L. (2004). Experimental investigation of the governing 
parameters in the electrospinning of polymer solutions. Polymer, 45(6), 2017-2030. 
doi:10.1016/j.polymer.2004.01.024 
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forces to extrude viscous polymer jets.7,8,9 Our apparatus consists of a perforated reservoir 

containing polymer solutions attached to a motor (Figure 2-1 A). When the reservoir is spun about 

its axis of symmetry at a rate larger than a threshold determined by the balance between capillary 

and centrifugal forces, a viscous jet is ejected from a small orifice (Figure 2-1B). This jet is thrown 

outwards along a spiral trajectory as solvent evaporates, owing to its relatively high surface area 

(Figure 2-1 C-F). While moving, it is extended by centrifugal forces (Figure 2-1 G-J) and solvent 

evaporates at a rate J, dependent on the diffusion coefficient D of solvent through the polymer 

(Figure 2-1 K). The jet travels until it reaches the walls of the stationary cylindrical collector of 

radius Rc. Once there, the remaining solvent evaporates, fibers solidify, and may be collected. 

2.2 Stages of fiber formation in RJS 

 To quantify the dynamics of jet spinning and understand the relative role of surface tension, 

inertial, non-inertial and viscous forces, we use scaling ideas to distinguish between three main 

stages of the process: (1) jet initiation, (2) jet extension, and (3) solvent evaporation. These three 

stages are characterized by the ejection time scale τ1 ~ 1/Ωth proportional to the inverse of the 

critical angular speed Ωth for which the jet is able to come out of the orifice (Figure 2-1 C), the 

viscous time scale τ2 ~ r2ρ/µ of the polymer with extensional viscosity µ and density ρ (Figure 2-1 

G), and the solvent evaporation time scale τ3~r2/D controlling the internal diffusion of solvent 

                                                 
7 Badrossamay, M. R., McIlwee, H. A., Goss, J. A., & Parker, K. K. (2010). Nanofiber assembly 
by rotary jet-spinning. Nano letters, 10(6), 2257-2261. 

8 Huttunen, M., & Kellomaki, M. (2011). A simple and high production rate manufacturing method 
for submicron polymer fibres. Journal of tissue engineering and regenerative medicine, 5(8), e239-
243. doi:10.1002/term.421 

9 Senthilram, T., Mary, L. A., Venugopal, J. R., Nagarajan, L., Ramakrishna, S., & Dev, V. R. G. 
(2011). Self crimped and aligned fibers. Materials Today, 14(5), 226-229. 
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through the drying polymer (Figure 2-1 K). The ratio τ2/τ3~10-2 marks a clear separation between 

the extension and solvent evaporation stages.  

 

Figure 2-1. Stages of nanofiber formation in RJS. (A) Schematic of RJS apparatus. (B) Top view diagram of a fiber 

projecting from the reservoir, towards the collector. (C) Jet initiation. (D-F) Photographic images capture initiation of 

the jet from the reservoir. Green arrows denote the end of the jet and yellow arrows mark orifice position. (G-J) Jet 

elongation. In (D-F,H-J) s0 = 0.85 cm and scale bars are 0.42 cm. (K) Solvent evaporation. (L) Fiber color is an 

indication of the presence of solvent in the collected fibers, as solvent evaporates, fiber color changes from red to blue. 

Color evolution is in good agreement with the measured mass change of the collected fibers. Reproduced from 

Mellado, P., McIlwee, H. A., Badrossamay, M. R., Goss, J. A., Mahadevan, L., & Parker, K. K. (2011b). A simple 

model for nanofiber formation by rotary jet-spinning. Applied Physics Letters, 99(20). doi:20310710.1063/1.3662015, 

with the permission of AIP Publishing.   

 High speed imaging shows average time for a fiber to reach a collector of radius Rc = 13.5 

cm, when the reservoir is rotated at an angular speed Ω ~ 12,000 rpm, tgap ~ 4×10-2 s, which is 

consistent with the simple scaling tgap ~1/Ω ~ 10-2 s. Measurements of solvent evaporation rate J 
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provide evidence that under ambient conditions, the solvent evaporates after a time t >> tgap. This 

is because solvent evaporation is dominated by internal solvent diffusion through the polymer to 

the surface of the liquid jet10 over a time scale τ3 ~ r2/D, where D ~ 10-7 cm2/s is the diffusion 

coefficient of the solvent in the polymer11 and r is jet radius. From dimensional arguments it is 

evident that at a solvent concentration of 90 wt%, for instance, the ratio between the initial and 

final volume of the jet, when solvent has evaporated is vf = 0.1vin ~ 10. Thus, in this approximation, 

the radius r decreases to 1/3 the initial value if all the solvent evaporates. Figure 2-4 shows that 

for r to decrease to 1/3 its initial radius r0 ~ a/3, the time elapsed is tr0/3 ~ 250 s. Setting τ3 = tr0/3, 

yields τr ~ a/3 and consequently tgap/τ3 ~ 10-4. To demonstrate the timescale of solvent evaporation, 

fiber mass was measured as solvent evaporated after spinning. Evaporation was visualized by 

incorporation of a solvent sensitive dye into polymer solutions prior to spinning (Figure 2-1 L).12  

Both theory and experiment show that most solvent evaporates after fibers have landed on the 

collector walls. Therefore, jet extension dominates the process of controlling fiber radius. 

 

                                                 
10 Kojic, N., Kojic, M., Gudlavalleti, S., & McKinley, G. (2004). Solvent removal during synthetic 
and Nephila fiber spinning. Biomacromolecules, 5(5), 1698-1707. doi:10.1021/bm034280x 

11 Perioto, F. R., Alvarez, M. E. T., Araujo, W. A., Wolf-Maciel, M. R., & Maciel Filho, R. (2008). 
Development of a Predictive Model for Polymer/Solvent Diffusion Coefficient Calculations. 
Journal of Applied Polymer Science, 110(6), 3544-3551. doi:10.1002/app.28923 

12 Yoon, J., Jung, Y.-S., & Kim, J.-M. (2009). A Combinatorial Approach for Colorimetric 
Differentiation of Organic Solvents Based on Conjugated Polymer-Embedded Electrospun Fibers. 
Advanced Functional Materials, 19(2), 209-214. doi:10.1002/adfm.200800963 
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Figure 2-2. Experimental measurements and theoretical approximations of viscosity of solution jets during 

the RJS process. (A) Experimentally measured shear viscosity of solutions of PLA dissolved in chloroform as a 

function of polymer concentration. (B) Approximated behavior of the viscosity of PLA solutions versus time, 

derived from the measured evaporation rate of chloroform from solutions and measured shear viscosity of varying 

solution concentrations of PLA. Reproduced from Mellado, P., McIlwee, H. A., Badrossamay, M. R., Goss, J. A., 

Mahadevan, L., & Parker, K. K. (2011b). A simple model for nanofiber formation by rotary jet-spinning. Applied 

Physics Letters, 99(20). doi:20310710.1063/1.3662015, with the permission of AIP Publishing.  

2.3 Scaling framework for jet elongation in RJS 

 The first stage of fiber formation is jet initiation. Since the hydrostatic pressure ρgh at the 

orifice is three orders of magnitude smaller than the centrifugal force ρΩ2s0a at the orifice of radius 

a in the reservoir of radius s0, its role in jet ejection is negligible. Then, balancing inertial force 

ρΩ2s0a3 with the capillary force at the orifice on the reservoir, σa, yields a critical rotational speed 

for jet ejection Wth ~ s / a2s0r , and an ejection speed V ~ Ωths0. Once the polymer jet exits the 

orifice, its extension is driven by the balance between viscous and centrifugal forces in the second 

stage of fiber formation. Noting that the viscous elongational stress on a jet of radius r and velocity 

V being stretched axially scales as  μV/x, where x is the distance from the  orifice, and mass 

conservation implies that Ua2 = Vr2, we get an expression for the jet radius as a function of the 

experimental parameters that reads 
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r ~
aU1/2n 1/2

Rc
3/2W  ,                                                          (2-1) 

where a is the initial jet radius,  ν = µ/ρ is the kinematic viscosity, and x ~ Rc is the collector radius 

( ≫ ).  

2.3.1 One-dimensional analysis 

The one-dimensional problem was studied by considering a fixed coordinate system (x, y, 

z) having its origin at the center of the orifice as illustrated in Figure 2-1 B. We considered an axial 

velocity gradient alone, meaning that the spinning solution experiences an elongational flow along 

the x direction only. Effects of air drag were neglected, and based on our measurements, we neglect 

solvent evaporation.  

Equation of continuity along the x coordinate in steady state reads as follows: 

x (VA)  0 ,                                                                   (2-2) 

where V is the axial velocity and A is the jet cross sectional area. Solution of the continuity equation 

yields Ur0
2  Vr 2

, where U is the initial axial velocity and ro and r define the initial and final radius 

of the jet respectively. Momentum balance along the x direction in the steady state reads: 
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,                                        (2-3) 

where μ, ρ, and σ define the fluid viscosity, density, and surface tension respectively, and we have 

assumed that the radius of the reservoir is small compared to that the collector. The momentum 

balance equation cannot easily be solved analytically, but we assume that the velocity field is 

smooth and monotonic when the fluid has just came out of the orifice. At a simple dimensional 

level, replacing the derivatives by ratios, this allows us to find a crude algebraic expression for the 
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radius of the jet in steady state as a function of the flow properties, experimental parameters and 

the axial coordinate x: 

2220
)()(

/
x

Ux
rr

W


r
r

 ,                                              (2-4) 

where r0 ~ a is the radius of the jet at the orifice and Ur

x

0

s


. In the previous formula it is easy to 

see that the radius size is determined by a competition between, viscous (proportional to µ), 

capillary (proportional to σ), and centrifugal (terms proportional to Ω) forces.  

Based on our scaling estimates, we expect the key variables controlling the jet diameter to be μ 

and Ω. Therefore we made use of equation (2-4) and studied the ratio r(Rc, ρ, σ, U, a, κΩ, κ2µ)/r(Rc, 

ρ, σ, U, a, Ω, µ) where all parameters are kept constant except by μ and Ω, which we scaled by the 

constants κ2 and κ respectively. We found that this ratio fits well with the function γ/κ, where γ is 

a constant to be fixed depending on the other experimental parameters. In the limit of high angular 

speeds, Ω → ∞, γ =1/2, yielding the following universal scaling relation:  

r(…,κΩ, κ2µ)/r(…,Ω, µ) ~ 1/2κ .                                            (2-5) 

The right hand side of equation (2-5) quantifies the decrease in jet radius when viscosity and 

angular speed are scaled by κ2 and κ respectively. We ran experiments to test equation (2-5) where 

viscosity and rotation speed were scaled by the constants κ2 and κ, respectively with κ varying 

between 1 and 2.6, in order to test viscosity and angular speed values inside the experimentally 

viable range (thus polymer concentration varied from 5.45 wt% to 9.1 wt% and the angular speed 

in the range 15,000 to 36,000 rpm). Figure 2-3 shows the experimental, analytical (steady state), 

and numerical (transient state) ratio r(…,κΩ, κ2µ)/r(…,Ω,µ) as a function of the scaling factor κ. 

The analytical and numerical curves agree and are best fitted by the function γ/κ, with γ ~ 0.6 and 

are in fair agreement with the experiments.  
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Figure 2-3. Fiber formation model scaling factor. Experimental (large red x), analytical (black dashed line), and 

numerical (small blue x) ratio r(...,κΩ, κ2µ )/r(..., Ω,µ) as a function of the scaling factor κ. The theoretical curves are 

best fitted by the function γ/κ, with γ ~ 0.6 and are in good agreement with experimental data. Error bars represent 

the standard deviation of the sample mean. Rc = 13.5 cm, ρ ~ 1.54 g/cm3, σ ~ 27 g/s2, U ~ 10 cm/s and a = 170 µm in 

all experiments. Polymer solutions were composed of PLA  dissolved in chloroform at varying viscosities µ, as 

noted. Reproduced from Mellado, P., McIlwee, H. A., Badrossamay, M. R., Goss, J. A., Mahadevan, L., & Parker, 

K. K. (2011b). A simple model for nanofiber formation by rotary jet-spinning. Applied Physics Letters, 99(20). 

doi:20310710.1063/1.3662015, with the permission of AIP Publishing.  

2.3.2 Numerical solution 

The full equations of mass and momentum conservation in the axial direction x read as follows: 

t Ax (VA)   1

rx

dM

dt  ,                                                      (2-6) 

t (VA)x (V 2A)  x

3A

r
xV s A

r









 AW2x

.                         (2-7) 

Where 

dM

dt
 J

 
is the solvent evaporation rate, V=V(x,t) is the velocity field and A=π r(x,t)2 is the 

jet cross sectional area. The first and second terms of the right hand side of equation (2-7) are the 
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one-dimensional stresses given by the viscous and surface tension. The boundary conditions at the 

reservoir orifice and the collector read: 

  V (0, t) U;r(0, t) a;xV (Rc, t)  0 ,                                          (2-8) 

and the initial conditions: 

r(x, 0) = a; V (x, 0) = U,                                                       (2-9) 

where U is the initial axial velocity of the jet at the orifice in the rotating coordinate system due to 

the hydrostatic pressure on the reservoir (U ~ 10 cm/s). We numerically solved the partial 

differential equations (2-6) and (2-7) using the software Mathematica 7.0 with the boundary and 

initial conditions provided by equation (2-8) and equation (2-9) respectively. We employed the 

Method of Lines, which consisted of discretizing the spatial dimension, and then numerically 

integrating the temporal variable as an ordinary differential equation. We made use of the 

“TensorProductGrid” Method for spatial discretization and a pseudospectral derivative 

approximation both available in Mathematica 7.0.  

2.4 Empirical validation of RJS model 

 To test Eq. (2-1), poly(lactic acid) fibers were fabricated using different experimental 

conditions.14  The radius of the collector Rc, viscosity µ, angular speed Ω, and orifice radius a were 

changed to span a range of fiber radii of one decade. PLA concentration varied from 4 to 9.5 wt% 

in chloroform, Ω from 4,000 to 37,000 rpm, and Rc from 9 to 18 cm. Polymer concentration 

changed the viscosity of prepared samples from 25 to 250 mPa·s.14 Surface tension and density of 

the samples remained approximately constant as polymer concentration was changed.14 Figure 2-4 

A shows fiber radius versus Eq. (2-1). This scaling law can be used to predict fiber radius and is 

shown to hold for multiple experimental schemes (Figure 2-4 A). The data are best fitted by the 
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power law 
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marked by the dashed line in below, in good agreement with Eq. 

(2-1).  

 

Figure 2-4. Fiber formation model and phase diagram. (A) Fiber radius measurements. Circles: a = 230 µm. 

Squares: Rc = 13.5 cm, µ = 113 mPa·s, and a = 230 µm. Triangles: Rc = 13.5 cm, µ = 113 mPa·s, and a = 410 µm. 

Data are best fitted by (a2Uν/Rc3Ω2)0.5 ~ r1.09±0.05 (red dashed line). (B) A phase diagram divides the scaled 

angular velocity – viscosity (the Rossby number, Rb = Ω/Ωth, Ωth being the threshold speed for fibers to exit the 

reservoir, and the Reynolds number, Re =  / 0 , where 
0  s s0r ) plane into regimes I, II, and III. Open 

circles: transition to collecting beady fibers (regime II). Solid circles: transition to values at which no fibers can be 

collected (regime III).  The boundary between regime II and III best fits the function 
25.088.2~ W c  (black 

curve). (C-H) SEM images showing fiber morphology of samples from different regimes at 2500X and 7500X 

magnifications. (c,f) Beady fibers are collected in II (µ = 0.025 Pa·s, Ω = 35,000 rpm, 8% beads). (D,G) Fine 

continuous fibers collected in I (µ = 0.079 Pa·s, Ω = 8,000 rpm). (E,H) Large continuous fibers collected in I (µ = 

0.178 Pa·s, Ω = 4,800 rpm). Scale bar is 4 µm (C,D,E) and 20 µm (F,G,H). Reproduced from Mellado, P., McIlwee, 

H. A., Badrossamay, M. R., Goss, J. A., Mahadevan, L., & Parker, K. K. (2011b). A simple model for nanofiber 

formation by rotary jet-spinning. Applied Physics Letters, 99(20). doi:20310710.1063/1.3662015, with the 

permission of AIP Publishing..  
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2.4.1 Detailed description of RJS spinning apparatus 

Description of experiments and apparatus. Experiments were performed using a Rotary Jet-

Spinning (RJS) system as shown in Figure 2-1 A. The RJS system consisted of a brushless, servo 

motor (Maxon Motor Company, Fall River, MA) to which a custom designed perforated 

reservoir is attached (Figure 2-1 A). Rotation speed was held constant by a digital speed 

controller. The aluminum reservoir with an inner radius s0 = 0.85 cm, and outer radius of 1.35 

cm was used to contain the polymer solutions in all experiments. The reservoir had two sidewall 

orifices with radius a = 230 µm for all experiments, unless otherwise noted. Poly(lactic acid) 

(PLA) (polymer 2002D, NatureWorks®, Minnetonka, MN) was dissolved in chloroform (99.8%, 

Mallinckrodt Chemicals, Phillipsburg, NJ) at concentrations ranging from 2 to 9.5 wt% at 

ambient conditions. Solution volumes of 2 ml (height inside reservoir was ~ 0.8 cm) were loaded 

into the perforated reservoir prior to rotation. The motor was rotated at angular speeds Ω ranging 

from 0 to 37,000 rpm. Nanofibers collected on the stationary, round collector wall of radius Rc, 

were sputter coated with Pt/Pd using a Cressington 208HR sputter coater (Watford, England) to 

minimize charging during imaging using a Zeiss Supra field-emission scanning electron 

microscope (Carl Zeiss, Dresden, Germany). Fiber diameter was analyzed using ImageJ image 

analysis software (National Institutes of Health, US). 

2.4.2 Solvent evaporation.  

In order to visualize solvent evaporation, a solvent sensitive dye, 10,12-Pentacosadiynoic 

acid, was added to polymer solutions. In the presence of organic solvents (in this case chloroform) 

the blue dye turns red due to molecular backbone reorganization. Upon evaporation, the dye returns 
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to its original blue color.13 The progressive color change and solvent evaporation rate over 24 hrs 

is shown in Figure 2-1 L. 

2.5 Determination of Scaling factor 

 To obtain additional information regarding how the size of the jet scales with µ and Ω, the 

dynamics of extension were examined in further detail by studying a simplified one-dimensional 

theory for the fluid jet, assumed to be incompressible, Newtonian and isothermal. Making use of 

its slenderness,14  we use a 1-D model set of equations in the axial coordinate x for the conservation 

of mass and momentum15 including effects of capillarity, inertial, viscous, and external body 

forces. Solving the resulting 1-D transient model numerically, we see there is good agreement 

(Figure 2-3) between experimental results, the simple steady state scaling law (Eq. 2-5), and the 

transient solution.  

 The range of variability of µ and Ω, which permit fiber formation, is summarized in the 

phase diagram in Figure 2-4 B. Across the range of µ and Ω investigated, three regimes exist 

experimentally. In regime I, where Ω, µ or both are large enough, continuous fibers, defined as 

those samples with less with 5% beads or defects, are produced. For example, at high angular 

speeds, Ω ~ 30,000 rpm, continuous fibers are formed using concentrations between 4 wt% and 9 

wt% spanning one decade in solution viscosity (regime I) (Figure 2-2 A). Scanning electron 

                                                 
13 Yoon, J., Jung, Y.-S., & Kim, J.-M. (2009). A Combinatorial Approach for Colorimetric 
Differentiation of Organic Solvents Based on Conjugated Polymer-Embedded Electrospun Fibers. 
Advanced Functional Materials, 19(2), 209-214. doi:10.1002/adfm.200800963 

14 Panda, S., Marheineke, N., & Wegener, R. (2008). Systematic derivation of an asymptotic model 
for the dynamics of curved viscous fibers. Mathematical Methods in the Applied Sciences, 31(10), 
1153-1173. doi:10.1002/mma.962 

15 Marheineke, N., & Wegener, R. (2009). Asymptotic model for the dynamics of curved viscous 
fibres with surface tension. Journal of Fluid Mechanics, 622, 345-369. 
doi:10.1017/s0022112008005259 
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microscopy (SEM) images show fiber morphology of samples within regime I: Fine continuous 

nanofibers collected from medium viscosity solutions (Figure 2-4 D, G), and large continuous 

microfibers collected from high viscosity solutions (Figure 2-4 E, H). Open data points in Figure 

2-4 B mark the lower limit of Ω for which continuous fibers prepared from solutions across the 

range of concentrations were collected.  

2.5.1 Temporal changes in viscosity 

 
In order to quantify the change in solution viscosity as the jet travels to the collector, the rate at 

which chloroform is evaporated from a solution containing PLA was determined by recording the 

mass of solutions over time. Evaporation rate of polymer solutions ranging from 5.8 – 12 wt% 

contained in glass vessels ranging in diameter from 1.9 – 4.6 cm was measured.  The rate of 

evaporation was found to be equal to = 0.15 g min⁄ , independent of the initial polymer 

concentration and container size. Consequently, the concentration of solvent, cfs, after a time t has 

elapsed changes according to c = (c -0.0035t) (1-0.0035t)⁄
 
for an initial solvent concentration 

c .  

 The viscosity μ, as a function of polymer concentration cp, was measured, Figure 2-3 A.  

To determine the concentration regimes, rheological measurements were made on freshly prepared 

PLA solutions. Solutions were loaded into the viscometer (Model AR-G2, TA instruments, New 

Castle, DE) fitted with a standard-size recessed end concentric cylinders geometry (model 988339, 

stator outer radius 14 mm, rotor inner radius 15 mm, 4000 μm gap) and viscosities were measured 

under steady state shear rate from 0.1 − 3000 s−1.  

The experimental viscosity versus polymer concentration curve is best fitted by a 

polynomial function for small concentrations of polymer and by an exponential function at higher 
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concentrations. The best fit gives: μ = 0.68c + 5.02c + 0.01exp c μ = 0.68c + 5.02c +

0.01e . These results were used to find the approximate behavior of μ with respect to initial 

solvent concentration and time, which are shown in Figure 2-2. For illustrative purposes for an 

initial solvent concentration cis = 2 wt%, we have computed the change in viscosity during tgap = 

10−2 s to find that ∆μ t = t = μ(0.92,0)-μ 0.92, t ~0.06mPas

 

which is a negligible 0.05 

percent of the viscosity’s value at the beginning as can be verified by Figure 2-2 B. 

