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Abbreviations 

DCM    Dichloromethane 

DMF    Dimethylformamide 

DMSO   Dimethyl sulfoxide 

ECM    Extracellular matrix 

EDC 1-ethyl-3-(3-dimethyl-aminopropyl)-1-carbodiimide 

hydrochloride 

GA    Glutaraldehyde 

GEN    Genipin 

Gt    Gelatin 

HA    Hyaluronic acid 

HDI    Hexamethylene diisocyanate 

HFIP    Hexafluoroisopropanol, Hexafluoro-2-propanol 

IPDI    Isophorone diisocyanate 

NCO-sP(EO-stat-PO) star-shaped NCO-end-functionalized statistical 

copolymer of ethylene oxide and propylene oxide 

NHS    N-hydroxysuccinimide 

NTA    Ni2+-nitrilacetic acid 

PCL    Polycaprolactone 

PDO    Polydioxanone 

PEG    Poly(ethylene glycol) 

PEO    Poly(ethylene oxide) 

PGA    Poly(glycolic acid) 

pI    Isoelectric point 

PLLA    Poly(l-lactic-acid) 

PPG    Poly(propylene glycol) 

PPO    Poly(propylene oxide) 
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TE    Tissue engineering 

TFA    Trifluoroacetic acid 

TFE    2,2,2-trifluoroethanol 
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1. Introduction 

“A human embryo in its first eight weeks of life undergoes an extraordinary 

transformation from a single cell to a 3 cm long fetus with a beating heart, gut, 

nervous system, and limbs with fingers and toes. This progression involves 

massive growth, physical folds and twists, and myriad cellular and molecular 

events of breathtaking complexity; yet it is the ultimate goal of tissue 

engineering (TE) to recreate some of these processes in microcosm, to replace 

and regenerate lost tissue.” Place et al. 2009 [1] 

As a response to exploding numbers of population and increasing life 

expectancy, the field of TE has emerged since the 1990s to meet this need for 

rehabilitation of failed organs and tissues. Researchers have pursued various 

attempts with much effort to produce replacement tissues by guided cell culture, 

hoping to find an addition and a possible future alternative to classical clinical 

treatments, i.e. autografts, allografts and xenografts. The final goal of TE 

products is to tackle current therapeutical issues such as lack of organ donors, 

rejection reactions, or poor biocompatibility [2]. As opposed to conventional 

transplants new tissue constructs aim to remodel natural tissue accurately 

customized to individual physiological needs by using a combination of 

mechanically supporting scaffolds, tissue-specific cells, and biochemical cues 

such as growth factors [3] as well as mechanical stimuli such as a certain 

material topography [4]. Additionally, the incorporation of bioactive molecules, 

such as drug delivery agents has gained importance [5].  

A key factor to physiological tissue replacement is the understanding and 

imitation of extracellular matrix (ECM), the three-dimensional macromolecular 

network surrounding and embedding natural cells in all tissues and organs. It is 

built up by collagens, proteoglycans, glycosaminoglycans, fibronectin and 

numerous other glycoproteins. Matrix components adhere to each other and the 

resident cells via binding sites and cell adhesion receptors. Cellular functions, 

such as growth, migration, differentiation and survival are transmitted and 

regulated by ECM. A number of major pathological conditions, among them 

atherosclerosis and cancer, are associated with the degeneration of ECM 

elements [6]. This illustrates why the utilization of biomaterials as mere 
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architectural support for tissue growth and healing falls short. In order to mimic 

natural ECM, biofunctionalization is equally important to the fabrication of 

successful scaffolds as their mechanical properties.  

The regeneration or neoformation of functional tissues further requires 

environmental conditions similar to those of native tissues to obtain the desired 

cell reactions. Biocompatibility of a scaffold, in the sense that no living tissue is 

negatively affected by the material, is fundamental. This also includes that the 

degradation of a biomaterial must occur within the same time frame of wound 

healing or tissue regeneration. Further, a complete degeneration of the scaffold 

without toxic residuals is obligatory [2]. For commercial success of tissue 

engineered materials the importance of cost-effectiveness has to be 

emphasized; this comes along with a need for simple techniques which are 

easy to use [1].   

A number of synthetic and natural polymers have been used for tissue 

engineered scaffolds [7], but natural polymers offer distinct advantages such as 

chemical cues, hydrophilicity and degradability. In comparison to synthetic ones 

they induce natural cellular reactions, for example via contained integrins with 

binding affinity receptors on cellular surfaces. The natural polymer gelatin has a 

long tradition as material in TE applications. As a derivative of collagen gelatin 

is an attractive base material for TE due to its biological origin and similarity to 

native ECM. Nanofibers electrospun from gelatin display fiber diameters 

comparable to those found in natural collagen fibers, i.e. between 200 nm and 

1 µm [8].  

On the downside, most natural polymers, especially in nanofibrous scaffolds, 

show only poor mechanical properties, degrade rapidly and are more difficult to 

handle in fabrication processes. Therefore, scaffolds composed of polymer 

blends are able to bridge the gap by combining favorable properties of both 

polymer types, i.e. biocompatibility as well as strength and durability. Especially 

the construction of an ECM imitation can be enabled by manipulating natural 

polymers by addition of synthetics [9].  

For ECM mimicry via fiber fabrication the technique of electrospinning has 

gained large attraction in the last 15 years. Originally conceived for the textile 
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industry, the method now offers a simple, versatile and economical way to 

produce fibers from all sorts of natural and synthetic polymers [10].   

Accordingly, the aim of this study was the fabrication of ECM analog 

electrospun gelatin-blend fibers functionalized by adding different 

concentrations of an end-functionalized six-arm star-shaped polymer (NCO-

sP(EO-stat-PO) ) to the gelatin spinning solution, as well as the characterization 

and testing of the obtained scaffolds for applicability in TE purposes. 

In the first part of the work a protocol for gelatin fiber fabrication from a solution 

in hexafluoroisopropanol (HFIP) is established. The obtained gelatin solutions 

are gradually mixed with different concentrations of NCO-sP(EO-stat-PO), and 

fibers of different ratios of NCO-sP(EO-stat-PO) to gelatin are electrospun. The 

second part deals with the characterization of the obtain scaffolds in dry state 

and after incubation in water and phosphate buffered saline (PBS). SEM 

imaging served as the main visualization method. By analyzing morphology and 

diameter fiber properties were assessed for further mechanical and biological 

testing. Water stability and hydrophilicity were examined via weight loss 

experiments and contact angle measurements. Changes in elemental 

composition were attempted to assess by EDX and FT-IR analyses. Uniaxial 

tensile tests were performed with dry scaffolds. Biocompatibility was studied in 

cell culture experiments with murine RAW 264.7 macrophages.  
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2. Theoretical background 

2.1 Electrospun nanofibers in tissue engineering 

2.1.1 Principle and process of electrospinning 

Electrospinning is an electrostatic technique for producing micro- to nanosize 

fibers from all kinds of polymers. By creating randomly oriented fibers it is 

possible to mimic the geometrical composition of the natural cell environment.  

Discovered in 1878 by Lord Rayleigh [11], the process was patented in the 

1930s for the production of textile yarns [12]. Only since the 1990s and 

especially during the last years this technique has gained further attention 

thanks to developments in nanoscience and TE. Today it is utilized in a broad 

range of applications such as TE scaffolds, wound healing, drug delivery, 

immobilization of enzymes, membranes in biosensors, protective clothing, 

cosmetics, filtration and many more [13]. 

A typical electrospinning setup contains three elements: a high voltage power 

supply, a syringe pump, and