 
 As we decreased the viscosity of the solution, it was necessary to increase the angular 

velocity in order to produce collectable, continuous fibers. This was the case at 5.8 wt% and Ω = 

8,000 rpm, where continuous fibers were produced (Figure 2-4 B, regime I). As Ω, µ, or both 

decrease to moderate values, regime II emerges where fibers can be fabricated, but beads or other 

defects are also produced. When the same 5.8 wt% solution was spun at Ω = 6,000 rpm, beaded 

fibers resulted (Figure 2-4 B, regime II). Beads or defects form because the centrifugal force is not 

large enough to overcome surface tension and elongate the jet before it reaches the collector. SEM 

images show beaded fibers collected in regime II from low viscosity solutions spun at high speeds 

(Figure 2-4 C, F). Filled data points in Figure 2-4 B mark the transition from regime II where 

beaded fibers are fabricated to regime III where Ω, µ, or both are too small to fabricate fibers. For 

all solutions in the range of polymer concentrations described above spun at Ω = 2,000 rpm, a = 

230 µm and Rc = 13.5 cm, no fibers formed (Figure 2-4 B, regime III). At Ω = 3,000 rpm, fiber 

jets could be visualized leaving the reservoir though no solid fibers could be collected. In this case 

the centrifugal force was not enough to facilitate the jet reaching the collector (regime III). The 

range of Ω and µ explored in the phase diagram represents the parameter space necessary to 

produce both continuous and beaded fibers from solutions of PLA in chloroform based on 

rheological behavior. 
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 The scaling law (Eq. (2-1)) describes how fiber radius shrinks as we move toward larger 

Ω and µ, inside regimes I and II. The transition between regime II and III can be explained with 

dimensional arguments in terms of the time for capillary induced breakup of a stationary jet   

tc ~ 
r

s .9 Comparing this time scale with that for the advective motion of the jet from the reservoir 

to the collector, tgap ~ 1/Ω, and using Eq. (2-1) for the jet radius, we find that the minimum angular 

speed for fiber formation is 

3
2

22

~ W sr
a

Rc
c

. This power law determines the transition between 

the regimes where no fibers can be created (III) and where fibers with beads or malformations are 

produced (II), consistent with experimental observations as shown in Figure 2-4 B. As expected, 

the boundary between regimes II and III is best fit by the power law  
25.088.2~ W 

 as shown by 

the continuous curve in Figure 2-4 B.  

2.5.2 Constructing a phase diagram of fiber diameters 

To construct the phase diagram of fiber quality, polymer concentrations ranging from 2 to 

8 wt% were spun at Ω from 3000 to 52000 rpm. Samples were collected, sputter coated, and 

imaged as previously described. The phase diagram is composed of points marking the lower limit 

for which samples were able to be collected (closed circles, Figure 2-4 B), and the transition from 

samples consisting of fibers and beads or other malformations of polymer to samples consisting 

of continuous fibers with less than 5% beads or malformations (open circles, Figure 2-4 B). 

Percentage beads or malformations were calculated using a custom manual thresholding macro 

using ImageJ. A total of n = 24 fields of view at 2500X and 7500X magnification were analyzed 

per condition. 
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2.6 A simple model describing fiber formation in synthetic polymers 

 Our combined experimental and theoretical study of the formation of polymeric fibers 

produced by RJS shows that fiber radius follows a simple scaling law (2-1)  that characterizes how 

RJS-manufactured nanofiber radius is tuned by varying viscosity, angular speed, distance to the 

collector, and the radius of the orifice by studying forces governing the stages of fiber formation. 

A phase diagram for the design space of continuous nanofibers as a function of process parameters 

is in good agreement with experiments and has implications for the production rates as well as in 

the morphological quality of fibers with radius ranging from 150 nm – 3 microns.  

2.7 Applying simple model to naturally occurring polymers. 

Ultimately we aim to control production of nanofibers made from biopolymers and 

proteins. Naturally occurring polymers have variable properties depending on the source and 

species they are isolated from, therefore we aimed to determine if our model describing fiber 

formation was robust enough, such that it is in good agreement with biopolymer fiber properties. 

As further evidence of the generality of the scaling model, we applied it to biopolymer synthesis 

to predict fiber diameter using RJS. In this study, super-aligned nanofibrous (SANF) constructs 

with robust centimeter to nanometer scale fiber alignment were engineered from blends of the 

proteins collagen and gelatin, and the polymer PCL via rotary jet-spinning (RJS). We observed 

increased fiber diameter and viscosity, and decreasing fiber alignment as protein concentration 

increased in these hybrid fibers. We used the previously developed simple scaling model to 

determine if this relationship was predictable. We aimed to show that not only do synthetic 

polymers exhibit predictable behavior but also biopolymer and protein fibers. This is further 

evidence that supports our hypothesis that FN protein fibers can be manufactured using RJS.  
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We had previously reported increasing fiber diameter in scaffolds produced from RJS-spun 

polymer solutions with increasing dynamic viscosity.16,17 In this study, we verified that this trend 

was valid for protein/polymer hybrid solutions. Dynamic viscosity measurements of solutions of 

PCL/Gelatin showed that viscosity of 6% (w/v) biohybrid solutions increased with increasing 

protein concentration (Figure 2-5, left). The model of nanofiber radius as a function of 

experimental parameters, previously reported, shows that fiber radius scales as the square root of 

the kinematic viscosity, ν.18 This model is in good agreement with biopolymer experimental data 

(Figure 2-5, right) suggesting utility for this model in predicting the physical properties of 

protein/polymer biohybrid materials.19   

 

                                                 
16 Badrossamay, M. R., McIlwee, H. A., Goss, J. A., & Parker, K. K. (2010). Nanofiber assembly 
by rotary jet-spinning. Nano letters, 10(6), 2257-2261. 

17 Mellado, P., McIlwee, H. A., Badrossamay, M. R., Goss, J. A., Mahadevan, L., & Parker, K. K. 
(2011a). A Simple Model for Nanofiber Formation by Rotary Jet-Spinning. Applied Physics 
Letters, 99(203107). 

18 Mellado, P., McIlwee, H. A., Badrossamay, M. R., Goss, J. A., Mahadevan, L., & Parker, K. K. 
(2011a). A Simple Model for Nanofiber Formation by Rotary Jet-Spinning. Applied Physics 
Letters, 99(203107). 

19  
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Figure 2-5. Modeling polymer/protein nanofiber diameters. (Left) Experimentally measured dynamic viscosity 

of solutions of varying ratios of PCL and gelatin dissolved in HFIP as a function of polymer concentration. (Right) 

Experimental data of kinematic viscosity and fiber radius were plotted on a graph with the relationship, r ~ ν1/2, (Rc 

= 13.5 cm, ρ ~ 1.5 g/cm3, U ~ 10 cm/s and a = 200µm in all experiments). Reprinted (adapted) with permission 

from Badrossamay, M. R., Balachandran, K., Capulli, A. K., Golecki, H. M., Agarwal, A., Goss, J. A., Parker, K. K. 

(2014). Engineering hybrid polymer-protein super-aligned nanofibers via rotary jet spinning. Biomaterials, 35(10), 

3188-3197. DOI: 10.1016/j.biomaterials.2013.12.072. Copyright 2014 Elsevier..  

2.8 Discussion and Conclusions 

In order to begin thinking about fabrication of pure protein fibers produced with molecular 

level control of fibrillogenesis, nanofiber techniques need to be standardized. This chapter 

demonstrates that we have nano- to micron scale control of fiber diameter in RJS. With both 

synthetic and biopolymers, we can tune fiber diameters with precise control. These scaling laws 

and model can be used to design experiments in cases when protein solutions are only available 

in small quantities, and to inform parameter design of bulk production of such fibers. 

Badrossamay et al. also showed that they have macro-scale control of fiber orientation, 
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important for recreating the spatial organization of fiber networks in biologic tissues.20 As we 

continue to elucidate the mechanisms required for protein fiber formation and replicate those 

within RJS, it is necessary to address the regimes of fiber formation delineated in Figure 2-4 B. 

As a result of controlling fiber diameter, we found regions of forming continuous or beaded 

fibers. Because it is known that the morphology of a tissue substrate can influence tissue 

function,21 we must have control of fiber morphology, or beadedness, 

                                                 
20 Badrossamay, M. R., Balachandran, K., Capulli, A. K., Golecki, H. M., Agarwal, A., Goss, J. 
A., Parker, K. K. (2014). Engineering hybrid polymer-protein super-aligned nanofibers via rotary 
jet spinning. Biomaterials, 35(10), 3188-3197. 

21 Stevens, M. M., & George, J. H. (2005). Exploring and engineering the cell surface interface. 
Science, 310(5751), 1135-1138. doi:10.1126/science.1106587 
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3 Effect of Solvent Evaporation on Fiber Morphology in Rotary Jet-

Spinning 

Reprinted with permission from Golecki, H. M., Yuan, H., Glavin, C., Potter, B., Badrossamay, 

M. R., Goss, J. A., Parker, K. K. (2014). Effect of solvent evaporation on fiber morphology in 

rotary jet spinning. Langmuir, 30(44), 13369-13374. DOI: 10.1021/la5023104. Copyright 2014 

American Chemical Society. 

3.1 Introduction 

Nanofibers are utilized for applications ranging from energy1,2 to tissue engineering3,4  

due to their large surface area to volume ratio. For example, the energy harvesting efficiency 

within nanofibers is proportional to its exposed surface area, which is maximized in fine, defect-

free fibers.5 Defects within a nanofiber-based scaffold for biological tissues may degrade cell 

                                                 
1 Persano, L., Dagdeviren, C., Su, Y., Zhang, Y., Girardo, S., Pisignano, D., . . . Rogers, J. A. 
(2013). High performance piezoelectric devices based on aligned arrays of nanofibers of 
poly(vinylidenefluoride-co-trifluoroethylene). Nature Communications, 4. doi:1633 

2 Thavasi, V., Singh, G., & Ramakrishna, S. (2008). Electrospun nanofibers in energy and 
environmental applications. Energy & Environmental Science, 1(2), 205-221. 
doi:10.1039/b809074m 

3 Lutolf, M. P., & Hubbell, J. A. (2005). Synthetic biomaterials as instructive extracellular 
microenvironments for morphogenesis in tissue engineering. Nature biotechnology, 23(1), 47-55. 
doi:10.1038/nbt1055 

4 Pham, Q. P., Sharma, U., & Mikos, A. G. (2006). Electrospinning of polymeric nanofibers for 
tissue engineering applications: A review. Tissue Engineering, 12(5), 1197-1211. 
doi:10.1089/ten.2006.12.1197 

5 Thavasi, V., Singh, G., & Ramakrishna, S. (2008). Electrospun nanofibers in energy and 
environmental applications. Energy & Environmental Science, 1(2), 205-221. 
doi:10.1039/b809074m 
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migration and tissuegenesis.6,7 Although there has been a significant effort to understand 

nanofiber geometry and surface topography through empirical studies8,9,10 and modeling,11,12,13,14  

methods to control surface malformations, or beading, during bulk manufacturing remain 

elusive. In order to optimize nanomaterials for specialized applications, it is necessary to first 

identify and then control the parameter space used in fiber production. 

                                                 
6 Lutolf, M. P., Gilbert, P. M., & Blau, H. M. (2009). Designing materials to direct stem-cell fate. 
Nature, 462(7272), 433-441. doi:10.1038/nature08602 

7 Stevens, M. M., & George, J. H. (2005). Exploring and engineering the cell surface interface. 
Science, 310(5751), 1135-1138. doi:10.1126/science.1106587 

8 Bhattacharjee, P. K., Schneider, T. M., Brenner, M. P., McKinley, G. H., & Rutledge, G. C. 
(2010). On the measured current in electrospinning. Journal of Applied Physics, 107(4). 
doi:044306 

9 Gu, S. Y., & Ren, J. (2005). Process optimization and empirical modeling for electrospun 
poly(D,L-lactide) fibers using response surface methodology. Macromolecular Materials and 
Engineering, 290(11), 1097-1105. doi:10.1002/mame.200500215 

10 Thompson, C. J., Chase, G. G., Yarin, A. L., & Reneker, D. H. (2007). Effects of parameters on 
nanofiber diameter determined from electrospinning model. Polymer, 48(23), 6913-6922. 
doi:10.1016/j.polymer.2007.09.017 

11 Feng, J. J. (2002). The stretching of an electrified non-Newtonian jet: A model for 
electrospinning. Physics of Fluids, 14(11), 3912-3926. doi:10.1063/1.1510664 

12 Fridrikh, S. V., Yu, J. H., Brenner, M. P., & Rutledge, G. C. (2003). Controlling the fiber 
diameter during electrospinning. Physical Review Letters, 90(14). 
doi:10.1103/PhysRevLett.90.144502 

13 Mellado, P., McIlwee, H. A., Badrossamay, M. R., Goss, J. A., Mahadevan, L., & Parker, K. K. 
(2011a). A Simple Model for Nanofiber Formation by Rotary Jet-Spinning. Applied Physics 
Letters, 99(203107). 

14 Padron, S., Fuentes, A., Caruntu, D., & Lozano, K. (2013). Experimental study of nanofiber 
production through forcespinning. Journal of Applied Physics, 113(2). doi:024318 
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RJS  is an efficient and reproducible manufacturing technique developed for the bulk 

nanofiber production.15,16,17,18,19 In this system, a high speed, rotating reservoir projects a fluid jet 

from a micron-sized orifice towards a collector. The high speed rotation and solvent evaporation 

enables production of nanoscale polymer fibers. RJS surpasses the electrospinning technique20,21  

in both production rate and utility,22 with a speeds up to 5-6 times higher while eliminating the 

requirements of an external electric field or a charged solution.23 We asked how nanofiber 

morphology, including beading and fiber diameter, is regulated during RJS manufacturing. 

Previous analytical, empirical, and numerical studies suggest that fiber diameter is reduced by 

                                                 
15 Badrossamay, M. R., McIlwee, H. A., Goss, J. A., & Parker, K. K. (2010). Nanofiber assembly 
by rotary jet-spinning. Nano letters, 10(6), 2257-2261. 

16 Huttunen, M., & Kellomaki, M. (2011). A simple and high production rate manufacturing 
method for submicron polymer fibres. Journal of tissue engineering and regenerative medicine, 
5(8), e239-243. doi:10.1002/term.421 

17 Nayak, R., Padhye, R., Kyratzis, I., Truong, Y. B., & Arnold, L. (2012). Recent advances in 
nanofibre fabrication techniques. Textile Research Journal, 82(2), 129-147. 
doi:10.1177/0040517511424524 

18 Padron, S., Fuentes, A., Caruntu, D., & Lozano, K. (2013). Experimental study of nanofiber 
production through forcespinning. Journal of Applied Physics, 113(2). doi:024318 

19 Sarkar, K., Gomez, C., Zambrano, S., Ramirez, M., de Hoyos, E., Vasquez, H., & Lozano, K. 
(2010). Electrospinning to Forcespinning (TM). Materials Today, 13(11), 12-14. 

20 Feng, J. (2002). The stretching of an electrified non-Newtonian jet: A model for electrospinning. 
Physics of Fluids, 14(11), 3912-3926. 

21 Fridrikh, S. V., Yu, J. H., Brenner, M. P., & Rutledge, G. C. (2003). Controlling the fiber 
diameter during electrospinning. Physical Review Letters, 90(14). 
doi:10.1103/PhysRevLett.90.144502 

22 Senthilram, T., Mary, L. A., Venugopal, J. R., Nagarajan, L., Ramakrishna, S., & Dev, V. R. G. 
(2011). Self crimped and aligned fibers. Materials Today, 14(5), 226-229. 

23 Huttunen, M., & Kellomaki, M. (2011). A simple and high production rate manufacturing 
method for submicron polymer fibres. Journal of tissue engineering and regenerative medicine, 
5(8), e239-243. doi:10.1002/term.421 
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decreasing viscosity or by increasing rotation speed.24,25 However, decreasing either viscosity or 

rotation speed independently increases the incidence of surface defects, such as beading.24   

We hypothesize that bead formation occurs due to Rayleigh instabilities within fluid jets 

and that smooth, bead-free fibers form as a result of faster solvent evaporation. We developed an 

analytical model that balances this fluid instability and fiber drying. To test the model, we 

manufactured fibers using solutions with a range of viscosities and solvent volatilities. Our 

results suggest a mechanism of bead reduction that depends not only on tuning viscosity and 

rotation speed as formerly suggested,26 but also due to inhibition of Rayleigh instabilities via 

solvent evaporation.  

3.2 Methods Section 

3.2.1 Solution Preparation.  

PLA (polymer 2002D, NatureWorks®, Minnetonka, MN) was dissolved in chloroform 

(99.8%, Mallinckrodt Chemicals, Phillipsburg, NJ) and dimethylformamide (DMF) (Sigma 

Aldrich, St. Louis, MO) at room temperature by stirring.  

3.2.2 Fiber Fabrication.  

The RJS system used to manufacture fibers is depicted in Figure 3-1 A. The RJS 

consisted of a brushless DC servo motor (Maxon Motor Company, Fall River, MA) attached to a 

                                                 
24 Mellado, P., McIlwee, H. A., Badrossamay, M. R., Goss, J. A., Mahadevan, L., & Parker, K. K. 
(2011a). A Simple Model for Nanofiber Formation by Rotary Jet-Spinning. Applied Physics 
Letters, 99(203107). 

25 Padron, S., Fuentes, A., Caruntu, D., & Lozano, K. (2013). Experimental study of nanofiber 
production through forcespinning. Journal of Applied Physics, 113(2). doi:024318 

26 Mellado, P., McIlwee, H. A., Badrossamay, M. R., Goss, J. A., Mahadevan, L., & Parker, K. K. 
(2011a). A Simple Model for Nanofiber Formation by Rotary Jet-Spinning. Applied Physics 
Letters, 99(203107). 
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custom fabricated reservoir with a 343 µm sidewall orifice. Solutions (1 ml) were spun at 

angular speeds, Ω, up to 75,000 rpm and collected at the spinning midpoint to ensure sample 

uniformity. Samples were Pt/Pd coated using a sputter coater (Cressington 208HR, Watford, 

England) and imaged using a Zeiss SUPRA field-emission scanning electron microscope (SEM) 

(Carl Zeiss, Dresden, Germany).  

3.2.3 Solution Properties.  

Polymer solution surface tension was measured with a Sigma700 Tensiometer (KSV 

instruments, Espoo, Finland). Solution viscosity was measured in a rheometer (Model AR-G2, 

TA instruments, New Castle, DE) fitted with a standard-size recessed end concentric cylinder 

geometry (model 988339, outer radius 14 mm, inner radius 15 mm, 4000 μm gap) under steady 

state shear rate from 0.1 − 3000 s−1.  

 

 

Figure 3-1. Variable fiber morphologies of RJS.(A) Schematic of the RJS setup. A solution of polylactic acid (4 

wt% in chloroform) is spun using RJS. Fibers collected have variable morphologies including (B) beads and 

malformations, (C) beads on a string (beaded fiber), or (D) continuous, defect-free fibers. (B-D) Scale bars are 20 

µm. Reprinted with permission from Golecki, H. M., Yuan, H., Glavin, C., Potter, B., Badrossamay, M. R., Goss, J. 

A., Parker, K. K. (2014). Effect of solvent evaporation on fiber morphology in rotary jet spinning. Langmuir, 

30(44), 13369-13374. DOI: 10.1021/la5023104. Copyright 2014 American Chemical Society.  
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3.3 Analysis.  

Number of beads or malformations in each experiment was calculated by manually 

thresholding SEM images in ImageJ (National Institute of Health, Bethesda, MD) and measuring 

polymer area in beads or malformations. Phase diagrams consist of points marking the transition 

from samples consisting of non-uniform fibers (samples with >5% beads or malformations) to 

samples consisting of continuous fibers (samples with <5% beads or malformations). A total of n 

= 24 fields of view at 2500X (~0.01mm2) and 7500X (~10-3mm2) magnification were analyzed 

per condition. 

3.3.1 The flux of mass transfer of solvent at the jet surface.  

The local steady state convection-diffusion equation for the solvent mass concentration  

near the jet surface can be approximated as: = , where Dair is the solvent diffusion 

constant in air,  axis is tangential to the local surface and  axis is perpendicular to the local 

surface,  is the air flow speed relative to the jet. A length scale of mass diffusion  near the 

local surface can be determined by scale analysis: = . Assuming ~ , and 

~ , where  is the jet radius and  is the reservoir radius, one has  ~
/

. The flux  

for surface mass transfer can then be written as = ~ , where  is the solvent 

vapor concentration in the air near the fiber surface.  Substituting  into the flux equation 

~  gives 

 ~
/

/ .                                                             (3-1) 

Here  can be related to solvent vapor pressure  by the ideal gas equation as = , where 

 is the solvent molecule molar mass,  is the ideal gas constant, and  is temperature. 
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Substituting this expression of  into equation (3-1), solvent removal flux  can be 

approximated as 

~
/

/ .                                                            (3-2) 

3.3.2 Time scale of surface layer solidification.  

The time scale of surface layer solidification is much shorter than that of complete 

solvent evaporation. The surface layer solidification time scale is governed by two physical 

processes: (1) solvent evaporation at the boundary and (2) solvent diffusion from the fiber center 

to the boundary. The mass transport by diffusion in the long cylindrical jet can be treated as 

radially symmetric. Therefore, the solvent density  is a function of the radial coordinate  and 

time  only. The diffusion equation27 can then be written as  

= ,                                                                (3-3) 

where ~ 10-7cm2/s is the solvent diffusion constant in the polymer solution.28 The initial and 

boundary conditions are 

Initial:  ( , = 0) = ,                                                       (3-4) 

Boundary:  = ,                                                                (3-5) 

= 0,                                                                (3-6) 

                                                 
27 Crank, J. (1975). The Mathematics of Diffusion (2 ed.): Oxford University Press. 

28 Perioto, F. R., Alvarez, M. E. T., Araujo, W. A., Wolf-Maciel, M. R., & Maciel Filho, R. (2008). 
Development of a Predictive Model for Polymer/Solvent Diffusion Coefficient Calculations. 
Journal of Applied Polymer Science, 110(6), 3544-3551. doi:10.1002/app.28923 
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where  is the initial solvent mass concentration in the jet, the flux  is given by equation (3-2). 

The solvent density at the jet surface ( = ) as a function of time can be written29 as 

( , ) = − + − 2 ∑ /
,                              (3-7) 

where > 0  and satisfies ( ) = 0, where  is the Bessel function of the first kind. 

Assuming that the solidification occurs at the surface when ( , ) = ̅, then the time scale  

can be obtained using the following equation, 

̅ = − + − 2 ∑ .                                    (3-8) 

It can be numerically shown that the sum, + − 2 ∑ /
, is approximately 

equal to  when  ≪ . The diffusion time scale, , is in the range of 10-1 - 10-3 s by 

estimating R as 10-7 - 10-6 m. For successful fiber formation,  should be less than the spinning 

time scale, the reciprocal of angular spinning speed, which is ~ 10-3 s. Therefore, the condition 

≪  is satisfied, and equation (3-8) can be simplified as 

 ̅ = − .                                                          (3-9) 

Solving for , we have = . Substituting equation (3-2) into it, we obtain the 

timescale of surface layer solidification as  

                                                 
29 Crank, J. (1975). The Mathematics of Diffusion (2 ed.): Oxford University Press. 
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=
( )

.                                                      (3-10) 

Equation (3-10) is used to illustrate the effect of solvent evaporation on fiber diameter and to 

derive the condition for production of continuous fibers. 

3.4 Results and Discussion 

 The RJS system consists of a rotating reservoir that extrudes a fluid jet from a micron 

sized orifice towards a collector to form solid nanofibers (Figure 3-1). To initiate fiber formation, 

polymer solutions are injected into the reservoir spinning at speeds, Ω, up to 75,000 rpm, 

projecting the jet through the 343μm diameter orifice. The jet is elongated, traveling in a spiral 

trajectory towards a stationary cylindrical wall ~10 cm from the reservoir. During this stage, 

polymer chains extend and entangle while the solvent evaporates to yield a combination of 

malformed (Figure 3-1 B), beaded (Figure 3-1 C), and continuous (Figure 3-1 D) nanofibers.  

We first asked how the solvent evaporation rate of extruded polymer solutions impacts 

final fiber diameter. The solvent removal process can be divided into two stages. In stage I, the 

jet travels in air resulting in forced convective mass transfer of solvent at the jet surface. In this 

stage, the solvent evaporation rate is dependent on spinning speed. In stage II, the remaining 

solvent diffuses through the polymer matrix and evaporates after the fibers land on the collector. 

Because nanoscale fibers are collected immediately after spinning, we assume fiber diameter is 

determined during jet elongation in stage I. Therefore, we focus on solvent evaporation in stage 

I. The solution viscosity remains nearly constant when polymer concentration < 6% g/ml as 

shown in Figure 3-2. Viscosity also increases with polymer concentration by a power law 

( ~ ( / ) . ) when ≥ 6% g/ml, where ~6% g/ml, ~58 mPa ∙ s. Only a small amount of 

solvent evaporation is necessary in stage I to bring polymer concentration at the jet surface to a 
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viscosity high enough such that the polymer solution becomes solid-like. A previously obtained 

scaling relation between fiber radius , viscosity , and angular spinning speed  30 suggested 

that fiber diameter increases with solution viscosity. However, the relationship between solvent 

evaporation and diameter has not been determined.  

 

Figure 3-2. Effect of solvent volatility on fiber diameter. (A) Viscosity as a function of polymer concentration for 

solutions of PLA in 100/0 Chloroform/DMF (open circles) and 75/25 Chloroform/DMF (closed circles). The line is 

fitted by a power law for  ≥ % g/ml using chloroform and chloroform/DMF data points. (B) SEM images of 

PLA fibers spun from a 8 wt% solution in 100/0 (C) 75/25 (D) 50/50 and (E) 25/75 Chloroform/DMF. (F) Viscosity 

of 8 wt% PLA solutions of 100/0 Chloroform/DMF, 75/25 Chloroform/DMF, 50/50 Chloroform/DMF, and 25/75 

Chloroform/DMF (n=3 solutions measured per condition) (G) Graph of PLA nanofiber diameters with varying 

solvent conditions (n=5 ROIs, 200 measurements per image). Error is standard deviation. (B-E) Scale bars are 5µm.  

                                                 
30 Mellado, P., McIlwee, H. A., Badrossamay, M. R., Goss, J. A., Mahadevan, L., & Parker, K. K. 
(2011a). A Simple Model for Nanofiber Formation by Rotary Jet-Spinning. Applied Physics 
Letters, 99(203107). 



69 
 

(continued) Reprinted with permission from Golecki, H. M., Yuan, H., Glavin, C., Potter, B., Badrossamay, M. R., 

Goss, J. A., Parker, K. K. (2014). Effect of solvent evaporation on fiber morphology in rotary jet spinning. 

Langmuir, 30(44), 13369-13374. DOI: 10.1021/la5023104. Copyright 2014 American Chemical Society. 

We hypothesize that faster solvent evaporation leads to increased jet viscosity and hence 

larger fiber diameters. To test this hypothesis empirically, we varied the ratios of chloroform and 

dimethylformamide (DMF) to tune the evaporation rate and measured fiber diameter using SEM 

and image analysis. Chloroform (vapor partial pressure  =21.2 kPa) is a more volatile organic 

solvent than DMF (vapor partial pressure  =0.36 kPa). Thus, increasing the ratio of chloroform 

to DMF increases the amount of solvent evaporation. Here, PLA nanofibers were formed from 

composite solutions containing chloroform/DMF ratios ranging from 100/0 to 25/75 (Figure 3-2 

B-E). To determine the effect of solvent volatility on viscosity, we measured the viscosity for 8 

wt% PLA solutions dissolved in chloroform/DMF ratios of 100/0, 75/25, 50/50, and 25/75. We 

observed no significant differences in viscosities as a function of solvent composition (Figure 

3-2 F). However, we found that fiber diameter increases with increasing solvent volatility 

(Figure 3-2 G). These results suggest that a more volatile solvent leads to faster solvent 

evaporation, which increases polymer concentration and viscosity during drying, resulting in 

larger fiber diameters. These results suggest that fiber diameter can vary independently of 

solution viscosity and rotation speed; specifically, increasing the solvent volatility leads to 

increased polymer concentration and hence fluid jet viscosity during stage I, resulting in larger 

diameter fibers. 

In order to better illustrate the effect of solvent evaporation on fiber production, we 

derived a scaling relationship describing the time scale of jet surface solidification in stage I as a 

function of experimental parameters. In RJS, fibers move with a speed ~  relative to ambient 

air, where Ω is the angular speed of the reservoir and ~1.4  is the radius of the reservoir. 
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Solvent removal occurs by forced convective mass transfer at the jet surface. The Reynolds 

number Re of the air flow relative to fiber is = ~1, where the kinematic viscosity of air 

at room temperature is ~1.6 × . Assuming for low Reynolds numbers Re ~ 1, we 

derived the mass transfer flux of solvent from the jet to air based on the convection-diffusion 

equation and the surface solidification time scale as =
( )

 (see equation 3-10 

and derivations in methods). Equation (3-10) shows that higher volatility solvent results in larger 

fiber diameters as a consequence of jet surface solidification due to solvent evaporation slowing 

jet elongation. The theoretical result obtained here agrees qualitatively with the experimental 

data in Figure 3-2. 

Next, we asked if decreased solvent volatility decreased the number of surface defects. 

We sought to determine how the rate of solvent removal scaled with Rayleigh instability and 

subsequent bead formation using a theoretical approach. Rayleigh instability theory states that 

cylindrical threads of viscous fluid will develop instabilities or varicose morphology within a 

certain time scale.31 This theory has been applied to polymer solutions in rheology,32 threads of 

human saliva,33 and electrospun jets,34 but has not been applied to RJS formed fibers. In RJS, 

                                                 
31 Lee, W. K., & Flumerfelt, R. W. (1981). INSTABILITY OF STATIONARY AND 
UNIFORMLY MOVING CYLINDRICAL FLUID BODIES .1. NEWTONIAN SYSTEMS. 
International Journal of Multiphase Flow, 7(4), 363-383. doi:10.1016/0301-9322(81)90045-8 

32 Oliveira, M. S. N., Yeh, R., & McKinley, G. H. (2006). Iterated stretching, extensional rheology 
and formation of beads-on-a-string structures in polymer solutions. Journal of Non-Newtonian 
Fluid Mechanics, 137(1-3), 137-148. doi:10.1016/j.jnnfm.2006.01.014 

33 Sattler, R., Gier, S., Eggers, J., & Wagner, C. (2012). The final stages of capillary break-up of 
polymer solutions. Physics of Fluids, 24(2). doi:023101 

34 Yu, J. H., Fridrikh, S. V., & Rutledge, G. C. (2006). The role of elasticity in the formation of 
electrospun fibers. Polymer, 47(13), 4789-4797. doi:10.1016/j.polymer.2006.04.050 
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bead formation occurs because the surface tension is minimized in a spherical geometry 

subsequently resulting in a minimized surface area. A simple geometric calculation shows that 

when a long cylindrical jet breaks into spherical beads with diameter larger than 1.5 times of the 

initial jet diameter, the total surface area decreases. While surface tension drives bead formation, 

the surface solidification occurring in RJS inhibits beading when the jet becomes too viscous to 

flow into a varicose morphology, as depicted in Figure 3-3. A cylindrical polymer jet ejected 

from the RJS orifice results in a smooth or beaded nanofiber. This result is potentiated by the 

competition between solvent removal and surface tension-driven Rayleigh instabilities.  

 

Figure 3-3. Schematic of forces acting on polymer solutions upon exiting the RJS orifice. Cylindrical polymer 

jets ejected from the spinning reservoir result in beaded or smooth fibers when the jet elongation stage is dominated 

by surface tension driven Rayleigh instabilities or solvent evaporation, respectively. Reprinted with permission from 

Golecki, H. M., Yuan, H., Glavin, C., Potter, B., Badrossamay, M. R., Goss, J. A., Parker, K. K. (2014). Effect of 

solvent evaporation on fiber morphology in rotary jet spinning. Langmuir, 30(44), 13369-13374. DOI: 

10.1021/la5023104. Copyright 2014 American Chemical Society.  

The time scale  of beading for a cylindrical column of viscous fluid can be obtained by 

considering the force equilibrium between the viscosity 
( / )

 and surface tension  . Equating 

these two terms yields  
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~  .      (3-11) 

The number of beads in RJS can be estimated by comparing the time scale of Rayleigh instability 

and that of surface solidification. Beaded fibers form when the timescale of Rayleigh instability, 

, is less than the timescale of surface solidification, . On the other hand, continuous fibers 

form when > , because the jet surface becomes solid-like before the fiber develops beads. 

Substituting equations (3-10) and (3-11) into the inequality > , we obtain the condition for 

the production of continuous fibers:  

>
( )

,       (3-12) 

where  is added as a numerical factor to be fitted. Equation (12) predicts that beading can be 

reduced either by decreasing the rate of Rayleigh instability by increasing viscosity  or by 

increasing the rate of surface solidification.  

To test whether our model can predict bead formation, we used the RJS to spin fibers 

from varying solutions of PLA dissolved in chloroform and chloroform/DMF (75/25) solvents 

(Figure 3-4). The resulting fiber morphologies were analyzed within a phase diagram in the −

 space, as shown in Figure 3-4. The circles mark the transition from continuous fibers with less 

than 5% beads to beaded fibers for PLA spun in chloroform/DMF (75/25) (Figure 3-4 A). For 

example, fibers spun at 35,000 rpm from 7.5% PLA in chloroform/DMF (75/25) have <5% 

beads (Figure 3-4 B). However, samples spun at low viscosity and high speed (2.5 wt% at 25,000 

rpm, Figure 3-4 C) or high viscosity and low speed (7.5 wt% at 10,000 rpm, Figure 3-4 D) have 

significantly more beading present. The curve in Figure 3-4 A marks the transition boundaries 

from the model predictions, plotting =
( )

. In Figure 3-4 A, region I 

above the transition curve indicates the continuous-fiber phase (Figure 3-4 B), while the regions 
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below the transition curves are the beaded phase (Figure 3-4 C-D). The experimentally 

determined transition boundaries qualitatively match with the model predictions. 

 

Figure 3-4. Phase diagram of fiber morphology. (a) Phase diagram of PLA nanofibers spun in chloroform/DMF 

75/25 is plotted in the Ω-µ plane. Circles represent the experimentally determined transition between fibers with 

<5% beads (regime I) and >5% beads (regime II). (b) Fibers spun at 35,000 rpm from 7.5% PLA in 

chloroform/DMF (75/25) (c) Fibers spun at 25,000 rpm from 2.5% PLA in chloroform/DMF (75/25) (d) Fibers spun 

at 10,000 rpm from 7.5% PLA in chloroform/DMF (75/25). (e) Phase diagram of PLA nanofibers spun in 

chloroform is plotted in the Ω-µ plane. Closed circles represent the transition from <5% beads (regime I) and regime 

II >5% beads (regime II). Equation (12) is plotted for both (a) and (e) and qualitatively agrees with the experimental 

data. Reprinted with permission from Golecki, H. M., Yuan, H., Glavin, C., Potter, B., Badrossamay, M. R., Goss, J. 

A., Parker, K. K. (2014). Effect of solvent evaporation on fiber morphology in rotary jet spinning. Langmuir, 

30(44), 13369-13374. DOI: 10.1021/la5023104. Copyright 2014 American Chemical Society.  

 To further demonstrate the utility of our model for multiple solvent volatilities, we 

compared it to a previously reported empirical phase diagram for PLA in chloroform.35 We show 

that our model similarly matches repeated experimental data (Figure 3-4 E). In addition, equation 

(3-12) predicts that when the solvent volatility  increases, the transition curve will move 

                                                 
35 Mellado, P., McIlwee, H. A., Badrossamay, M. R., Goss, J. A., Mahadevan, L., & Parker, K. K. 
(2011a). A Simple Model for Nanofiber Formation by Rotary Jet-Spinning. Applied Physics 
Letters, 99(203107). 
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downward in the −  space. This is suggested by comparing the experimental data in Figure 

3-4 A with Figure 3-4 E, suggesting that the beading transition curve shifts downward as the 

solvent becomes less volatile (chloroform in Figure 3-4 E compared to chloroform/DMF(75/25) 

in Figure 3-4 A, respectively). Additionally, this data suggests that lower spinning speeds are 

required to form continuous defect-free fibers using highly volatile solvents. In other words, 

more volatile solvents increase the range of the continuous-fiber phase in the −  space 

meaning a broader range of fiber diameters can be obtained. This addition enables the production 

of continuous fibers and less beaded structures during nanofiber production.   

3.5 Conclusion 

 From our results, we conclude that the physical mechanism of bead formation in RJS is a 

competition between the timescales of Rayleigh instability forces and solvent evaporation rate. 

Our experimental data and theoretical analysis reveal that fiber drying, a result of solvent 

evaporation, plays an important role in determining nanofiber morphology in RJS. Solvent 

evaporation rate can be controlled by changing solvent volatility and rotation speed. Increasing 

solvent volatility, while holding viscosity constant, produces larger fiber diameters by inhibiting 

jet thinning. However, increasing both solvent volatility and spinning speed prohibits bead 

formation in RJS fibers by increasing the polymer concentration in the jet and drying fibers 

before Rayleigh instabilities develop. The analytical model we derived here can be used for 

precise morphology control during production. These findings may increase the utility of RJS 

when forming nano-scale materials with applications that require defect-free fibers such as 

energy harvesting and tissue engineering.  
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4 Shear Force Driven Fibrillogenesis of Protein Nanofibers for Dermal 

Wound Healing 

 
4.1 Introduction 

 
Chronic dermal wounds affect 1-2% of Americans in their lifetime, representing 6.5 

million people and a growing health care burden costing $20 billion dollars annually.1,2 

Physiologic barriers to complete wound healing include a lack of scaffolding proteins and once 

adult wounds do heal, an overabundance of dense collagen bundles inside the wound site leads to 

scar formation.3,4 Scar tissue formation impairs the mechanical integrity of regenerated tissue.5 

Currently, the field of wound care is dominated by collagen-based dressings primarily because it 

is the most abundant ECM protein in healthy, adult skin.6 However, simply because collagen is 

abundant in naïve skin, does not mean that it makes a viable dressing to facilitate healthy tissue 

                                                 
1 Briquez, P. S., Hubbell, J. A., & Martino, M. M. (2015). Extracellular matrix-inspired growth 
factor delivery systems for skin wound healing. Advances in wound care, 4(8), 479-489. 

2 Fonder, M. A., Lazarus, G. S., Cowan, D. A., Aronson-Cook, B., Kohli, A. R., & Mamelak, A. 
J. (2008). Treating the chronic wound: A practical approach to the care of nonhealing wounds and 
wound care dressings. Journal of the American Academy of Dermatology, 58(2), 185-206. 
doi:10.1016/j.jaad.2007.08.048 

3 Singer, A. J., & Clark, R. A. F. (1999). Mechanisms of disease - Cutaneous wound healing. New 
England Journal of Medicine, 341(10), 738-746. 

4 Ulmer, J., Geiger, B., & Spatz, J. P. (2008). Force-induced fibronectin fibrillogenesis in vitro. 
Soft Matter, 4(10), 1998-2007. doi:10.1039/b808020h 

5 van der Veer, W. M., Bloemen, M. C. T., Ulrich, M. M. W., Molema, G., van Zuijlen, P. P., 
Middelkoop, E., & Niessen, F. B. (2009). Potential cellular and molecular causes of hypertrophic 
scar formation. Burns, 35(1), 15-29. doi:10.1016/j.burns.2008.06.020 

6 Uitto, J., Olsen, D. R., & Fazio, M. J. (1989). Extracellular-Matrix of the Skin - 50 Years of 
Progress. Journal of Investigative Dermatology, 92(4), S61-S77. doi:10.1111/1523-
1747.ep13075039 
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regeneration. Current developments, in the form of passive decellularized skin,7 2D cell-derived 

matrix,8 or 3D anisotropic hydrogels9 support wound stabilization in the short term; however, these 

strategies do not restore the injured tissue to its native composition and organization.  These 

strategies inhibit regeneration of native tissue because they do not fully replicate the ECM 

microenvironment of the skin across multiple spatial scales.  This leads to collagen-dense scarring 

and increased tissue stiffness at the wound site.10 In addition, skin appendages such as hair follicles 

do not regrow inside dense scars. To recapitulate healthy cutaneous development after a dermal 

wound, a dressing capable of stimulating healing, restoring tissue mechanics with minimal 

scarring, and regenerating tissue structure, including skin appendages is necessary. A 3D scaffold 

is necessary because the skin is actually composed of organized 3D protein scaffolding,11 not a 

passive or 2D platform. To overcome the limitations of the currently available collagen-based 

wound dressings, we designed a novel ECM-based nanofibrillar dressing to promote wound 

healing, tissue regeneration, and development of the complex skin microenvironment. 

                                                 
7 Ralston, D. R., Layton, C., Dalley, A. J., Boyce, S. G., Freedlander, E., & MacNeil, S. (1997). 
Keratinocytes contract human dermal extracellular matrix and reduce soluble fibronectin 
production by fibroblasts in a skin composite model. British Journal of Plastic Surgery, 50(6), 408-
415. doi:10.1016/s0007-1226(97)90327-1 

8 MacNeil, S. (2007). Progress and opportunities for tissue-engineered skin. Nature, 445(7130), 
874-880. doi:10.1038/nature05664 

9 Truong, A.-T. N., Kowal-Vern, A., Latenser, B. A., Wiley, D. E., & Walter, R. J. (2005). 
Comparison of dermal substitutes in wound healing utilizing a nude mouse model. J Burns 
Wounds, 4, e4. 

10 Truong, A.-T. N., Kowal-Vern, A., Latenser, B. A., Wiley, D. E., & Walter, R. J. (2005). 
Comparison of dermal substitutes in wound healing utilizing a nude mouse model. J Burns 
Wounds, 4, e4. 

11 MacNeil, S. (2007). Progress and opportunities for tissue-engineered skin. Nature, 445(7130), 
874-880. doi:10.1038/nature05664 
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Figure 4-1. Structure of healthy skin. H&E stained adult murine skin section. The image shows the relevant 

tissue appendages and structures situated within the epidermis and dermis of the skin. These 

include hair follicles and associated sebaceous glands, fat deposits, underlying muscle tissue. 

Healthy skin is composed of two layers: the keratin-rich epidermis and collagen-rich 

dermis (Figure 4-1).12 The skin is a complex multilayer organ that includes skin appendages such 

as hair follicles, lipid deposits, a muscle layer, and innervation with touch receptors. The 

organization of the dermal ECM is attributed to the fibrillar proteins: collagen, elastin, and FN, 

which help maintain the structural stability and functionality of the skin.13 Skin properties change 

with age. In addition, efficiency of wound healing diminishes with age as well. Fetal skin is highly 

elastic and is characterized by scarless healing. As adults age, skin loses its elasticity and when it 

is wounded, it is more prone to scar formation. Some have suggested that protein composition may 

play a role in this change over time. Previous reports have indicated that FN is significantly up-

                                                 
12 Martin, P. (1997). Wound healing - Aiming for perfect skin regeneration. Science, 276(5309), 
75-81. doi:10.1126/science.276.5309.75 

13 Uitto, J., Olsen, D. R., & Fazio, M. J. (1989). Extracellular-Matrix of the Skin - 50 Years of 
Progress. Journal of Investigative Dermatology, 92(4), S61-S77. doi:10.1111/1523-
1747.ep13075039 
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regulated throughout the dermal layers in fetal skin, from 13 - 22 weeks development, when 

compared to adult skin.14,15,16 This is a mechanism for the scarless healing observed during 

gestation. Figure 4-2 details the primary difference between fetal and adult wound healing. The 

work contained in this chapter, takes cues from the prominence of FN and shortened healing time 

highlighted here. We hypothesize that a dressing made from FN nanofibers may induce a fetal-

like wound healing cascade in adult wounds and improve properties of healed tissue. 

 

Figure 4-2. Summary and comparison of wound healing cascade in adult and fetal wounds. 

                                                 
14 Carre, A. L., Larson, B. J., Knowles, J. A., Kawai, K., Longaker, M. T., & Lorenz, H. P. (2012). 
Fetal Mouse Skin Heals Scarlessly in a Chick Chorioallantoic Membrane Model System. Annals 
of Plastic Surgery, 69(1), 85-90. doi:10.1097/SAP.0b013e31822128a9 

15 Coolen, N. A., Schouten, K. C. W. M., Middelkoop, E., & Ulrich, M. M. W. (2010). Comparison 
between human fetal and adult skin. Archives of Dermatological Research, 302(1), 47-55. 
doi:10.1007/s00403-009-0989-8 

16 Siebert, J. W., Burd, D. A. R., McCarthy, J. G., Weinzweig, J., & Ehrlich, H. P. (1990). FETAL 
WOUND-HEALING - A BIOCHEMICAL-STUDY OF SCARLESS HEALING. Plastic and 
Reconstructive Surgery, 85(4), 495-502. 
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FN is a 450 kDa dimer molecule that exists in two conformations: a soluble, compact 

conformation and a fibrillar, unfolded conformation.17 In vivo the soluble form circulates in blood 

plasma, and the fibrillar form exists in the ECM. Fibrillar FN, assembled by cell tension and N-

terminus binding, is responsible for promoting cell adhesion, spreading, and migration, which are 

characteristics that may contribute to the healing process.18 FN is composed of Type I, Type II, 

and Type III domains along its structure (Figure 4-3) with specific binding sites that contribute to 

its ability to recruit cells, including stem cells. The molecule’s elasticity is attributed to not only 

conformational changes but Type III beta sheet domains that reversibly unfold to allow for up to 

9X molecular extension. The bioactivity and mechanics of FN contribute to its superior function 

in maintaining a healthy skin microenvironment. 

 

Figure 4-3. FN structure and unfolding in vivo. (A) Schematic of the FN molecule with relevant domain sites 

labeled. (B) Schematic of the mechanism of FN fibrillogenesis in vivo. Adapted with permission from Chantre, C. 

O., Campbell, P. H., Golecki, H. M., Buganza, A. T., Capulli, A. K., Deravi, L. F., Gledhill, K. (2018). Production-

scale fibronectin nanofibers promote wound closure and tissue repair in a dermal mouse model. Biomaterials, 166, 

96-108. DOI: 10.1016/j.biomaterials.2018.03.006  Copyright 2018 Elsevier.  

After wounding, the epidermal and dermal layers of the skin are disrupted. In order to 

restore proper structure a wound dressing capable of rebuilding the dermal ECM and restoring skin 

                                                 
17 Schwarzbauer, J. E., & Sechler, J. L. (1999). Fibronectin fibrillogenesis: a paradigm for 
extracellular matrix assembly. Current Opinion in Cell Biology, 11(5), 622-627. 

18 Mao, Y., & Schwarzbauer, J. E. (2005). Fibronectin fibrillogenesis, a cell-mediated matrix 
assembly process. Matrix Biology, 24(6), 389-399. doi:10.1016/j.matbio.2005.06.008 
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appendages such as hair follicles, sebaceous glands, fat, and innervation of touch receptors is 

necessary. It has been reported that the presence of FN recruited epidermal stem cells promote 

follicle neogenesis in the wound19 and that these stem cells can also enhance re-epithelialization 

and healing in murine wounds.20 We asked whether restoring the native ECM structure of the skin 

could recruit stem cells to stimulate hair follicle growth. We hypothesize that by mimicking the 

FN-rich fetal dermal microenvironment, a nanofiber wound dressing may promote tissue 

regeneration that includes development of skin appendages and reduces ECM-dense scars. To test 

our hypothesis we engineered FN nanofibers and evaluated their capabilities to enhance wound 

healing in a murine model. 

4.2 Designing the chemical and physical properties of a protein nanofiber scaffold 

4.2.1 Typography of murine skin ECM 

 We aimed to design a scaffold for a murine wound model. When we began to design our 

scaffolds, we investigated the structure and topography of healthy adult murine ECM. We now 

understand the physics required to control the topography of nanofiber production in RJS, so if we 

characterize the ECM fibers in adult skin we can replicate their size, morphology, and organization 

in RJS. To do so, we excised skin tissue from the dorsal side of mice and decellularized the skin 

in a 1% sodium dodecyl sulfate solution for 1 week and then washed samples in 70% ethanol 

(Figure 4-4 A). Samples were dried, platinum sputter coated (~6nm), and imaged using a Scanning 

Electron Microscope (Zeiss). Fiber diameters were measured using ImageJ (NIH, Bethesda, MD). 

                                                 
19 Ito, M., Yang, Z., Andl, T., Cui, C., Kim, N., Millar, S. E., & Cotsarelis, G. (2007). Wnt-
dependent de novo hair follicle regeneration in adult mouse skin after wounding. Nature, 
447(7142), 316-U314. doi:10.1038/nature05766 

20 Ansell, D. M., Kloepper, J. E., Thomason, H. A., Paus, R., & Hardman, M. J. (2011). Exploring 
the "Hair Growth-Wound Healing Connection": Anagen Phase Promotes Wound Re-
Epithelialization. Journal of Investigative Dermatology, 131(2), 518-528. 
doi:10.1038/jid.2010.291 
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Individual fibers had an average diameter of 92nm (Figure 4-4 B). The organization of the ECM 

fibers varied depending on spatial scale. In a 100µm2 view, the structure appears to be semi-

anisotropic, composed of bundles of fibers (Figure 4-4 C). At a 25 µm2 view, the bundles appear 

to have a ribbon-like structure composed of smaller fibers (Figure 4-4 D). Those fibers are highly 

anisotropic within the ribbons (Figure 4-4 E). In our wound dressing, we aim to produce nanofibers 

that are ~100nm in diameter with a semi-anisotropic macroscale organization.  

 

 

Figure 4-4. Skin tissue decellularization and fiber structure. (A) Dermal tissue is decellularized in 1% SDS for 

t=1 week. (B) Native ECM fiber diameter measured from decellularized samples. (C, D, E) Progressive 

magnification of native ECM dermal tissue. Adapted with permission from Chantre, C. O., Campbell, P. H., 

Golecki, H. M., Buganza, A. T., Capulli, A. K., Deravi, L. F., Gledhill, K. (2018). Production-scale fibronectin 

nanofibers promote wound closure and tissue repair in a dermal mouse model. Biomaterials, 166, 96-108. DOI: 

10.1016/j.biomaterials.2018.03.006  Copyright 2018 Elsevier.  
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 The anisotropic structure of the nanofiber dressings indicates that there may be some 

anisotropy to the function of the skin. To determine if the mechanics of the skin changes with 

skin orientation, we performed full thickness uniaxial tensile tests on cellularized murine skin 

(Figure 4-5 A). We found that the head-to-tail orientation of the skin was ~3X more stiff than 

any other direction. As fibers are stronger in the axial direction, we will aim to orient the fibers 

along the back of the mice from head to tail. 

 

Figure 4-5. Mechanical testing naive dermal tissue. (A) Schematic of tissue preparation for mechanical testing. 

(B) Small strain elastic modulus for each condition. (C) Large strain elastic modulus for each condition.  
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4.2.2 Chemical composition of nanofibers 

 In order to promote a fetal-like wound healing cascade, we aim to make dressings from 

FN. In solution, FN exists in a globular conformation. Specific domains at the N-terminus of the 

molecule (Figure 4-3 A), shielded in this conformation, are responsible for fibrillogenesis binding. 

In vivo, cells attach to FN via cell surface integrins. Cell traction forces then initiate opening the 

molecule into an unfolded conformation exposing FN binding domains (Figure 4-3 B). This allows 

adjacent FN molecules to irreversibly bind to each other into polymerized protein networks. We 

propose that FN solutions will contain globular fibronectin and once spun through the RJS, FN 

molecules will shear open and polymerize, resulting in FN fibers, in their extended conformation. 

This will create FN fibers with binding access for cells and other biomolecules (Figure 4-6 A).  

 

Figure 4-6. Theoretical model of FN unfolding in RJS.(A) The RJS system consists of a perforated reservoir is 

rotated at high speeds. (B) Globular FN molecules injected into spinning reservoir are unfolded while exiting the 

reservoir due to the centrifugal forces produced by high speed rotation. (C) Schematic of the RJS orifice with 

parameters relevant to the model labeled. (D) Schematic of Mohr’s circle used to calculate FN shear stress from tensile 

stress. (E) Plot of shear stress required to unfold FN (black) and shear stress in RJS at different spinning speeds. 
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Adapted with permission from Chantre, C. O., Campbell, P. H., Golecki, H. M., Buganza, A. T., Capulli, A. K., 

Deravi, L. F., Gledhill, K. (2018). Production-scale fibronectin nanofibers promote wound closure and tissue repair in 

a dermal mouse model. Biomaterials, 166, 96-108. DOI: 10.1016/j.biomaterials.2018.03.006  Copyright 2018 

Elsevier.  

4.3 Producing fibronectin nanofibers via rotary jet-spinning 

4.3.1 Biomimetic method of fibrillogenesis 

The RJS is a high throughput nanofiber fabrication technique that utilizes centrifugal forces 

to eject a polymer or protein solution jet from a micron-sized orifice to form nanoscale 

fibers21,22,23,24,25 (Figure 4-6 A). As the solution jets travel toward the collector, solvents evaporate 

forming solid nanofibers at the collector. The RJS has been used to form polymer-based nanofibers 

for applications ranging from tissue engineering26 to textile engineering.27 To determine if it is 

possible to induce fibrillogenesis in RJS as we propose (Figure 4-6 B), we present a mathematical 

                                                 
21 Badrossamay, M. R., McIlwee, H. A., Goss, J. A., & Parker, K. K. (2010). Nanofiber assembly 
by rotary jet-spinning. Nano letters, 10(6), 2257-2261. 

22 Huttunen, M., & Kellomaki, M. (2011). A simple and high production rate manufacturing 
method for submicron polymer fibres. Journal of tissue engineering and regenerative medicine, 
5(8), e239-243. doi:10.1002/term.421 

23 Mellado, P., McIlwee, H. A., Badrossamay, M. R., Goss, J. A., Mahadevan, L., & Parker, K. K. 
(2011a). A Simple Model for Nanofiber Formation by Rotary Jet-Spinning. Applied Physics 
Letters, 99(203107). 

24 Padron, S., Fuentes, A., Caruntu, D., & Lozano, K. (2013). Experimental study of nanofiber 
production through forcespinning. Journal of Applied Physics, 113(2). doi:024318 

25 Sarkar, K., Gomez, C., Zambrano, S., Ramirez, M., de Hoyos, E., Vasquez, H., & Lozano, K. 
(2010). Electrospinning to Forcespinning (TM). Materials Today, 13(11), 12-14. 

26 Badrossamay, M. R., McIlwee, H. A., Goss, J. A., & Parker, K. K. (2010). Nanofiber assembly 
by rotary jet-spinning. Nano letters, 10(6), 2257-2261. 

27 Deravi, L. F., Golecki, H. M., & Parker, K. K. (2013). Protein Based Textiles: Bio-Inspired and 
Bio-Derived Materials for Medical and Non-Medical Applications. Journal of Chemical and 
Biological Interfaces, 1, 25-34. 
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model describing how mechanical forces in the side wall orifices of the rotating reservoir (Figure 

4-6 C) can be used to unfold FN and induce fibrillogenesis. We plan to use mechanics to control 

chemistry at the N-terminus binding site. In the body, fibrillogenesis occurs when integrin binding 

receptors attach to and extend the FN molecule from its compact conformation to an extended 

conformation allowing for binding at the otherwise shielded N-terminus of the molecule.  (Figure 

4-3 B). We hypothesized that fluid shear stresses generated within the sidewall orifice are large 

enough to unfold the soluble, compact FN molecule (Figure 4-6 D), to expose cryptic 

intermolecular binding sites that facilitate fibrillogenesis and nanofiber formation (Figure 4-6 E).  

4.3.2 Shear fluid model 

  To test this hypothesis, we developed a mathematical model that predicts how shear forces 

generated using RJS can be used to induce the high-throughput production of FN nanofibers. 

Others have probed single FN molecules to determine tensile forces required to unfold FN. We 

used Mohr’s circle28 to determine the shear stress required to unfold FN by translating values from 

single molecule uniaxial tensile tests29 to shear (Figure 4-6 D). Mohr’s circle is a graphical 

representation of the relationship between principle and shear stress. We calculated 3.7 kPa as the 

minimum shear stress required to unfold a FN molecule. Next, to calculate the shear produced by 

RJS, we derived a model from Navier Stokes for the shear stress distribution through the diameter 

of the orifice. Equation (4-1) gives the shear stress distribution, τ(r), that scales linearly with 

distance from the center and is dependent on rotation speed, 

                                                 
28 Gere, J. M. (2003). Mechanics of Materials: Thompson-Engineering. 

29 Oberhauser, A. F., Badilla-Fernandez, C., Carrion-Vazquez, M., & Fernandez, J. M. (2002). The 
mechanical hierarchies of fibronectin observed with single-molecule AFM. Journal of Molecular 
Biology, 319(2), 433-447. doi:10.1016/s0022-2836(02)00306-6 
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( ) = −
4

(2 ℎ + 2Ω2 + Ω2 2)  

(4-1)  

where ρ is protein solution density, L is orifice length, µ is dynamic viscosity, h is reservoir height, 

Ω is rotation speed, M is reservoir radius, and r is orifice radius (Figure 4-6 C). Calculated shear 

stresses achievable within our RJS system range from 0-30kPa. Velocity profile and shear stress 

gradient are plotted in Figure 4-6 E and Figure 4-7. This range of fluid shear stress is achieved 

through a combination of high rotation speeds (~30,000 rpm) and small orifice geometries 

(~400µm diameter).   

 

Figure 4-7. Visualization of fluid shear model within the orifice of RJS. 

 

4.3.3  Details of shear fluid model 

To derive equation 4-1, we modeled shear stresses in a Poiseuille flow rotating with angular 

speed (Ω). The system consists of a viscous (incompressible) fluid flow through a pipe of uniform 

cross section, rotating about the Y axis (Figure 4-6 C), with the following assumptions:  

1. The flow is steady (i.e. velocity does not change with time: duz/dt=0 

1a.  Flow is in unidirectional: ur = 0; uθ = 0.  

2. The flow is axisymetric. 
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Conservation of Mass (from continuity equation): 

+ + + = 0                                                                                                  (4-2)                                          

Assumption 4: Density, ρ, does not change with time. 

+ + + = 0                                                                                                   (4-3) 

Assumption 1a: There is no flow in the r direction. 

+ + + = 0                                                                                                   (4-4) 

Assumption 3: Flow is axisymetric. 

+ + + = 0                                                                                                   (4-5) 

Therefore, this states that fluid speed does not change along the z direction: 

= 0                                                                                                                                       (4-6) 

Conservation of momentum: Navier Stokes (N-S) of cylindrical coordinates:  

A very common case is axisymetric flow with the assumption of no tangential velocity and the 

remaining quantities are independent of θ. N-Sθ goes to zero: 

 + + + − =  − + μ + + − − +  (4-7) 

N-Sr goes to zero because: 

1.  Assume no flow in the r direction 

2. Phydro is negligible 

3. And = 0 from continuity equation. 
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r:    + + + − =  − + μ + + − − +     (4-8) 

Therefore, we study N-S in the z-direction: 

z:  + + + =  − + μ + + +           (4-9) 

The volumetric other body forces term, ρgz, is substituted with the volumetric centripetal force of 

rotation. Because = Ω , we replace the acceleration term: 

 ~ ( − )                                                                                                                   (4-10) 

With the assumption that ≪ Ω ( − ) 

We then simplify N-Sz: 

Assumption 1: Flow is steady (i.e. velocity does not change with time. 

+ + + =  − + μ + + + ( − )    (4-11) 

Assumption 2a: Velocity in the r direction is zero. 

+ + + =  − + μ + + + ( − )   (4-12) 

Assumption 2b: Velocity in the θ direction is zero.  

+ + + =  − + μ + + + ( − )   (4-13) 

From continuity equation:  

+ + + =  − + μ + + + ( − )     (4-14) 

Assumption 3: Flow is axisymmetric.  

+ + + =  − + μ + + + ( − )     (4-15) 

The resulting equation is:  

0 = − + +                                                                                               (4-16) 

The solution of the previous equation for uz is (Solved in Mathematica): 
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= − ( − ) + 1 ln + 2                                                                      (4-17) 

Pressure term: 

= + +                                                                                                               (4-18) 

= + 2                                                                                                                         (4-19) 

Therefore: 

= ( + 2 − ( − )) + 1 ln + 2                                                          (4-20) 

Boundary Condition:  is finite at = 0, (0) = 1  = 0 

= ( + 2 − ( − )) + 1 ln + 2                                                                  (4-21) 

From continuity equation: 

= 0 = ( + 2 − + ) +                                                        (4-22) 

0 = 2 −                                                                                                                         (4-23) 

=                                                                                                                                (4-24) 

= 0 = ( + 2 − + ) +                                                        (4-25) 

= ∙ +                                                                                                                  (4-26) 

Pressure Boundary Conditions: 

= + + =  ℎ                                                                                         (4-27) 

= + ( + ) + ( + ) =  0                                                                         (4-28) 

Subtract PM+L – PM 

= − − −                                                                                                 (4-29) 

Apply boundary condition: No slip boundary conditions at the pipe wall requires ( = ) = 0  
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2 = − −                                                                                       (4-30) 

= − + + + + +                            (4-31) 

= + + ( − )                                                                         (4-32) 

= (2 ℎ + 2 + )( − )                                                                         (4-33) 

The shear stress is defined generally as: 

( ) = μ                                                                                                                              (4-34) 

( ) = − (2 ℎ + 2 + )                                                                                (4-35) 

Hydrostatic pressure: ~
∆

∆
= −

∆

∆
 

( ) ∝                                                                                                                                    (4-36) 

( ) ∝                                                                                                                                  (4-37)  

Hydrostatic pressure is negligible: 

For our system: 

ρ ~ 1600  

g = 9.8  

h ~ 0.1  

 @   . = ℎ = 1600 9.8 (0.1 ) = 156.8                   (4-38) 
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 @   = ℎ = 1600 9.8 (0.0004 ) = 6.3               (4-39) 

= = 1600 (0.01 ) 333 = 17,742                                   (4-40) 

 Using this model, we propose that RJS can in fact be used to spin globular FN solutions 

into insoluble FN fibers. After plotting shear through the orifice with the assumption that shear at 

the center of the orifice is zero, we were able to calculate the fraction of FN unfolding and plotted 

by volume through the orifice. In agreement with our model, plotted in Figure 4-8, fibers spun at 

speeds below 25,000 rpm produce soluble beads or malformed fibers, while fibers spun above 

25,000 rpm produce fine, smooth and insoluble FN nanofibers. These data suggests that shear 

forces in RJS are sufficient to unfold and polymerize the soluble and compact FN.  

 

Figure 4-8. Theory and experiment in producing FN nanofibers with RJS. Volume fraction of FN unfolded in 

orifice plotted against rotation speed compares well with experimental results showing morphology of fibers 

produced at each speed. Adapted with permission from Chantre, C. O., Campbell, P. H., Golecki, H. M., Buganza, 
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A. T., Capulli, A. K., Deravi, L. F., Gledhill, K. (2018). Production-scale fibronectin nanofibers promote wound 

closure and tissue repair in a dermal mouse model. Biomaterials, 166, 96-108. DOI: 

10.1016/j.biomaterials.2018.03.006  Copyright 2018 Elsevier.  

4.3.4 RJS setup for FN fiber fabrication 

The RJS set-up consists of a custom machined aluminum reservoir with a diameter of 25 

mm and volume of 2 ml perforated with two cylindrical orifices (D = 460 µm, L = 0.75 cm). The 

perforated reservoir was attached to the shaft of a brushless motor (Maxon motors, Fall River, 

MA) and rotation speed was controlled by circuit board. To facilitate dissolution of FN (Human 

plasma, BD Biosciences) and appropriate solvent evaporation to form nanofibers a 2:1 mixture of 

1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) (Sigma Aldrich, St. Loius, MO) and millipore H2O was 

used as a solvent. SDS Page analysis shows that FN molecules remain intact in a solution of HFIP 

over a period of 5 hours. 3 wt% FN was dissolved in H2O and prior to spinning HFIP is added. 

After the motor had reached target speed FN was loaded by pipette into the perforated reservoir. 

The resulting fibers were collected on a stationary round collector of radius = 13.5 cm. The 

collector was lined with 25mm glass coverslips to collect fibers for analysis.  

Fiber coated coverslips were removed from the collector and were sputter coated with Pt/Pd 

(~6nm) (Denton Vacuum, Moorestown, NJ) to minimize charging during imaging. The samples 

were imaged using Zeiss SUPRA field-emission scanning electron microscope (Carl Zeiss, 

Dresden, Germany). Images were analyzed using ImageJ analysis software (National Institutes of 

Health). A total of 100-200 fibers were analyzed (3 random fields of view per sample) to calculate 

the fiber diameter. The fiber diameter distribution was reported as mean fiber diameter ± standard 

error of the mean.  
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4.3.5 Chemical analysis of FN spun fibers. 

After observing that we were able to create fibrillar structures after injecting solutions of 

FN into the RJS reservoir at Ω >25,000 rpm, we wanted to probe the chemistry of the formed 

fibers, to confirm fibrillogenesis has occurred. Fibers that were created by randomly entangling 

FN molecules, would be soluble in water, as the water would hydrate the matrix and allow for 

molecules to loosen and detangle into solution. However if, fibrillogenesis has occurred, the fibers 

would be irreversibly bound and insoluble in aqueous solutions. To start, we performed a simple 

immunohistochemistry analysis of the fibers. By incubating the fibers in a solution of anti-human 

fibronectin polyclonal antibody (Sigma, St. Louis, MO), we were able to confirm that the fibers 

were in fact insoluble and that they stained positively for human FN (Figure 4-9 A). Fibronectin 

fibers were stained by incubating fiber coated coverslips in a solution of 1X PBS containing a 

1:200 dilution of anti-human fibronectin polyclonal antibody (Sigma, St. Louis, MO) for 1 hr at 

room temperature. Samples were rinsed in 1X PBS (3x 15 minutes). Samples were then incubated 

in a 1:200 dilution of Alexa Fluor 546 goat anti-rabbit IgG (H+L) secondary antibody (Invitrogen, 

Eugene, OR) for 1 hr. After staining, samples were rinsed and mounted on glass coverslides for 

imaging. Images were acquired on the LSM 5 LIVE Confocal Microscopy (Carl Zeiss, Dresden, 

Germany) using a 40X/1.3 Oil Differential Interference Contrast (DIC) objective lens. FN labeled 

with Alexa Fluor 488 was imaged with a λ = 488 nm wavelength emission laser. Nanofibers 

immunofluorescently labeled were imaged using a λ = 546 nm wavelength emission laser. For 

FRET experiments, samples were excited at λ = 488 nm and emission spectra was collected at λ = 

520nm and 576 nm. Fluorescent images were analyzed using ImageJ image analysis software 
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(NIH, Bethesda, MD). The insolubility of fibers produced via this method is evidence of FN 

fibrillogenesis.  

Next, we wanted to further probe the conformation of the protein. We used Raman 

spectroscopy to measure the secondary structure of the molecules within fibers. Spectral scans 

were collected using a WITec Confocal Raman microscope/SNOM/AFM (WITec, Alpha300) with 

a 532 nm laser. Three spectral scans (Integration time = 25 sec) were collected for n = 10 fibers 

per sample. FN nanofibers display an intact secondary structure measured by Raman spectroscopy 

(Figure 4-9 B). Characteristic peaks were identified (Amide I at 1651 cm-1 and Amide III at 1262 

cm-1). These peaks were consistent with control data (Figure 4-10 A) used to calibrate our 

experimental data. To determine the sensitivity of Raman spectra intensity to conformational 

changes in FN, Raman spectra of solution FN was measured for equal volumes of FN incubated 

in increasing concentrations of GdnHCl, known to induce conformational changes in the molecule. 

These peaks represent an unfolded conformation with intact secondary structure.  

We hypothesized that in addition to shear forces unfolding the FN molecules and inducing 

fibrillogenesis, it may be possible to modulate the degree of unfolding with the shear applied in 

RJS. Our model indicates that by increasing rotation speed from 25,000rpm to 75,000rpm, you 

increase the shear and achieve a negligible difference in percentage unfolding, but with increasing 

shear there is an increasing degree of unfolding. This makes it possible to spin a FN solution, at 

the two spinning speeds and possible achieve different degrees of unfolding. We tested this idea 

by spinning at FN nanofibers 28,000 rpm and 75,000 rpm and visualizing spun fibers using SEM. 
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As previously reported, the ultrastructure of FN is visible within fibers.30 A textured surface is an 

indication that fibers are in a more compact conformation (Figure 4-9 C), while smooth fibers 

indicate an extended conformation (Figure 4-9 D). This observation is a qualitative assessment but 

may be an interesting area to explore as a means to control mechanics and bioactivity as discussed 

in the conclusions section.  

 

Figure 4-9. Chemical and physical structure of FN nanofibers. (A) Fluorescent image of FN fibers labeled with 

anti-human FN antibody. (B) Raman spectra of FN nanofibers with characteristic Amide I and Amide III peaks 

labeled, (C) SEM image of FN nanofibers spun at 28,000 rpm with a textured surface. (D) SEM image of FN 

nanofibers spun at 75,000 rpm with a smooth surface. Adapted with permission from Chantre, C. O., Campbell, P. H., 

Golecki, H. M., Buganza, A. T., Capulli, A. K., Deravi, L. F., Gledhill, K. (2018). Production-scale fibronectin 

nanofibers promote wound closure and tissue repair in a dermal mouse model. Biomaterials, 166, 96-108. DOI: 

10.1016/j.biomaterials.2018.03.006  Copyright 2018 Elsevier.  

                                                 
30 Baneyx, G., Baugh, L., & Vogel, V. (2001). Coexisting conformations of fibronectin in cell 
culture imaged using fluorescence resonance energy transfer. Proceedings of the National 
Academy of Sciences of the United States of America, 98(25), 14464-14468. 
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To probe the conformation of FN within fibers by an additional quantitative method, we 

dual-labeled FN molecules for fluorescence resonance energy transfer (FRET) imaging31,32,33,34 

and measured changes in fluorescence intensity during fiber formation. Before testing RJS 

formed fibers, we ran a series of calibration experiments to explore the range of unfolding 

possible in FN (Figure 4-10 B). As unfolding occurred the relative FRET signal should decrease. 

The primary amines of FN were labeled with donor fluorophores, and the free sulfhydryls on the 

FN III7 and FN III15 domains were labeled with acceptor fluorophores as shown in the schematic 

in Figure 4-10 C. Fluorescence spectra of FRET labeled FN in solution was measured for 

increasing concentration of GdnHCl. The IA/ID ratios in were calculated to show sensitivity of 

FRET measurements to FN unfolding (Figure 4-10 D, E).  

                                                 
31 Baneyx, G., & Vogel, V. (1999). Self-assembly of fibronectin into fibrillar networks underneath 
dipalmitoyl phosphatidylcholine monolayers: Role of lipid matrix and tensile forces. Proceedings 
of the National Academy of Sciences of the United States of America, 96(22), 12518-12523. 
doi:10.1073/pnas.96.22.12518 

32 Deravi, L. F., Su, T., Paten, J. A., Ruberti, J. W., Bertoldi, K., & Parker, K. K. (2012). 
Differential Contributions of Conformation Extension and Domain Unfolding to Properties of 
Fibronectin Nanotextiles. Nano letters, 12(11), 5587-5592. doi:10.1021/nl302643g 

33 Klotzsch, E., Smith, M. L., Kubow, K. E., Muntwyler, S., Little, W. C., Beyeler, F., . . . Vogel, 
V. (2009). Fibronectin forms the most extensible biological fibers displaying switchable force-
exposed cryptic binding sites. Proceedings of the National Academy of Sciences of the United 
States of America, 106(43), 18267-18272. doi:10.1073/pnas.0907518106 

34 Little, W. C., Smith, M. L., Ebneter, U., & Vogel, V. (2008). Assay to mechanically tune and 
optically probe fibrillar fibronectin conformations from fully relaxed to breakage. Matrix Biology, 
27(5), 451-461. doi:10.1016/j.matbio.2008.02.003 
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Figure 4-10. Raman spectra and FRET labeling sensitivity. (A) To determine the sensitivity of Raman spectra 

intensity changes to conformational changes in FN, Raman spectra of solution FN was measured for equal volumes 

of FN incubated in increasing concentrations of GdnHCl (B) Schematic representation of FN folding with exposure 

to [GdnHCl]. (C) Schematic of FRET fluorescence. (D) Fluorescence spectra of FRET labeled FN in solution is 

measured for increasing concentration of [GdnHCl]. (E) The IA/ID ratios in (D) were calculated to show sensitivity 

of FRET measurements of FN unfolding. Adapted with permission from Chantre, C. O., Campbell, P. H., Golecki, 

H. M., Buganza, A. T., Capulli, A. K., Deravi, L. F., Gledhill, K. (2018). Production-scale fibronectin nanofibers 

promote wound closure and tissue repair in a dermal mouse model. Biomaterials, 166, 96-108. DOI: 

10.1016/j.biomaterials.2018.03.006  Copyright 2018 Elsevier..  
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During experimental measurements of FN suspended in solution and spun by RJS into 

fibers, we observed a high acceptor to donor fluorescence ratio (0.95) in solution, suggesting that 

FN in solution is in a compact and folded conformation (Figure 4-11). After spinning solutions 

into nanofibers, the acceptor to donor intensity ratio decreases ~42% to 0.53 (Figure 4-12). The 

lower FRET signal suggests that after spinning, FN molecules are unfolded in their extended 

conformation, required for polymerization to occur.35 Both decreased FRET signal and the 

theoretical model suggest that shear forces in the RJS are large enough to initiate polymerization 

of FN nanofibers in vitro.  

 

Figure 4-11. FRET analysis of FN in solution and nanofibers. Adapted with permission from Chantre, C. O., 

Campbell, P. H., Golecki, H. M., Buganza, A. T., Capulli, A. K., Deravi, L. F., Gledhill, K. (2018). Production-scale 

                                                 
35 Mao, Y., & Schwarzbauer, J. E. (2005). Fibronectin fibrillogenesis, a cell-mediated matrix 
assembly process. Matrix Biology, 24(6), 389-399. doi:10.1016/j.matbio.2005.06.008 
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fibronectin nanofibers promote wound closure and tissue repair in a dermal mouse model. Biomaterials, 166, 96-

108. DOI: 10.1016/j.biomaterials.2018.03.006  Copyright 2018 Elsevier.  

 

Figure 4-12. FRET intensity measurements of solution FN and fibrillar FN in RJS. Dual-labeling for FRET 

shows the reduction in IA/ID ratio before and after spinning. Adapted with permission from Chantre, C. O., 

Campbell, P. H., Golecki, H. M., Buganza, A. T., Capulli, A. K., Deravi, L. F., Gledhill, K. (2018). Production-scale 

fibronectin nanofibers promote wound closure and tissue repair in a dermal mouse model. Biomaterials, 166, 96-

108. DOI: 10.1016/j.biomaterials.2018.03.006  Copyright 2018 Elsevier.  

FN molecules were FRET labeled according to a previously published protocol.36 Briefly, 

FN molecules were unfolded using GdnHCl and labeled with thiol specific acceptor fluorophores 

via two hour incubation (tetramethylrhodamine-5-maleimide, Invitrogen, Eugene, OR), purified 

using G-25 Protein columns (Roche, Indianapolis, IN), and labeled nonspecifically with Alexa 

Fluor 488 5-TFP on primary amines (Invitrogen, Eugene, OR) (1-3). 1 mg/ml human plasma FN 

                                                 
36 Deravi, L. F., Su, T., Paten, J. A., Ruberti, J. W., Bertoldi, K., & Parker, K. K. (2012). 
Differential Contributions of Conformation Extension and Domain Unfolding to Properties of 
Fibronectin Nanotextiles. Nano letters, 12(11), 5587-5592. doi:10.1021/nl302643g 
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(BD Biosciences) was denatured in an equal volume of 4M GdnHCl (Sigma Aldrich, St. Loius, 

MO) for 15 minutes, then incubated with tetramethylrhodamine-5-maleimide (TMR) (Molecular 

Probes, Invitrogen, Eugene, OR) at room temperature for 2 hours to covalently bind TMR to 

cryptic cysteines by malamide coupling. FN was refolded and separated from unreacted TMR 

fluorophore by size exclusion chromatography (Quick Spin G-25 Sephadex Protein Columns, 

Roche). TMR labeled FN was then incubated with Alexa Fluor 488 carboxylic acid, 2,3,5,6-

tetrafluorophenyl ester (Molecular Probes, Invitrogen, Eugene, OR) for 1 hour at room 

temperature. The dual-labeled FN was separated from unreacted fluorophore using size exclusion 

chromatography as previously described. Dual-labeled FN was then lyophilized and used 

immediately. 

4.3.6 Mechanical analysis of FN fibers 

We asked how these molecular changes impact the mechanical properties of the formed 

fibers. Previously, extended FN molecules exhibited a bi-modal stress-strain curve when pulled in 

uniaxial tension.37 To determine whether the same is true in an FN network produced by RJS, we 

used uniaxial tensile testing to measure the force generated by these fibers under pseudo-static 

conditions (Figure 4-13 A). We attached single fibers to force-calibrated pipette tips and measured 

deflection at the tip-fiber interface to generate stress-strain curves of 200nm fibers. We observed 

~300% strain in our fibers (Figure 4-13 B).  

                                                 
37 Little, W. C., Smith, M. L., Ebneter, U., & Vogel, V. (2008). Assay to mechanically tune and 
optically probe fibrillar fibronectin conformations from fully relaxed to breakage. Matrix Biology, 
27(5), 451-461. doi:10.1016/j.matbio.2008.02.003 



101 
 

 

Figure 4-13. Mechanical testing of single FN nanofibers. (A) (i) DIC image of single FN nanofiber prepared for 

unxial tensile testing. (ii) FN nanofiber during uniaxial tensile test at ~ 300% strain. Scale bars are 25 μm. (B) Stress-

strain plot of (A, black squares) shows that FN nanofibers produced by RJS have a non-linear behavior and can be 

characterized by two regimes and can extend up to 3X their original length. (C) Results of molecular extension 

estimation by an eight-chain model. Adapted with permission from Chantre, C. O., Campbell, P. H., Golecki, H. M., 

Buganza, A. T., Capulli, A. K., Deravi, L. F., Gledhill, K. (2018). Production-scale fibronectin nanofibers promote 

wound closure and tissue repair in a dermal mouse model. Biomaterials, 166, 96-108. DOI: 

10.1016/j.biomaterials.2018.03.006  Copyright 2018 Elsevier.  

To identify whether the molecular conformation of FN changes as a function of bulk 

mechanical strain, we applied an eight-chain model to estimate the force-extension profile of a 

single molecule according to previously reported methods.38 We observed a plateau and sharp 

force increase due to molecular straightening and domain unfolding, respectively (Figure 4-13 C). 

These data and eight-chain model suggest that the conformation of FN molecules are unfolded 

during spinning and that fiber stiffness is due to type III domain unfolding during uniaxial testing. 

Figure 4-14 shows a schematic of the test setup (Figure 4-14 A), a schematic showing how forces 

                                                 
38 Deravi, L. F., Su, T., Paten, J. A., Ruberti, J. W., Bertoldi, K., & Parker, K. K. (2012). 
Differential Contributions of Conformation Extension and Domain Unfolding to Properties of 
Fibronectin Nanotextiles. Nano letters, 12(11), 5587-5592. doi:10.1021/nl302643g 
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are calculated in the system (Figure 4-14 B), and hysteresis behavior of a single fiber with 

increasing tension (Figure 4-14 C).  

 

Figure 4-14. Single fiber mechanics using µ-pipette uniaxial tensile testing. (A) The testing setup consists of one 

calibrated and one force applicator pipettes to which a fiber is adhered by a droplet of epoxy. Solid borosilicate glass 

rods are pulled into tapered pipettes, attached to single nanofibers, and tip deflection is measured as the fiber is 

pulled to know distances. (B) Force is measured based on calculated beam stiffness. A known force (F) will deflect 

the pipette tip a known distance (Δy). (C) Hysteresis behavior of FN fibers. Adapted with permission from Chantre, 

C. O., Campbell, P. H., Golecki, H. M., Buganza, A. T., Capulli, A. K., Deravi, L. F., Gledhill, K. (2018). 

Production-scale fibronectin nanofibers promote wound closure and tissue repair in a dermal mouse model. 

Biomaterials, 166, 96-108. DOI: 10.1016/j.biomaterials.2018.03.006  Copyright 2018 Elsevier.  

Calibrating pipette stiffness. Mechanical testing of FN nanofibers was performed using 

glass micropipette beam bending. Solid borosilicate glass rods (Sutter Instrument Co., Novato, 

CA, #BR-100-10, D: 1.0 mm, L: 10 cm) were pulled into tapered pipettes using a Flaming/Brown 

Micropipette Puller (Model P-97, Sutter Instrument Co., Novato, CA) by the following recipe: 

Heat = 730, Pull = 50, Velocity = 100, Time = 250.  
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 Classical beam mechanics was used to calculate pipette stiffness as a function of distance 

from tip end (Figure 1-1Figure 4-14). To solve for radius along the length of the pipette, r(x), DIC 

images of the pipette were taken using a 20X objective on an Eclipse TE2000-E microscope 

(Nikon, NY). A custom MATLAB (Mathworks) image processing code was used to detect radius 

as a function of distance in the x direction. The resulting function, r(x) is used to solve for the 

moment of inertia, I(x), along the length of a solid, cylindrical cantilevered beam, 

                                                              (4-41) 

with the following assumptions: 

                                                               (4-42) 

                                                              (4-43) 

This solution is then used to solve for the stiffness of a cantilevered pipette: 

2

2 = ( − )

( )
                                                         (4-44) 

 

Where P is the applied load, L is the length of the pipette, x is your position on the tip, E is material 

stiffness, and I is equation 4-41. From this result, force required for tip deflection deflection vs. 

loading position is plotted.  
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4.3.7 Silk fibroin nanofibers 

We argue that protein-based fibers will offer a wider range of functionalities, such as high 

extensibilities, biocompatibility, and tunable stiffness that are currently not available with polymer 

fibers. To spin proteins without destroying their native structure or function, a processing 

technology must be developed to mimic the protein’s natural state (i.e., aqueous environments and 

ambient temperatures). A biological model for protein fiber fabrication is spider silk fibrillogenesis 

(Figure 4-15 A, B). This process is a genetically controlled, step-wise mediated by the interplay 

between ionic charges, pH, and mechanical strain to produce silk microfibers with average 

diameters of 19.7 ± 2.8 µm (Figure 4-15 A).39,40 Once silk fibroin enters the duct, pH is gradually 

decreased, and NaCl is replaced by K3PO4. During this change in medium, water is also resorbed 

by the epithelial cells lining the duct, reducing the total volume of the solution (Figure 4-15 B). 

The presence of K+ and PO4
3- ions coupled with the volume reduction alters the hydration pattern 

of the protein surface, increasing the number of hydrophobic interactions within the protein to 

promote the assembly of highly stable β-sheet crystallites via non-covalent interactions.41 Once 

the secondary structure is stabilized, the fiber is drawn from the spigot by the spider’s hind legs, 

                                                 
39 Askarieh, G., Hedhammar, M., Nordling, K., Saenz, A., Casals, C., Rising, A., . . . Knight, S. 
D. (2010). Self-assembly of spider silk proteins is controlled by a pH-sensitive relay. Nature, 
465(7295), 236-U125. doi:10.1038/nature08962 

40 Hochhalter, D. (2011). Artificially produced spider silk fibers as a high tech biological material. 
Basic Biotechnology, 7, 12-16. 

41 Omenetto, F. G., & Kaplan, D. L. (2010). New Opportunities for an Ancient Material. Science, 
329(5991), 528-531. doi:10.1126/science.1188936 



105 
 

producing the silk fiber.42,43 The interplay between conformational changes, elongational flow, and 

shear stress yields the efficient production of mechanically stable silk fibers.  

 

Figure 4-15. Spider silk fibrillogenesis as a model for fiber fabrication. (A) Spiders synthesize silk fibers through 

solution extrusion. (i) Spiders represent the biological model for fibrillogenesis. (ii) Scanning electron micrograph 

(SEM) of as formed silk fibroin fibers from silkworm cocoon. Scale bar is 40 µm. (iii) Bombyx mori silkworm 

cocoons. (iv) Soluble silk fibroin proteins extracted from cocoons. (B) Schematic of the functional anatomy of the silk 

gland and spinning duct. The ampulla is the storage sac of the silk gland. The funnel orients the protein while it enters 

the duct. The proximal and medial limbs of the duct function to remove water, reducing total volume during 

fibrillogenesis. The valve is the pump that begins the spinning process. (C) Rotary jet spinning (RJS) as a bio-inspired 

model of spider silk fibrillogenesis. (i) A schematic of the RJS device, where Ω is the angular speed. (ii) SEM of silk 

                                                 
42 Heim, M., Keerl, D., & Scheibel, T. (2009). Spider Silk: From Soluble Protein to Extraordinary 
Fiber. Angewandte Chemie-International Edition, 48(20), 3584-3596. 
doi:10.1002/anie.200803341 

43 Hochhalter, D. (2011). Artificially produced spider silk fibers as a high tech biological material. 
Basic Biotechnology, 7, 12-16. 
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(continued) fibers as produced by the RJS. Silk fibroin is dissolved in 3 wt% hexafluoro-2-propanol, and fibers are 

spun at 20,000 rpm. (iii) ATR-FTIR spectra of B. mori silk (blue) and RJS silk (black). (D) Schematic of fiber formed 

using the RJS reservoir. (i) Side view of jet initiation. (ii-iii) top view of jet elongation and solvent evaporation to 

form fibers. Reprinted (adapted) with permission from Deravi, L. F., Golecki, H. M., & Parker, K. K. (2013). Protein 

Based Textiles: Bio-Inspired and Bio-Derived Materials for Medical and Non-Medical Applications. Journal of 

Chemical and Biological Interfaces, 1, 25-34. DOI: 10.1166/jcbi.2013.1009. Copyright@American Scientific 

Publishers.  

Several non-destructive manufacturing techniques have been developed that utilize either shear 

flow or conformational changes inspired by spider silk fibrillogenesis. They offer appealing 

features, such as room-temperature processing, rapid prototyping, and high production rates 

without direct loss of protein function.44,45,46 Recently, a rotary jet spinning (RJS) technique was 

developed to manufacture polymer fibers using shear stress and elongational flow due to 

centrifugal forces in a mechanism that mimics how spiders extrude silk (Figure 4-15 C).47 The 

basic configuration of the RJS includes a reservoir containing a polymer or protein solution that is 

attached to a high-speed motor capable of rotational speeds between 0-64,000 RPM. To 

demonstrate RJS as a silk fibrillogenesis mimic, silk fibroin protein was extracted from Bombyx 

                                                 
44 Badrossamay, M. R., McIlwee, H. A., Goss, J. A., & Parker, K. K. (2010). Nanofiber assembly 
by rotary jet-spinning. Nano letters, 10(6), 2257-2261. 

45 Feinberg, A. W., & Parker, K. K. (2010). Surface-Initiated Assembly of Protein Nanofabrics. 
Nano letters, 10(6), 2184-2191. doi:10.1021/nl100998p 

46 O'Grady, M. L., Kuo, P. L., & Parker, K. K. (2010). Optimization of Electroactive Hydrogel 
Actuators. Acs Applied Materials & Interfaces, 2(2), 343-346. doi:10.1021/am900755w 

47 Mellado, P., McIlwee, H. A., Badrossamay, M. R., Goss, J. A., Mahadevan, L., & Parker, K. K. 
(2011a). A Simple Model for Nanofiber Formation by Rotary Jet-Spinning. Applied Physics 
Letters, 99(203107). 
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mori silkworm microfibers according to a previously published protocol.48 Alpha helical silk 

fibroin solutions were spun into insoluble fibers, evidence that shear forces in RJS may induce 

beta sheet formation. Silk fibroin nanofibers have an average fiber diameter of 980 ± 97 nm fibers. 

(Figure 4-15 C). As the reservoir rotates, the polymer solution is extruded through a ~400 µm 

orifice, and subsequent fibers are collected at a fixed distance away from the reservoir. There are 

three stages of fiber formation using the RJS: (1) jet initiation, which is dependent on reaching a 

defined threshold for angular speed (Ω, Figure 4-15 D), (2) jet extension, which is characterized 

as the balance of centrifugal and viscous forces shearing molecules within the jet (Figure 4-15 D), 

and (3) solvent evaporation, which is dependent on diffusion of the solvent from the polymer 

(Figure 4-15 D).49,50 Previous work has demonstrated that solution viscosity and rotational speed 

of the reservoir are the dominant parameters controlling fiber diameter. By tuning these 

parameters, highly aligned fibers with diameters ranging from 200 to 2000 nm can be formed at 

room temperature and under aqueous conditions. Our investigation of protein self-assembly across 

multiple spatial scales has revealed two characteristics necessary for designing a mechanically 

stable protein mimetic: repetitive primary structure and a structure stabilized by non-covalent 

bonds. To design novel protein based materials capable of the multi-scale mechanical properties, 

one must consider integrating these key concepts into synthetic materials. With these programmed 

characteristics, a new generation of smart textiles can be designed with internal molecular domains 

                                                 
48 Li, C., Vepari, C., Jin, H.-J., Kim, H. J., & Kaplan, D. L. (2006). Electrospun silk-BMP-2 
scaffolds for bone tissue engineering. Biomaterials, 27(16), 3115-3124. 

49 Badrossamay, M. R., McIlwee, H. A., Goss, J. A., & Parker, K. K. (2010). Nanofiber assembly 
by rotary jet-spinning. Nano letters, 10(6), 2257-2261. 

50 Mellado, P., McIlwee, H. A., Badrossamay, M. R., Goss, J. A., Mahadevan, L., & Parker, K. K. 
(2011a). A Simple Model for Nanofiber Formation by Rotary Jet-Spinning. Applied Physics 
Letters, 99(203107). 
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derived from β-strands or α-helices to emulate and enhance the function of synthetic textiles in the 

presence of external stimuli.51 These properties will enable molecularly engineered textiles to be 

translated beyond systems in biology into bio-integrated textiles that will not only be soft and 

conformal but also mechanically stable. 

4.4 Cellular Adhesion to FN nanofibers 

4.4.1 Mammalian cell adhesion 

 

Figure 4-16. FN nanofiber bioactivity. (A) Schematic of FN nanofiber attached to cells via surface exposed RGD 

and synergy sites located at FNIII9-10 along the FN backbone binding to primarily α5β1 integrins. (B) 

Immunofluorescence showing vinculin localization on fibers. (C) Immunofluorescence shows neonatal rat cardiac 

myocytes stained for sarcomeric α-actinin, DAPI, and FN attaching to and elongating with FN nanofibers over 3 

days in in vitro cell culture. (C) Cardiac fibroblasts stained for cytoskeletal actin, DAPI and FN elongate with FN 

fibers. (D) Neuronal cells stained for DAPI and β tubulin elongate on FN fibers (C, D, E) Scale bars are 10 µm. 

Adapted with permission from Chantre, C. O., Campbell, P. H., Golecki, H. M., Buganza, A. T., Capulli, A. K., 

Deravi, L. F., Gledhill, K. (2018). Production-scale fibronectin nanofibers promote wound closure and tissue repair 

in a dermal mouse model. Biomaterials, 166, 96-108. DOI: 10.1016/j.biomaterials.2018.03.006  Copyright 2018 

Elsevier.  

                                                 
51 Coyle, S., Wu, Y. Z., Lau, K. T., De Rossi, D., Wallace, G., & Diamond, D. (2007). Smart 
nanotextiles: A review of materials and applications. Mrs Bulletin, 32(5), 434-442. 
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Cells bind to FN via cell surface integrin binding sites, α5β1, specifically to RGD on FNIII10 and 

the PHSRN synergy site on FNIII9  (Figure 4-16 A). To confirm the bioactivity of RJS formed FN 

fibers, we seeded fibers with cardiac myocytes (Figure 4-16 B), cardiac fibroblasts (Figure 4-16 

C), and neuronal (Figure 4-16 D) cell cultures. Each of the three cell types were observed to align 

with and spread on FN fibers. 

 
4.4.2 Bacterial adhesion to FN nanofibers 

It has been reported that because bacteria must bind to two locations along the FN molecule 

to adhere, if FN is stretched, those two sites become too far apart for bacteria to bind.52 The ability 

to modulate bacterial adhesion and potentially create an antibacterial scaffold would be 

advantageous for the wound care field. To determine if FN within nanofibers produced by RJS 

resist bacterial adhesion, we compared compact FN isotropically coated on coverslips with fibrillar 

FN (Figure 4-17 A). We incubated DAPI stained Staphylococcus aureus bacteria (Figure 4-17 B) 

with 488 labeled FN fibers and calculated co-localization of DAPI and 488 fluorophors. A 

Staphylococcus aureus bacteria culture was grown, fixed in 4% paraformaldehyde and DAPI 

stained via 1 hour incubation. Fixed bacteria (1M cells/ml) was incubated in 3 ml volumes with 

FN coated coverslips in an agitating 6-well plate for 30 minutes (Figure 4-17 C). After 3 washes 

in 1X PBS, coverslips were imaged on a confocal microscope (Figure 4-17 D). DAPI stained 

bacteria were imaged on a confocal microscope (Figure 4-17 E) and scanning electron microscope 

(Figure 4-17 F). 

                                                 
52 Chabria, M., Hertig, S., Smith, M. L., & Vogel, V. (2010). Stretching fibronectin fibres disrupts 
binding of bacterial adhesins by physically destroying an epitope. Nature Communications, 1. 
doi:135 
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Figure 4-17. Bacteria binding to FN experiment. (A-D) Protocol for bacterial adhesion assay. (A) Coat coverslips 

with isotropic FN and FN nanofibers. (B) Strain S. aureus bacteria with DAPI. (C) Incubate S. aureus with FN 

surfaces for 30 minutes. (D) Wash three times in 1X PBS and image samples. (E) Fluorescent image of DAPI 

stained bacteria. (F, G) Scanning electron microscopy image of S. aureus.  

 While spinning FN fibers at speeds of 75,000 rpm, smooth fibers were formed (Figure 

4-18 B). FN fibers were also spun at low speeds (15,000 rpm) and malformations were collected. 

According to our theory, malformations would be composed of FN in a compact conformation 

unable to polymerize into fibers, and therefore have a higher affinity for bacteria binding. Results 

show the isotropic FN readily bound bacteria (Figure 4-18 A), few bacteria bound to RJS spun 

fibers (Figure 4-18 B), and as expected, more bacteria bound to the malformed fibers (Figure 

4-18 C). The results indicate that RJS spun FN fibers may be less available for bacteria binding, 
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however the nature of the experiment does allow for settling of the bacteria on conditions A and 

C. To further probe this idea, the experiment should be run on a shaker plate to better account for 

the difference in geometry and compared to fibers of other material types.  

 

Figure 4-18. Bacteria binding assay results. (A) Isotropic FN (green), (B) FN nanofibers (green), and DAPI 

labeled Staphylococcus aureus bacteria (blue), (C) RJS produced FN malformations (green) and bound bacteria 

(blue). (A-C) FN is green, S. aureus nuclei are blue. (D) Quantification of ratio of FN labeled pixels to bacteria 

labeled pixels.  

4.5 Wound Healing in vivo studies 

To evaluate the effect of FN nanofibers on wound healing, we applied FN nanofiber dressings to 

full thickness dorsal wounds in a murine model.  

4.5.1 Animal protocol and data collection  

All animal experiments were performed based on IACUC approved protocols. C57B/L6 male mice 

(52 days old) were anesthetized with isofurane vapor prior to study. Mice were maintained on 

isofurane throughout the procedure. Once a toe pinch test confirmed anesthesia, the dorsal side of 

each animal was prepared by shaving with an electric razor, followed by manual razor. The 

surgical area was cleaned three times with betadine and alcohol to sterilize the area. Two full 

thickness wounds were made on the midline or flanks of the back and nanofiber dressings were 

applied to the wound. To keep the area clean and free of debris, Tegaderm patches were applied 
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to the area and allowed to remain in place until they naturally fell off around 5 days (Figure 4-21 

A). Mice were monitored daily. After 21 days, mice were sacrificed via IACUC approved methods 

and tissue was harvested for further testing. To confirm mouse health for the duration of the study, 

the mice were weighed at the beginning and ending of the study. Animals gained an average 2.7g 

over a 3 week study and there was no significant difference in any test or control group. Wound 

area was measured from digital photographs of wounds taken each day of the study. Area was 

measured manually using ImageJ image analysis software (NIH, Bethesda, MD). Figure 4-19 

shows a tissue section from the leading edge of a healing wound, collected from the area marked 

in a red dashed line on the left. The image shows the epidermis healing first, and the muscle tissue 

which heals at later time (~weeks-months), defining the edge of the wounded area. 

 

Figure 4-19. Layout of healing wound data collected. Data is collected from the area of the mouse shown on the 

left. The wound area is defined by the vertical dashed line, by a lack of underlying muscle tissue. Hair follicles are 

notes with arrows. The epidermis is the first portion of the wound to heal.  

We first manufactured 8mm diameter nanofiber scaffolds in a variety of conditions to 

compare synthetic fibers (PCL), collagen only nanofibers, fibrillary FN co-spun collagen, 
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globular FN with collagen fibers, and pure FN fiber scaffolds. We utilized co-spinning by mixing 

FN and collagen (FN/COL) to determine if the ease of spinning with collagen inhibited any of 

the healing properties of an FN dressing. To mimic the structure of native dermal ECM, we 

modeled our scaffolds after the decellularized dorsal murine skin tissue (Figure 4-22 A) and 

replicated the isotropic fiber organization on the macroscale (Figure 4-22 B, left) and anisotropic 

organization on the microscale (Figure 4-22 B, right).  

 

Figure 4-20. Comparison of native dermal ECM and protein nanofiber ECM. Adapted with permission from 

Chantre, C. O., Campbell, P. H., Golecki, H. M., Buganza, A. T., Capulli, A. K., Deravi, L. F., Gledhill, K. (2018). 

Production-scale fibronectin nanofibers promote wound closure and tissue repair in a dermal mouse model. 

Biomaterials, 166, 96-108. DOI: 10.1016/j.biomaterials.2018.03.006  Copyright 2018 Elsevier.  
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Figure 4-21. Visualization of wound dressing application. (A) Schematics show the placement of wound 

dressings along the midline of the dorsal side of the mouse model. (B) Images showing various conditions of treated 

wounds at t=0 days and t=6 days.  

4.5.2 Accelerated wound healing in mice 

FN-based nanofiber dressings applied to full thickness dorsal wounds improve the healing 

rate in mice compared to the untreated control. Untreated wounds typically heal in about 14 days, 

while FN dressings reduced healing time to 11 days (Figure 4-22 E). The most significant healing 

occurs within the first 6 days where the wounds are ~60% healed by day 6 (Figure 4-23). In 

addition to quantifying the wound healing rate, we asked if FN-based dressings could be used to 

improve the quality of healed tissue by promoting regeneration of skin appendages and structures 

necessary for optimal skin performance. Healthy skin is characterized by low stiffness and high 

elasticity. Hematoxylin and eosin staining of skin tissue allowed us to calculate the epidermal 

thickness throughout the study. Epidermal thinning is a natural process in healthy wound healing. 

We found that normal epidermal thinning occurs in FN treated conditions, resulting in an epidermis 

that is not significantly thicker than in naïve skin by day 20 (Figure 4-22 F, G). The wounded 
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control had a significantly thicker epidermis. These results show that FN wound dressings promote 

skin reconstruction similar to native dermal ECM.  

 

Figure 4-22. Wound healing assay results. (A) Scanning electron microscopy image of decellularized dermis. (B) 

Scanning electron microscopy image of FN/COL fiber wound dressing. (C) Schematic representation of wound 

placement on murine model. (D) The (left) control and treated (right) groups monitored photographically on day 6. 

(E) Normalized wound area over time. (error bars are ± SE; n = 8 mice and 16 wounds; *p < 0.05 vs. untreated 

control in one-way ANOVA). (F) Epidermal thickness graphed over time compared to naïve thickness. (G) 

Representative images of epidermis in naïve, untreated, and FN/COL treated mice at day 8 and day 20. Adapted 

with permission from Chantre, C. O., Campbell, P. H., Golecki, H. M., Buganza, A. T., Capulli, A. K., Deravi, L. F., 

Gledhill, K. (2018). Production-scale fibronectin nanofibers promote wound closure and tissue repair in a dermal 

mouse model. Biomaterials, 166, 96-108. DOI: 10.1016/j.biomaterials.2018.03.006  Copyright 2018 Elsevier.  
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Figure 4-23. Analysis of wound closure rate. Wound closure tracked over time (top). Percent wound closure at 

specific time points (bottom).  

4.5.3 Regenerating skin appendages in murine mice model  

Next, we investigated the structure and function of tissue regenerated in the presence of 

FN wound dressings by making qualitative observations of stained tissue. We observed 

macroscopically that hair grows back into the 8mm wound area (marked by a dashed line) in all 

conditions (Figure 4-24 A-C). When we looked microscopically at the center of the wound, 

hematoxylin and eosin staining revealed the presence of hair follicles in the very center of the 
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wound, present before the underlying muscle layer has grown back in FN treated mice compared 

to naïve skin (Figure 4-24 D,F). We calculated the number of follicles per area and found that the 

FN treated wounds produced as many follicles as in naïve skin per area while pure collagen or 

PCL nanofiber containing groups had significantly less and were composed of a dense collagen 

scar (Figure 4-24 D). Alkaline phosphatase staining shows that regenerated follicles in the FN 

condition stain positive for dermal papillae structures in the base of the follicle (Figure 4-24 E), 

indicative of functional follicles. After qualitatively observing dermal papillae in alkaline 

phosphatase staining, we probed further to quantify concentrations of dermal papillae. After 

immunostaining dermal papillae and nuclei, we measured dermal papillae structures per area 

(Figure 4-25). We found that FN containing conditions showed significant increases in dermal 

papillae formation when compared to collagen only conditions. 

Sebaceous glands are another structure indicative of mature follicle formation. Sebaceous 

glands secret oils to lubricate hair follicles. In addition, sebaceous glands are also observed in 

longitudinal (Figure 4-24 E(i)) and transverse sections (Figure 4-24 E(ii)). When sebaceous glands 

are quantified in healed tissue, FN containing scaffolds contain a similar amount to naïve skin 

(Figure 4-24 E). 
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Figure 4-24 Regeneration of skin appendages. Photographic images of (A) untreated skin, (B) COL treated skin, 

and (C) FN/COL treated skin at 16 days post wound. (D) Representative H&E stains of skin tissue showing hair 

follicles in the dermis. (E) Quantification of hair follicle structures per area. (F) FN/COL treated skin tissue stained 

for alkaline phosphatase showing dermal papillae structures.  

 

Figure 4-25. Visualization of dermal papillae structures in regenerating tissue. 
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Figure 4-26. Structural changes during FN wound healing. (A) Sebaceous glands sectioned laterally and (B) 

transversely. (C) Immunofluorescent staining of FN treated skin sections. (D) Oil-Red-O staining of FN/COL 

treated tissue at 20 days. Red is fat and purple is nuclei. β3-tubulin staining of FN/COL treated tissue at 20 days 

shows evidence of innervation (E) in the dermis and (F) surrounding hair follicles. Green is β3-tubulin and blue is 

DAPI.  

After observing dermal papillae, sebaceous glands, we decided to further probe structures 

typically absent in healed wounds to determine if FN-based dressings promote regeneration of 

other structures. We found that lipid deposits are regenerated and β#-tubulin expressing nerve 

cells are present in FN containing conditions.  
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Figure 4-27. Visualization of fat deposits in regenerated skin tissue. 

 

Figure 4-28. Evidence of innervation in regenerated skin. 
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4.5.4 Future directions and conclusions 

We hypothesized that the structure of the skin, collagen dense or follicle rich, would affect 

its function. One of the primary functions of skin is its elasticity.53 We tested the elastic modulus 

of healed wounds by performing uniaxial tensile tests on whole skin (Figure 4-5, Figure 4-29). 

The elastic modulus of FN-treated wounds is similar to naïve skin (Figure 4-29 B), while collagen 

treated wounds have a high elastic modulus and stiff dermis that can be attributed to the dense 

collagen structure observed in histology. These results show indicate that FN wound dressings 

may regenerate hair follicles and also promote healthy elasticity. 

 

Figure 4-29. Mechanical testing of healed skin.  (A) Photographs of the testing setup including a heated fluid bath 

and tensile test grippers. (B) Results of dermal wounds 20 days post wound treated with varying nanofiber dressings.  

Our shear-induced nanofiber production technique yields fibers similar in size to native 

ECM fibrils (~200 nm in diameter). The FN fibers also mimic the anisotropic organization we 

observed in native dermal ECM. At the nanometer scale, FN nanofibers mimic the unfolded state 

of cell-derived molecules measured by FRET. And when pulled in uniaxial tension, individual 

fibers show a bimodal stress-strain curve which an 8-chain model suggests is due to domain 

                                                 
53 Uitto, J., Olsen, D. R., & Fazio, M. J. (1989). Extracellular-Matrix of the Skin - 50 Years of 
Progress. Journal of Investigative Dermatology, 92(4), S61-S77. doi:10.1111/1523-
1747.ep13075039 
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unfolding of extended FN molecules. At the microscale, assembled in the form of 8mm diameter 

dressings, FN fibers enhance wound healing rates and promote the regrowth of hair follicles in 

adult mice full thickness dorsal wounds. We observe from the nano to the macroscale that 

bioinspired manufacturing of FN nanofibers allows us to maintain the functional properties of 

FN and enhance dermal wound healing in vivo. 

 The major advantage of the FN nanofibers in wounds is their ability to substantially 

increase the concentration of hair follicles regenerated in healed skin. FN nanofibers may also 

reduce scar formation by promoting elastic tissue formation by building in the complex tissue 

structures such as fat deposits similar to naïve skin. Because of their size, FN nanofibers easily 

integrate into native ECM and potentially attract migrating stem cells. Nevertheless, before 

advancing these FN nanofibers toward clinical studies in the future, investigation of scaffold 

degradation as well as long-term tissue mechanics after healing will be required to ensure clinical 

efficacy. Alternative methods to deliver FN to wounds may also be explored so as to avoid the 

high cost of manufacturing if a different method is available. A previously described application 

of FN to wounds has shown promising results in increasing wound healing rate54 in animal models. 

The FN nanofibers described here represent a free-standing patch that can be applied in other 

instances where hair regeneration is desired. These findings demonstrate how engineering 

approaches inspired by biomanufacturing can be used to develop wound healing therapies. In 

contrast to other synthetic approaches such as electrospinning or self-assembly, RJS represents a 

tool to induce fibrillogenesis at the nanoscale in millimeter scale dressings in a biomimetic manner. 

RJS takes advantage of rapid production of a protein scaffold to mimic fetal skin 

                                                 
54 Hamed, S., Ullmann, Y., Egozi, D., Daod, E., Hellou, E., Ashkar, M., . . . Teot, L. (2011). 
Fibronectin Potentiates Topical Erythropoietin-Induced Wound Repair in Diabetic Mice. Journal 
of Investigative Dermatology, 131(6), 1365-1374. doi:10.1038/jid.2011.15 
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microenvironment that promotes wound healing, hair follicle regeneration, and increased 

elasticity. With further development shear induced FN nanofibers may represent a platform for 

many clinical tissue engineering applications. 
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5  Conclusions 

 With the wound care market to exceed $18.5 billion, there is a motivation for developing 

effective wound treatments to address the clinical need.1 The realization that FN plays an 

important role in wound healing has been noted as early as the 1970s.2 The idea that it may be a 

suitable material for wound therapies is becoming more prevalent. We demonstrated a new 

technique for production of protein nanofibers. Our work spans multiple spatial scales (Figure 

5-1). Inspired by studies probing single molecule mechanics of FN fibrillogenesis, we used first 

principles of mechanics to assemble proteins into stable, functional nanofibers.  The 

understanding and control we have over the system may allow us to use fluid dynamics to 

control tissue elasticity and bioactivity in protein scaffolds.  

 

Figure 5-1. Multiscale assembly of ECM networks. 

                                                 
1 Briquez, P. S., Hubbell, J. A., & Martino, M. M. (2015). Extracellular matrix-inspired growth 
factor delivery systems for skin wound healing. Advances in wound care, 4(8), 479-489. 

2 Oliver, N. A. (1978). normal individuals. Thus, glucocorticoid-increased fibronectin production 
and decreased collagen pro¬. Arch Dermatol, 114, 1495-1497. 
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The work contained within this thesis was completed in 2014. As this document is being 

published in 2018, we will end this dissertation by reviewing others who have used RJS, created 

FN fibrils, and reported on the role of FN in wound healing since 2014. We will also highlight 

some areas in which the work presented in chapters 1 through 4 may inspire future studies in 

these areas. 

5.1 Fiber production 

 Within the timespan of this work, more groups have begun using RJS as a method of 

fabricating nanofibers and new methods of producing fibers have emerged. Airbrushing is one 

example. Airbrushing is a method of forming fibers by directing an air jet past a polymer 

solution. Airbrushed fibers can be made from a range of polymers but with low control of fiber 

deposition.3 Pull spinning is another rotation driven method of fiber formation with a directed 

collection.4 Small droplets of polymer solution are picked up by a bristle or tooth of a handheld 

or stationary Dremel tool. Solution droplets are then projected toward the collector by high speed 

rotation of the tool thinning into dense nanofibrous structures with precise control. The pull 

spinning method was used for spinning on-demand textiles onto a model of the human body.  

Applications of nanofibers span energy storage devices, filtration materials, to tissue 

engineering. Across these fields, one common shortcoming of current techniques reported in the 

literature is the ability to replicate mechanical properties of the bulk material analogues or native 

                                                 
3 Wade, R. J., & Burdick, J. A. (2014). Advances in nanofibrous scaffolds for biomedical 
applications: From electrospinning to self-assembly. Nano today, 9(6), 722-742. 

4 Deravi, L. F., Sinatra, N. R., Chantre, C. O., Nesmith, A. P., Yuan, H., Deravi, S. K., . . . 
Gonzalez, G. M. (2017). Design and fabrication of fibrous nanomaterials using pull spinning. 
Macromolecular Materials and Engineering, 302(3), 1600404. 
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fibrils. Although others are working to produce biomimetic ECM fibers, physiologically relevant 

mechanical properties within fibers remains a challenge. In synthetic nanofibers, Wade et al. 

highlights, the non-linear response to tensile stress, seen in bulk or naturally occurring materials, 

is not yet developed in nanofiber constructs.5 In our work, published in 2017,6 FN fibers show 

the bimodal response that in 2014, was not yet demonstrated. This is further evidence, that 

rotation driven methods of fiber formation may protect the dynamic structure of protein 

solutions.  

In order for RJS to become a commercial-scale technique, reproducibility of fiber 

topography is critical. Our efforts to model fiber diameter and morphology were confirmed by 

the work of Ren et al.7 Still, others have used RJS to form fibers from new materials. 

Schabikowski et al. reported spinning of ceramic fibers with an RJS setup. Although the fibers 

have appropriate diameters for filtration applications, as noted above, the mechanical properties 

of hematite fibers are not strong enough for fluid filtering applications.8   

To date, our work demonstrating FN nanofiber synthesis is the only report of bulk 

production of pure FN fibers. However, others continue to use the coating method in hopes of 

                                                 
5 Wade, R. J., & Burdick, J. A. (2014). Advances in nanofibrous scaffolds for biomedical 
applications: From electrospinning to self-assembly. Nano today, 9(6), 722-742. 

6 Chantre, C. O., Campbell, P. H., Golecki, H. M., Buganza, A. T., Capulli, A. K., Deravi, L. F., . 
. . Gledhill, K. (2018). Production-scale fibronectin nanofibers promote wound closure and tissue 
repair in a dermal mouse model. Biomaterials, 166, 96-108. 

7 Ren, L., Ozisik, R., Kotha, S. P., & Underhill, P. T. (2015). Highly efficient fabrication of 
polymer nanofiber assembly by centrifugal jet spinning: process and characterization. 
Macromolecules, 48(8), 2593-2602. 

8 Schabikowski, M., Tomaszewska, J., Kata, D., & Graule, T. (2015). Rotary jet-spinning of 
hematite fibers. Textile Research Journal, 85(3), 316-324. 
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achieving the benefits of proteins within fibers. Electrospun PLLA fibers were coated in FN.9  

Raoufi et al. created pure FN fibers and fiber bundles from concentrated solutions of FN, 

extruded through nanoporous anodized aluminum oxide membranes. They showed, via FRET, 

that as FN concentration was increased, percentage unfolding of individual molecules 

decreased.10 This may be because of shielding of internal molecules from the high shear stresses 

contained at the fluid/solid interface at the orifice wall. Our work shows production and 

unfolding of FN nanofibers in a 230µm diameter orifice. From a manufacturing perspective, it 

may be useful to experiment with orifices of varying diameters to probe how percentage of 

unfolding through the thickness of fibers impacts mechanics of the resulting fiber. In large 

diameter fibers, is it possible to create a nanotubular structure, where FN at the surface, exposed 

to high shear is polymerized while molecules contained at the center are unfolded and compact, 

and therefore, soluble? Could such a structure be used to build a protein pipe, a scaffold structure 

for tissue engineered vessels? With investigation into the mechanics of dynamic materials 

produced in a system such as RJS, we may be able to create nanoscale structures with varying 

mechanical properties from the same material, simply based on the processing parameters. 

                                                 
9 Zuidema, J. M., Hyzinski-García, M. C., Van Vlasselaer, K., Zaccor, N. W., Plopper, G. E., 
Mongin, A. A., & Gilbert, R. J. (2014). Enhanced GLT-1 mediated glutamate uptake and migration 
of primary astrocytes directed by fibronectin-coated electrospun poly-l-lactic acid fibers. 
Biomaterials, 35(5), 1439-1449. 

10 Raoufi, M., Das, T., Schoen, I., Vogel, V., Brüggemann, D., & Spatz, J. P. (2015). Nanopore 
diameters tune strain in extruded fibronectin fibers. Nano letters, 15(10), 6357-6364. 
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5.2 Protein Composition 

 In the normal wound healing cascade, proteins assemble at the wound site in the 

following order: fibrin, plasma fibronectin, fibrillar fibronectin, followed by collagen.11  

Lenselink et al. found that the presence of fibronectin is required for cells to enter the wound site 

from the periwound to lay down a collagen matrix.12  It is important not only to create wound 

dressings from ECM proteins present in healthy skin, but to utilize the temporal presence of 

dermal proteins during repair to send cues to and control the microenvironment of a wound for 

optimal healing. Once FN has signaled for cells to start laying down a collagen matrix, matrix 

metalloproteases break down the FN fibrils.13 Collagen based dressings dominate the market and 

research lab with regard to protein-based approaches. Collagen dressings come in the form of 

sponges, injectable gels, films, and collagen mimics.14 Maceration, the breakdown of skin in the 

presence of moisture, is a concern with hydrogel dressings that a nanofiber based approach may 

address.15 It may be possible for FN nanofiber-based dressings to address the temporal and 

structural challenges faced in current state-of-the-art therapies. 

                                                 
11 Lenselink, E. A. (2015). Role of fibronectin in normal wound healing. International wound 
journal, 12(3), 313-316. 

12 Greiling, D., & Clark, R. (1997). Fibronectin provides a conduit for fibroblast transmigration 
from collagenous stroma into fibrin clot provisional matrix. Journal of cell science, 110(7), 861-
870. 

13 Enoch, S., & Leaper, D. J. (2005). Basic science of wound healing. Surgery-Oxford International 
Edition, 23(2), 37-42. 

14 Chattopadhyay, S., & Raines, R. T. (2014). Review collagen‐based biomaterials for wound 
healing. Biopolymers, 101(8), 821-833. 

15 Sood, A., Granick, M. S., & Tomaselli, N. L. (2014). Wound dressings and comparative 
effectiveness data. Advances in wound care, 3(8), 511-529. 
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5.3 Modulating wound bioactivity via mechanical forces 

It is well understood that the ECM recruits and stabilizes growth factors. Within a wound 

site, the ECM can concentrate growth factors to promote healing. Beyond simply acting as a 

reservoir for growth factors, ECM proteins can modulate the activity of growth factors. FN can 

enhance the activity of growth factors via cryptic binding sites that become exposed when the 

protein fibrils are under cellular tension in vivo. For example, VEGF, important for 

vascularization of regenerated skin, attaches to one binding site that is typically exposed in any 

conformation and one cryptic site along the molecule.16 Within the folded beta sheet type III 

domains, peptide, P12, can bind PDGF with high affinity. As the lab scale production of FN is 

explored, what role can mechanical stretch play in tuning biological activity to improve wound 

healing? Can FN fibers spun at high speeds in RJS bind growth factors with higher affinity than 

those at low speeds? Can FN fibers be produced with higher affinity for growth factor binding 

than naïve fibers? In addition, the bacteria binding inhibition that comes with molecular stretch,17 

could such a method be used to enhance cell binding while inhibiting bacteria binding? 

5.4 Limitations and future directions 

 The primary limitation of the clinical application of this work today is the cost of FN. 

Currently, lyophilized FN is available from BD Biosciences for experimental purposes. The 

volume needed to spin a mass of fibers is cost prohibitive, especially when considering human 

adult sized wounds. To that end, synthetically produced FN may serve as a substitute for 

                                                 
16 Sawicka, K. M., Seeliger, M., Musaev, T., Macri, L. K., & Clark, R. A. (2015). Fibronectin 
interaction and enhancement of growth factors: importance for wound healing. Advances in wound 
care, 4(8), 469-478. 

17 Chabria, M., Hertig, S., Smith, M. L., & Vogel, V. (2010). Stretching fibronectin fibres disrupts 
binding of bacterial adhesins by physically destroying an epitope. Nature Communications, 1. 
doi:135 
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naturally occurring FN. This may reduce cost as well as reduce the potential for spreading 

infection and rejection from a foreign source. Synthetic production of FN molecules would allow 

for specialized domain placement along the molecule to further enhance its bioactivity for 

applications such as tissue repair and wound healing.  

 The work presented here takes a new nanofiber production method from a proof of 

concept study of polymer nanofiber production to a fully characterized system capable of 

inducing biologically relevant forces on protein solutions to facilitate bulk fibrillogenesis in a 

controlled manner. This work showing the shear unfolding of FN opens up the potential study 

RJS as a method to modulate the unfolded state of proteins inside fibers by varying the shear 

force used to produce fibers. The ability to control binding sites available for cells, growth 

factors, and bacteria make RJS produced FN nanofibers a promising platform for tissue 

engineered substrates. While many have suggested the role of FN in the fetal skin 

microenvironment and theorized about its role in fetal skin mechanics and structure, this work 

allows us produce FN wound dressings in bulk allow for the in vivo study of these hypotheses.  

5.5 Funding sources 

This work was made possible by financial support from the Disease Biophysics Group and 

Professor Kevin Kit Parker, Wyss Institute for Biologically Inspired Engineering, Harvard 

University Materials Research Science and Engineering Center (MRSEC), Defense Advanced 

Research Projects Agency (DARPA W911NF-10-1-0113), Harvard Center for Nanoscale 

Systems (CNS). H.M.G. acknowledges the National Science Foundation Graduate Research 

Fellowship Program.



131 
 

6 Bibliography 

Abu-Lail, N. I., Ohashi, T., Clark, R. L., Erickson, H. P., & Zauscher, S. (2006). Understanding 
the elasticity of fibronectin fibrils: Unfolding strengths of FN-III and GFP domains measured by 
single molecule force spectroscopy. Matrix Biology, 25(3), 175-184. 
doi:10.1016/j.matbio.2005.10.007 

Alford, P. W., Feinberg, A. W., Sheehy, S. P., & Parker, K. K. (2010). Biohybrid thin films for 
measuring contractility in engineered cardiovascular muscle. Biomaterials, 31(13), 3613-3621.  

Ansell, D. M., Kloepper, J. E., Thomason, H. A., Paus, R., & Hardman, M. J. (2011). Exploring 
the "Hair Growth-Wound Healing Connection": Anagen Phase Promotes Wound Re-
Epithelialization. Journal of Investigative Dermatology, 131(2), 518-528. 
doi:10.1038/jid.2010.291 

Askarieh, G., Hedhammar, M., Nordling, K., Saenz, A., Casals, C., Rising, A., . . . Knight, S. D. 
(2010). Self-assembly of spider silk proteins is controlled by a pH-sensitive relay. Nature, 
465(7295), 236-U125. doi:10.1038/nature08962 

Badrossamay, M. R., McIlwee, H. A., Goss, J. A., & Parker, K. K. (2010). Nanofiber assembly by 
rotary jet-spinning. Nano letters, 10(6), 2257-2261.  

Badrossamay, M. R., Balachandran, K., Capulli, A. K., Golecki, H. M., Agarwal, A., Goss, J. A., 
Parker, K. K. (2014). Engineering hybrid polymer-protein super-aligned nanofibers via rotary jet 
spinning. Biomaterials, 35(10), 3188-3197.  

Badylak, S. F., Freytes, D. O., & Gilbert, T. W. (2009). Extracellular matrix as a biological scaffold 
material: Structure and function. Acta Biomaterialia, 5(1), 1-13. doi:10.1016/j.actbio.2008.09.013 

Baker, S., Sigley, J., Helms, C. C., Stitzel, J., Berry, J., Bonin, K., & Guthold, M. (2012). The 
mechanical properties of dry, electrospun fibrinogen fibers. Materials Science & Engineering C-
Materials for Biological Applications, 32(2), 215-221. doi:10.1016/j.msec.2011.10.021 

Baneyx, G., Baugh, L., & Vogel, V. (2001). Coexisting conformations of fibronectin in cell culture 
imaged using fluorescence resonance energy transfer. Proceedings of the National Academy of 
Sciences of the United States of America, 98(25), 14464-14468.  

Baneyx, G., & Vogel, V. (1999). Self-assembly of fibronectin into fibrillar networks underneath 
dipalmitoyl phosphatidylcholine monolayers: Role of lipid matrix and tensile forces. Proceedings 
of the National Academy of Sciences of the United States of America, 96(22), 12518-12523. 
doi:10.1073/pnas.96.22.12518 

Baumgart.Pk. (1971). Electrostatic Spinning of Acrylic Microfibers. Journal of colloid and 
interface science, 36(1), 71-&. doi:10.1016/0021-9797(71)90241-4 



132 
 

Beachley, V., Katsanevakis, E., Zhang, N., & Wen, X. (2012). Highly Aligned Polymer Nanofiber 
Structures: Fabrication and Applications in Tissue Engineering. In R. Jayakumar & S. V. Nair 
(Eds.), Biomedical Applications of Polymeric Nanofibers (Vol. 246, pp. 171-212). 

Behravesh, E., Jo, S., Zygourakis, K., & Mikos, A. G. (2002). Synthesis of in situ cross-linkable 
macroporous biodegradable poly(propylene fumarate-co-ethylene glycol) hydrogels. 
Biomacromolecules, 3(2), 374-381. doi:10.1021/bm010158r 

Bellan, L. M., Cross, J. D., Strychalski, E. A., Moran-Mirabal, J., & Craighead, H. G. (2006). 
Individually resolved DNA molecules stretched and embedded in electrospun polymer nanofibers. 
Nano letters, 6(11), 2526-2530. doi:10.1021/nl061894+ 

Bergkvist, M., Carlsson, J., & Oscarsson, S. (2002). Surface-dependent conformations of human 
plasma fibronectin adsorbed to silica, mica, and hydrophobic surfaces, studied with use of Atomic 
Force Microscopy. Journal of Biomedical Materials Research Part A, 64A(2), 349-356.  

Berrier, A. L., & Yamada, K. M. (2007). Cell-matrix adhesion. Journal of cellular physiology, 
213(3), 565-573. doi:10.1002/jcp.21237 

Bhardwaj, N., & Kundu, S. C. (2010). Electrospinning: A fascinating fiber fabrication technique. 
Biotechnology Advances, 28(3), 325-347. doi:10.1016/j.biotechadv.2010.01.004 

Bhattacharjee, P. K., Schneider, T. M., Brenner, M. P., McKinley, G. H., & Rutledge, G. C. (2010). 
On the measured current in electrospinning. Journal of Applied Physics, 107(4). 
doi:04430610.1063/1.3277018 

Boland, E. D., Matthews, J. A., Pawlowski, K. J., Simpson, D. G., Wnek, G. E., & Bowlin, G. L. 
(2004). Electrospinning collagen and elastin: Preliminary vascular tissue engineering. Frontiers in 
Bioscience, 9, 1422-1432. doi:10.2741/1313 

Bonani, W., Maniglio, D., Motta, A., Tan, W., & Migliaresi, C. (2011). Biohybrid nanofiber 
constructs with anisotropic biomechanical properties. Journal of Biomedical Materials Research 
Part B-Applied Biomaterials, 96B(2), 276-286. doi:10.1002/jbm.b.31763 

Bondar, B., Fuchs, S., Motta, A., Migliaresi, C., & Kirkpatrick, C. J. (2008). Functionality of 
endothelial cells on silk fibroin nets: Comparative study of micro- and nanometric fibre size. 
Biomaterials, 29(5), 561-572. doi:10.1016/j.biomaterials.2007.10.002 

Boudreau, J., & Jones, P. L. (1999). Extracellular matrix and integrin signalling: the shape of things 
to come. Biochemical Journal, 339, 481-488.  

Bowers, S. L. K., Banerjee, I., & Baudino, T. A. (2010). The extracellular matrix: At the center of 
it all. Journal of Molecular and Cellular Cardiology, 48(3), 474-482. 
doi:10.1016/j.yjmcc.2009.08.024 

Briquez, P. S., Hubbell, J. A., & Martino, M. M. (2015). Extracellular matrix-inspired growth 
factor delivery systems for skin wound healing. Advances in wound care, 4(8), 479-489.  



133 
 

Brown, A. E. X., Litvinov, R. I., Discher, D. E., Purohit, P. K., & Weisel, J. W. (2009). Multiscale 
Mechanics of Fibrin Polymer: Gel Stretching with Protein Unfolding and Loss of Water. Science, 
325(5941), 741-744. doi:10.1126/science.1172484 

Burdick, J. A., Khademhosseini, A., & Langer, R. (2004). Fabrication of gradient hydrogels using 
a microfluidics/photopolymerization process. Langmuir, 20(13), 5153-5156. 
doi:10.1021/la049298n 

Cao, H., Marcy, G., Lay, E., Goh, K., Wang, F., Wang, J., & Chew, S. Y. (2012). The Effects of 
Nanofiber Topography on Astrocyte Behavior and Gene Silencing Efficiency. Macromolecular 
bioscience, 12(5), 666-674. doi:10.1002/mabi.201100436 

Carre, A. L., Larson, B. J., Knowles, J. A., Kawai, K., Longaker, M. T., & Lorenz, H. P. (2012). 
Fetal Mouse Skin Heals Scarlessly in a Chick Chorioallantoic Membrane Model System. Annals 
of Plastic Surgery, 69(1), 85-90. doi:10.1097/SAP.0b013e31822128a9 

Casper, C. L., Stephens, J. S., Tassi, N. G., Chase, D. B., & Rabolt, J. F. (2004). Controlling surface 
morphology of electrospun polystyrene fibers: Effect of humidity and molecular weight in the 
electrospinning process. Macromolecules, 37(2), 573-578. doi:10.1021/ma0351975 

Chabria, M., Hertig, S., Smith, M. L., & Vogel, V. (2010). Stretching fibronectin fibres disrupts 
binding of bacterial adhesins by physically destroying an epitope. Nature Communications, 1. 
doi:13510.1038/ncomms1135 

Chantre, C. O., Campbell, P. H., Golecki, H. M., Buganza, A. T., Capulli, A. K., Deravi, L. F., . . 
. Gledhill, K. (2018). Production-scale fibronectin nanofibers promote wound closure and tissue 
repair in a dermal mouse model. Biomaterials, 166, 96-108.  

Chattopadhyay, S., & Raines, R. T. (2014). Review collagen‐based biomaterials for wound 
healing. Biopolymers, 101(8), 821-833.  

Chiu, Y.-C., Larson, J. C., Isom, A., Jr., & Brey, E. M. (2010). Generation of Porous Poly(Ethylene 
Glycol) Hydrogels by Salt Leaching. Tissue Engineering Part C-Methods, 16(5), 905-912. 
doi:10.1089/ten.tec.2009.0646 

Clark, R. A. F., Lanigan, J. M., Dellapelle, P., Manseau, E., Dvorak, H. F., & Colvin, R. B. (1982). 
Fibronectin and Fibrin Provide a Provisional Matrix for Epidermal-Cell Migration During Wound 
Reepithelialization. Journal of Investigative Dermatology, 79(5), 264-269. doi:10.1111/1523-
1747.ep12500075 

Coolen, N. A., Schouten, K. C. W. M., Middelkoop, E., & Ulrich, M. M. W. (2010). Comparison 
between human fetal and adult skin. Archives of Dermatological Research, 302(1), 47-55. 
doi:10.1007/s00403-009-0989-8 

Coyle, S., Wu, Y. Z., Lau, K. T., De Rossi, D., Wallace, G., & Diamond, D. (2007). Smart 
nanotextiles: A review of materials and applications. Mrs Bulletin, 32(5), 434-442.  

Crank, J. (1975). The Mathematics of Diffusion (2 ed.): Oxford University Press. 



134 
 

Dabiri, B. E., Lee, H., & Parker, K. K. (2012). A potential role for integrin signaling in 
mechanoelectrical feedback. Biophysical Molecular Biology, Jul 19 [Epub ahead of print].  

Datar, A., Gross, D. E., Balakrishnan, K., Yang, X., Moore, J. S., & Zang, L. (2012). Ultrafine 
nanofibers fabricated from an arylene-ethynylene macrocyclic molecule using surface assisted 
self-assembly. Chemical communications (Cambridge, England), 48(71), 8904-8906.  

Deravi, L. F., Golecki, H. M., & Parker, K. K. (2013). Protein Based Textiles: Bio-Inspired and 
Bio-Derived Materials for Medical and Non-Medical Applications. Journal of Chemical and 
Biological Interfaces, 1, 25-34.  

Deravi, L. F., Sinatra, N. R., Chantre, C. O., Nesmith, A. P., Yuan, H., Deravi, S. K., . . . Gonzalez, 
G. M. (2017). Design and fabrication of fibrous nanomaterials using pull spinning. 
Macromolecular Materials and Engineering, 302(3), 1600404.  

Deravi, L. F., Su, T., Paten, J. A., Ruberti, J. W., Bertoldi, K., & Parker, K. K. (2012). Differential 
Contributions of Conformation Extension and Domain Unfolding to Properties of Fibronectin 
Nanotextiles. Nano letters, 12(11), 5587-5592. doi:10.1021/nl302643g 

Ding, B., Yamazaki, M., & Shiratori, S. (2005). Electrospun fibrous polyacrylic acid membrane-
based gas sensors. Sensors and Actuators B-Chemical, 106(1), 477-483. 
doi:10.1016/j.snb.2004.09.010 

Dvir, T., Timko, B. P., Kohane, D. S., & Langer, R. (2011). Nanotechnological strategies for 
engineering complex tissues. Nature Nanotechnology, 6(1), 13-22. doi:10.1038/nnano.2010.246 

Ejim, O. S., Blunn, G. W., & Brown, R. A. (1993). Production of Artificial-Oriented Mats and 
Strands from Plasma Fibronectin - A Morphological-Study. Biomaterials, 14(10), 743-748.  

Engelmayr, G. C., Jr., Cheng, M., Bettinger, C. J., Borenstein, J. T., Langer, R., & Freed, L. E. 
(2008). Accordion-like honeycombs for tissue engineering of cardiac anisotropy. Nature materials, 
7(12), 1003-1010. doi:10.1038/nmat2316 

Enoch, S., & Leaper, D. J. (2005). Basic science of wound healing. Surgery-Oxford International 
Edition, 23(2), 37-42.  

Feinberg, A. W., & Parker, K. K. (2010). Surface-Initiated Assembly of Protein Nanofabrics. Nano 
letters, 10(6), 2184-2191. doi:10.1021/nl100998p 

Feng, J. (2002). The stretching of an electrified non-Newtonian jet: A model for electrospinning. 
Physics of Fluids, 14(11), 3912-3926.  

Feng, J. J. (2002). The stretching of an electrified non-Newtonian jet: A model for electrospinning. 
Physics of Fluids, 14(11), 3912-3926. doi:10.1063/1.1510664 

Fisher, O. Z., Khademhosseini, A., Langer, R., & Peppas, N. A. (2010). Bioinspired Materials for 
Controlling Stem Cell Fate. Accounts of chemical research, 43(3), 419-428. 
doi:10.1021/ar900226q 



135 
 

Fonder, M. A., Lazarus, G. S., Cowan, D. A., Aronson-Cook, B., Kohli, A. R., & Mamelak, A. J. 
(2008). Treating the chronic wound: A practical approach to the care of nonhealing wounds and 
wound care dressings. Journal of the American Academy of Dermatology, 58(2), 185-206. 
doi:10.1016/j.jaad.2007.08.048 

Formo, E., Lee, E., Campbell, D., & Xia, Y. (2008). Functionalization of electrospun TiO2 
nanofibers with Pt nanoparticles and nanowires for catalytic applications. Nano letters, 8(2), 668-
672. doi:10.1021/nl073163v 

Frenot, A., & Chronakis, I. S. (2003). Polymer nanofibers assembled by electrospinning. Current 
Opinion in Colloid & Interface Science, 8(1), 64-75. doi:10.1016/s1359-0294(03)00004-9 

Fridrikh, S. V., Yu, J. H., Brenner, M. P., & Rutledge, G. C. (2003). Controlling the fiber diameter 
during electrospinning. Physical Review Letters, 90(14). doi:10.1103/PhysRevLett.90.144502 

Fuh, Y.-K., Lien, L.-C., & Jang, J. S. C. (2012). Comparative study of polyvinylidene fluoride 
nanofibrous membranes prepared by continuous near-field and conventional electrospinning 
processes. Micro & Nano Letters, 7(4), 376-379. doi:10.1049/mnl.2012.0161 

Gere, J. M. (2003). Mechanics of Materials: Thompson-Engineering. 

Golecki, H. M., Yuan, H., Glavin, C., Potter, B., Badrossamay, M. R., Goss, J. A., . . . Parker, K. 
K. (2014). Effect of solvent evaporation on fiber morphology in rotary jet spinning. Langmuir, 
30(44), 13369-13374.  

Gonzalez, G. M., MacQueen, L. A., Lind, J. U., Fitzgibbons, S. A., Chantre, C. O., Huggler, I., . . 
. Parker, K. K. (2017). Production of Synthetic, Para‐Aramid and Biopolymer Nanofibers by 
Immersion Rotary Jet‐Spinning. Macromolecular Materials and Engineering, 302(1).  

Greiling, D., & Clark, R. (1997). Fibronectin provides a conduit for fibroblast transmigration from 
collagenous stroma into fibrin clot provisional matrix. Journal of cell science, 110(7), 861-870.  

Greiner, A., Wendorff, J. H., Yarin, A. L., & Zussman, E. (2006). Biohybrid nanosystems with 
polymer nanofibers and nanotubes. Applied Microbiology and Biotechnology, 71(4), 387-393. 
doi:10.1007/s00253-006-0356-z 

Greving, I., Cai, M., Vollrath, F., & Schniepp, H. C. (2012). Shear-Induced Self-Assembly of 
Native Silk Proteins into Fibrils Studied by Atomic Force Microscopy. Biomacromolecules, 13(3), 
676-682. doi:10.1021/bm201509b 

Grosberg, A., Kuo, P. L., Guo, C. L., Geisse, N. A., Bray, M. A., Adams, W. J., . . . Parker, K. K. 
(2011). Self-Organization of Muscle Cell Structure and Function. PLoS computational biology, 
7(2). doi:10.1371/journal.pcbi.1001088 

Gu, S. Y., & Ren, J. (2005). Process optimization and empirical modeling for electrospun 
poly(D,L-lactide) fibers using response surface methodology. Macromolecular Materials and 
Engineering, 290(11), 1097-1105. doi:10.1002/mame.200500215 



136 
 

Gu, S. Y., Ren, J., & Vancso, G. J. (2005). Process optimization and empirical modeling for 
electrospun polyacrylonitrile (PAN) nanofiber precursor of carbon nanofibers. European polymer 
journal, 41(11), 2559-2568. doi:10.1016/j.eurpolymj.2005.05.008 

Guillemette, M. D., Park, H., Hsiao, J. C., Jain, S. R., Larson, B. L., Langer, R., & Freed, L. E. 
(2010). Combined Technologies for Microfabricating Elastomeric Cardiac Tissue Engineering 
Scaffolds. Macromolecular Bioscience, 10(11), 1330-1337. doi:10.1002/mabi.201000165 

Gumusderelioglu, M., Erce, D., & Demirtas, T. T. (2011). Superporous polyacrylate/chitosan IPN 
hydrogels for protein delivery. Journal of Materials Science-Materials in Medicine, 22(11), 2467-
2475. doi:10.1007/s10856-011-4422-4 

Hamed, S., Ullmann, Y., Egozi, D., Daod, E., Hellou, E., Ashkar, M., . . . Teot, L. (2011). 
Fibronectin Potentiates Topical Erythropoietin-Induced Wound Repair in Diabetic Mice. Journal 
of Investigative Dermatology, 131(6), 1365-1374. doi:10.1038/jid.2011.15 

He, W., Ma, Z. W., Yong, T., Teo, W. E., & Ramakrishna, S. (2005). Fabrication of collagen-
coated biodegradable polymer nanofiber mesh and its potential for endothelial cells growth. 
Biomaterials, 26(36), 7606-7615. doi:10.1016/j.biomaterials.2005.05.049 

Heim, M., Keerl, D., & Scheibel, T. (2009). Spider Silk: From Soluble Protein to Extraordinary 
Fiber. Angewandte Chemie-International Edition, 48(20), 3584-3596. 
doi:10.1002/anie.200803341 

Hochhalter, D. (2011). Artificially produced spider silk fibers as a high tech biological material. 
Basic Biotechnology, 7, 12-16.  

Holmes, T. C., de Lacalle, S., Su, X., Liu, G. S., Rich, A., & Zhang, S. G. (2000). Extensive neurite 
outgrowth and active synapse formation on self-assembling peptide scaffolds. Proceedings of the 
National Academy of Sciences of the United States of America, 97(12), 6728-6733. 
doi:10.1073/pnas.97.12.6728 

Huang, L., Nagapudi, K., Apkarian, R. P., & Chaikof, E. L. (2001). Engineered collagen-PEO 
nanofibers and fabrics. Journal of Biomaterials Science-Polymer Edition, 12(9), 979-993. 
doi:10.1163/156856201753252516 

Huang, Y.-L., Baji, A., Tien, H.-W., Yang, Y.-K., Yang, S.-Y., Wu, S.-Y., . . . Wang, N.-H. (2012). 
Self-assembly of silver-graphene hybrid on electrospun polyurethane nanofibers as flexible 
transparent conductive thin films. Carbon, 50(10), 3473-3481. doi:10.1016/j.carbon.2012.03.013 

Huang, Z. M., Zhang, Y. Z., Kotaki, M., & Ramakrishna, S. (2003). A review on polymer 
nanofibers by electrospinning and their applications in nanocomposites. Composites science and 
technology, 63(15), 2223-2253. doi:10.1016/s0266-3538(03)00178-7 

Huttunen, M., & Kellomaki, M. (2011). A simple and high production rate manufacturing method 
for submicron polymer fibres. Journal of tissue engineering and regenerative medicine, 5(8), e239-
243. doi:10.1002/term.421 



137 
 

Huttunen, M., & Kellomäki, M. (2011). A simple and high production rate manufacturing method 
for submicron polymer fibres. Journal of tissue engineering and regenerative medicine, 5(8), e239-
e243.  

Hynes, R. O. (2002). Integrins: Bidirectional, allosteric signaling machines. Cell, 110(6), 673-687. 
doi:10.1016/s0092-8674(02)00971-6 

Hynes, R. O. (2009). The Extracellular Matrix: Not Just Pretty Fibrils. Science, 326(5957), 1216-
1219. doi:10.1126/science.1176009 

Ito, M., Yang, Z., Andl, T., Cui, C., Kim, N., Millar, S. E., & Cotsarelis, G. (2007). Wnt-dependent 
de novo hair follicle regeneration in adult mouse skin after wounding. Nature, 447(7142), 316-
U314. doi:10.1038/nature05766 

Ji, C., Khademhosseini, A., & Dehghani, F. (2011). Enhancing cell penetration and proliferation 
in chitosan hydrogels for tissue engineering applications. Biomaterials, 32(36), 9719-9729.  

Jin, H. J., & Kaplan, D. L. (2003). Mechanism of silk processing in insects and spiders. Nature, 
424(6952), 1057-1061. doi:10.1038/nature01809 

Kang, T. J., Kim, D. N., & Hong, K. H. (2012). Preparation and properties of polyaniline 
electrospun fiber web. Journal of Applied Polymer Science, 124(5), 4033-4037. 
doi:10.1002/app.34840 

Katti, D. S., Robinson, K. W., Ko, F. K., & Laurencin, C. T. (2004). Bioresorbable nanofiber-
based systems for wound healing and drug delivery: Optimization of fabrication parameters. 
Journal of Biomedical Materials Research Part B-Applied Biomaterials, 70B(2), 286-296. 
doi:10.1002/jbm.b.30041 

Khademhosseini, A., Langer, R., Borenstein, J., & Vacanti, J. P. (2006). Microscale technologies 
for tissue engineering and biology. Proceedings of the National Academy of Sciences of the United 
States of America, 103(8), 2480-2487. doi:10.1073/pnas.0507681102 

Khadka, D. B., & Haynie, D. T. (2012). Protein- and peptide-based electrospun nanofibers in 
medical biomaterials. Nanomedicine : nanotechnology, biology, and medicine, (Article in Press 
DOI: 10.1016/j.nano.2012.02.013).  

Kiselev, P., & Rosell-Llompart, J. (2012). Highly aligned electrospun nanofibers by elimination 
of the whipping motion. Journal of Applied Polymer Science, 125(3), 2433-2441. 
doi:10.1002/app.36519 

Klotzsch, E., Smith, M. L., Kubow, K. E., Muntwyler, S., Little, W. C., Beyeler, F., . . . Vogel, V. 
(2009). Fibronectin forms the most extensible biological fibers displaying switchable force-
exposed cryptic binding sites. Proceedings of the National Academy of Sciences of the United 
States of America, 106(43), 18267-18272. doi:10.1073/pnas.0907518106 



138 
 

Koh, H. S., Yong, T., Chan, C. K., & Ramakrishna, S. (2008). Enhancement of neurite outgrowth 
using nano-structured scaffolds coupled with laminin. Biomaterials, 29(26), 3574-3582. 
doi:10.1016/j.biomaterials.2008.05.014 

Koide, T. (2007). Designed triple-helical peptides as tools for collagen biochemistry and matrix 
engineering. Philosophical Transactions of the Royal Society B-Biological Sciences, 362(1484), 
1281-1291. doi:10.1098/rstb.2007.2115 

Kojic, N., Kojic, M., Gudlavalleti, S., & McKinley, G. (2004). Solvent removal during synthetic 
and Nephila fiber spinning. Biomacromolecules, 5(5), 1698-1707. doi:10.1021/bm034280x 

Kumaraswamy, P., Lakshmanan, R., Sethuraman, S., & Krishnan, U. M. (2011). Self-assembly of 
peptides: influence of substrate, pH and medium on the formation of supramolecular assemblies. 
Soft Matter, 7(6), 2744-2754. doi:10.1039/c0sm00897d 

Lam, C. X. F., Hutmacher, D. W., Schantz, J.-T., Woodruff, M. A., & Teoh, S. H. (2009). 
Evaluation of polycaprolactone scaffold degradation for 6 months in vitro and in vivo. Journal of 
Biomedical Materials Research Part A, 90A(3), 906-919. doi:10.1002/jbm.a.32052 

Lee, W. K., & Flumerfelt, R. W. (1981). INSTABILITY OF STATIONARY AND UNIFORMLY 
MOVING CYLINDRICAL FLUID BODIES .1. NEWTONIAN SYSTEMS. International Journal 
of Multiphase Flow, 7(4), 363-383. doi:10.1016/0301-9322(81)90045-8 

Legate, K. R., Wickstroem, S. A., & Faessler, R. (2009). Genetic and cell biological analysis of 
integrin outside-in signaling. Genes & development, 23(4), 397-418. doi:10.1101/gad.1758709 

Lenselink, E. A. (2015). Role of fibronectin in normal wound healing. International wound journal, 
12(3), 313-316.  

Li, C., Vepari, C., Jin, H.-J., Kim, H. J., & Kaplan, D. L. (2006). Electrospun silk-BMP-2 scaffolds 
for bone tissue engineering. Biomaterials, 27(16), 3115-3124.  

Li, M., Long, Y.-Z., Yang, D., Sun, J., Yin, H., Zhao, Z., . . . Fan, Z. (2011). Fabrication of one 
dimensional superfine polymer fibers by double-spinning. Journal of Materials Chemistry, 21(35), 
13159-13162. doi:10.1039/c1jm12240a 

Li, N., Hui, Q., Xue, H., & Xiong, J. (2012). Electrospun Polyacrylonitrile nanofiber yarn prepared 
by funnel-shape collector. Materials Letters, 79, 245-247. doi:10.1016/j.matlet.2012.04.005 

Li, W. J., Danielson, K. G., Alexander, P. G., & Tuan, R. S. (2003). Biological response of 
chondrocytes cultured in three-dimensional nanofibrous poly(epsilon-caprolactone) scaffolds. 
Journal of Biomedical Materials Research Part A, 67A(4), 1105-1114. doi:10.1002/jbm.a.10101 

Li, W. J., Laurencin, C. T., Caterson, E. J., Tuan, R. S., & Ko, F. K. (2002). Electrospun 
nanofibrous structure: A novel scaffold for tissue engineering. Journal of Biomedical Materials 
Research, 60(4), 613-621. doi:10.1002/jbm.10167 



139 
 

Liao, C.-C., Wang, C.-C., & Chen, C.-Y. (2011). Stretching-induced crystallinity and orientation 
of polylactic acid nanofibers with improved mechanical properties using an electrically charged 
rotating viscoelastic jet. Polymer, 52(19), 4303-4318. doi:10.1016/j.polymer.2011.07.031 

Lin, J., Shang, Y., Ding, B., Yang, J., Yu, J., & Al-Deyab, S. S. (2012). Nanoporous polystyrene 
fibers for oil spill cleanup. Marine Pollution Bulletin, 64(2), 347-352. 
doi:10.1016/j.marpolbul.2011.11.002 

Little, W. C., Smith, M. L., Ebneter, U., & Vogel, V. (2008). Assay to mechanically tune and 
optically probe fibrillar fibronectin conformations from fully relaxed to breakage. Matrix Biology, 
27(5), 451-461. doi:10.1016/j.matbio.2008.02.003 

Liu, K., Yao, Y., Liu, Y., Wang, C., Li, Z., & Zhang, X. (2012). Self-assembly of supra-
amphiphiles based on dual charge-transfer interactions: from nanosheets to nanofibers. Langmuir, 
28(29), 10697-10702.  

Long, Y.-Z., Yu, M., Sun, B., Gu, C.-Z., & Fan, Z. (2012). Recent advances in large-scale 
assembly of semiconducting inorganic nanowires and nanofibers for electronics, sensors and 
photovoltaics. Chemical Society Reviews, 41(12), 4560-4580.  

Lu, P., & Hsieh, Y.-L. (2009). Organic compatible polyacrylamide hydrogel fibers. Polymer, 
50(15), 3670-3679. doi:10.1016/j.polymer.2009.05.040 

Lu, Q., Wang, X., Lu, S., Li, M., Kaplan, D. L., & Zhu, H. (2011). Nanofibrous architecture of 
silk fibroin scaffolds prepared with a mild self-assembly process. Biomaterials, 32(4), 1059-1067. 
doi:10.1016/j.biomaterials.2010.09.072 

Luo, C. J., Stoyanov, S. D., Stride, E., Pelan, E., & Edirisinghe, M. (2012). Electrospinning versus 
fibre production methods: from specifics to technological convergence. Chemical Society 
Reviews, 41(13), 4708-4735. doi:10.1039/c2cs35083a 

Luo, C. J., Stride, E., & Edirisinghe, M. (2012). Mapping the Influence of Solubility and Dielectric 
Constant on Electrospinning Polycaprolactone Solutions. Macromolecules, 45(11), 4669-4680. 
doi:10.1021/ma300656u 

Luo, Y., & Shoichet, M. S. (2004). A photolabile hydrogel for guided three-dimensional cell 
growth and migration. Nature Materials, 3(4), 249-253. doi:10.1038/nmat1092 

Lutolf, M. P., Gilbert, P. M., & Blau, H. M. (2009). Designing materials to direct stem-cell fate. 
Nature, 462(7272), 433-441. doi:10.1038/nature08602 

Lutolf, M. P., & Hubbell, J. A. (2005). Synthetic biomaterials as instructive extracellular 
microenvironments for morphogenesis in tissue engineering. Nature biotechnology, 23(1), 47-55. 
doi:10.1038/nbt1055 

Ma, Z. W., Kotaki, M., Inai, R., & Ramakrishna, S. (2005). Potential of nanofiber matrix as tissue-
engineering scaffolds. Tissue engineering, 11(1-2), 101-109. doi:10.1089/ten.2005.11.101 



140 
 

MacNeil, S. (2007). Progress and opportunities for tissue-engineered skin. Nature, 445(7130), 874-
880. doi:10.1038/nature05664 

Magnusson, M. K., & Mosher, D. F. (1998). Fibronectin - Structure, assembly, and cardiovascular 
implications. Arteriosclerosis Thrombosis and Vascular Biology, 18(9), 1363-1370.  

Mao, Y., & Schwarzbauer, J. E. (2005). Fibronectin fibrillogenesis, a cell-mediated matrix 
assembly process. Matrix Biology, 24(6), 389-399. doi:10.1016/j.matbio.2005.06.008 

Mapili, G., Lu, Y., Chen, S. C., & Roy, K. (2005). Laser-layered microfabrication of spatially 
patterned functionalized tissue-engineering scaffolds. Journal of Biomedical Materials Research 
Part B-Applied Biomaterials, 75B(2), 414-424. doi:10.1002/jbm.b.30325 

Marheineke, N., & Wegener, R. (2009). Asymptotic model for the dynamics of curved viscous 
fibres with surface tension. Journal of Fluid Mechanics, 622, 345-369. 
doi:10.1017/s0022112008005259 

Martin, P. (1997). Wound healing - Aiming for perfect skin regeneration. Science, 276(5309), 75-
81. doi:10.1126/science.276.5309.75 

Matthews, J. A., Boland, E. D., Wnek, G. E., Simpson, D. G., & Bowlin, G. L. (2003). 
Electrospinning of collagen type II: A feasibility study. Journal of Bioactive and Compatible 
Polymers, 18(2), 125-134. doi:10.1177/088391103033856 

Matthews, J. A., Wnek, G. E., Simpson, D. G., & Bowlin, G. L. (2002). Electrospinning of collagen 
nanofibers. Biomacromolecules, 3(2), 232-238. doi:10.1021/bm015533u 

McCain, M. L., & Parker, K. K. (2011). Mechanotransduction: the role of mechanical stress, 
myocyte shape, and cytoskeletal architecture on cardiac function. Pflugers Archiv-European 
Journal of Physiology, 462(1), 89-104. doi:10.1007/s00424-011-0951-4 

Mellado, P., McIlwee, H. A., Badrossamay, M. R., Goss, J. A., Mahadevan, L., & Parker, K. K. 
(2011a). A Simple Model for Nanofiber Formation by Rotary Jet-Spinning. Applied Physics 
Letters, 99(203107).  

Mellado, P., McIlwee, H. A., Badrossamay, M. R., Goss, J. A., Mahadevan, L., & Parker, K. K. 
(2011b). A simple model for nanofiber formation by rotary jet-spinning. Applied Physics Letters, 
99(20). doi:20310710.1063/1.3662015 

Min, B. M., Jeong, L., Nam, Y. S., Kim, J. M., Kim, J. Y., & Park, W. H. (2004). Formation of 
silk fibroin matrices with different texture and its cellular response to normal human keratinocytes. 
International Journal of Biological Macromolecules, 34(5), 281-288. 
doi:10.1016/j.ijbiomac.2004.08.004 

Minh, K. N., & Lee, D. S. (2010). Injectable Biodegradable Hydrogels. Macromolecular 
bioscience, 10(6), 563-579. doi:10.1002/mabi.200900402 



141 
 

Mosher, D. F., & Johnson, R. B. (1983). Invitro Formation of Disulfide-Bonded Fibronectin 
Multimers. Journal of Biological Chemistry, 258(10), 6595-6601.  

Nayak, R., Padhye, R., Kyratzis, I., Truong, Y. B., & Arnold, L. (2012). Recent advances in 
nanofibre fabrication techniques. Textile Research Journal, 82(2), 129-147. 
doi:10.1177/0040517511424524 

Neal, R. A., McClugage, S. G., III, Link, M. C., Sefcik, L. S., Ogle, R. C., & Botchwey, E. A. 
(2009). Laminin Nanofiber Meshes That Mimic Morphological Properties and Bioactivity of 
Basement Membranes. Tissue Engineering Part C-Methods, 15(1), 11-21. 
doi:10.1089/ten.tec.2007.0366 

Neeley, W. L., Redenti, S., Klassen, H., Tao, S., Desai, T., Young, M. J., & Langer, R. (2008). A 
microfabricated scaffold for retinal progenitor cell grafting. Biomaterials, 29(4), 418-426. 
doi:10.1016/j.biomaterials.2007.10.007 

Nisbet, D. R., Forsythe, J. S., Shen, W., Finkelstein, D. I., & Horne, M. K. (2009). Review Paper: 
A Review of the Cellular Response on Electrospun Nanofibers for Tissue Engineering. Journal of 
Biomaterials Applications, 24(1), 7-29. doi:10.1177/0885328208099086 

O'Grady, M. L., Kuo, P. L., & Parker, K. K. (2010). Optimization of Electroactive Hydrogel 
Actuators. Acs Applied Materials & Interfaces, 2(2), 343-346. doi:10.1021/am900755w 

Oberhauser, A. F., Badilla-Fernandez, C., Carrion-Vazquez, M., & Fernandez, J. M. (2002). The 
mechanical hierarchies of fibronectin observed with single-molecule AFM. Journal of Molecular 
Biology, 319(2), 433-447. doi:10.1016/s0022-2836(02)00306-6 

Oliveira, M. S. N., Yeh, R., & McKinley, G. H. (2006). Iterated stretching, extensional rheology 
and formation of beads-on-a-string structures in polymer solutions. Journal of Non-Newtonian 
Fluid Mechanics, 137(1-3), 137-148. doi:10.1016/j.jnnfm.2006.01.014 

Oliver, N. A. (1978). normal individuals. Thus, glucocorticoid-increased fibronectin production 
and decreased collagen pro¬. Arch Dermatol, 114, 1495-1497.  

Omenetto, F. G., & Kaplan, D. L. (2010). New Opportunities for an Ancient Material. Science, 
329(5991), 528-531. doi:10.1126/science.1188936 

Orban, J. M., Wilson, L. B., Kofroth, J. A., El-Kurdi, M. S., Maul, T. M., & Vorp, D. A. (2004). 
Crosslinking of collagen gels by transglutaminase. Journal of Biomedical Materials Research Part 
A, 68A(4), 756-762. doi:10.1002/jbm.a.20110 

Padron, S., Fuentes, A., Caruntu, D., & Lozano, K. (2013). Experimental study of nanofiber 
production through forcespinning. Journal of Applied Physics, 113(2). 
doi:02431810.1063/1.4769886 

Palmer, L. C., & Stupp, S. I. (2008). Molecular Self-Assembly into One-Dimensional 
Nanostructures. Accounts of Chemical Research, 41(12), 1674-1684. doi:10.1021/ar8000926 



142 
 

Pan, W., Sun, Y., & Chen, Y. (2012). Preparation of polyacrylonitrile and polyethyleneglycol 
blend fibers through electrospinning. Optoelectronics and Advanced Materials-Rapid 
Communications, 6(1-2), 230-234.  

Panda, S., Marheineke, N., & Wegener, R. (2008). Systematic derivation of an asymptotic model 
for the dynamics of curved viscous fibers. Mathematical Methods in the Applied Sciences, 31(10), 
1153-1173. doi:10.1002/mma.962 

Pandey, M. K., Yang, K., Pei, C., Sharma, P. K., Viola, J., Stromberg, R., . . . Watterson, A. C. 
(2010). Design and Biocatalytic Synthesis of Pluronics-based Nanomicellar Self-assembly 
Systems for Drug Encapsulation Applications. Journal of Macromolecular Science Part a-Pure and 
Applied Chemistry, 47(8), 788-793. doi:10.1080/10601325.2010.492036 

Pankov, R., & Yamada, K. M. (2002). Fibronectin at a glance. Journal of Cell Science, 115(20), 
3861-3863. doi:10.1242/jcs.00059 

Park, J.-Y., & Lee, I.-H. (2011). Controlled release of ketoprofen from electrospun porous 
polylactic acid (PLA) nanofibers. Journal of Polymer Research, 18(6), 1287-1291. 
doi:10.1007/s10965-010-9531-0 

Pearlstein, E., Gold, L. I., & Garciapardo, A. (1980). Fibronectin - Review of its Structure and 
Biological-Activity. Molecular and Cellular Biochemistry, 29(2), 103-128.  

Peng, X. N., Chen, X., Wu, P. Y., & Shao, Z. Z. (2004). Investigation on the conformation 
transition of regenerated silk fibroin films under thermal treatment by two-dimensional (2D) 
correlation FT-IR spectroscopy. Acta Chimica Sinica, 62(21), 2127-2130.  

Perioto, F. R., Alvarez, M. E. T., Araujo, W. A., Wolf-Maciel, M. R., & Maciel Filho, R. (2008). 
Development of a Predictive Model for Polymer/Solvent Diffusion Coefficient Calculations. 
Journal of Applied Polymer Science, 110(6), 3544-3551. doi:10.1002/app.28923 

Persano, L., Dagdeviren, C., Su, Y., Zhang, Y., Girardo, S., Pisignano, D., . . . Rogers, J. A. (2013). 
High performance piezoelectric devices based on aligned arrays of nanofibers of 
poly(vinylidenefluoride-co-trifluoroethylene). Nature Communications, 4. 
doi:163310.1038/ncomms2639 

Perumcherry, S. R., Chennazhi, K. P., Nair, S. V., Menon, D., & Afeesh, R. (2011). A Novel 
Method for the Fabrication of Fibrin-Based Electrospun Nanofibrous Scaffold for Tissue-
Engineering Applications. Tissue Engineering Part C-Methods, 17(11), 1121-1130. 
doi:10.1089/ten.tec.2010.0734 

Peters, G., Saborowski, F., Locci, R., & Pulverer, G. (1984). Investigations on staphylococcal 
infection of transvenous endocardial pacemaker electrodes. Am. Heart J., 108(359).  

Pham, Q. P., Sharma, U., & Mikos, A. G. (2006). Electrospinning of polymeric nanofibers for 
tissue engineering applications: A review. Tissue Engineering, 12(5), 1197-1211. 
doi:10.1089/ten.2006.12.1197 



143 
 

Plank, G., Burton, R. A. B., Hales, P., Bishop, M., Mansoori, T., Bernabeu, M. O., . . . Kohl, P. 
(2009). Generation of histo-anatomically representative models of the individual heart: tools and 
application. Philosophical Transactions of the Royal Society a-Mathematical Physical and 
Engineering Sciences, 367(1896), 2257-2292. doi:10.1098/rsta.2009.0056 

Puppi, D., Piras, A. M., Detta, N., Dinucci, D., & Chiellini, F. (2010). Poly(lactic-co-glycolic acid) 
electrospun fibrous meshes for the controlled release of retinoic acid. Acta biomaterialia, 6(4), 
1258-1268. doi:10.1016/j.actbio.2009.08.015 

Ralston, D. R., Layton, C., Dalley, A. J., Boyce, S. G., Freedlander, E., & MacNeil, S. (1997). 
Keratinocytes contract human dermal extracellular matrix and reduce soluble fibronectin 
production by fibroblasts in a skin composite model. British Journal of Plastic Surgery, 50(6), 408-
415. doi:10.1016/s0007-1226(97)90327-1 

Raoufi, M., Das, T., Schoen, I., Vogel, V., Brüggemann, D., & Spatz, J. P. (2015). Nanopore 
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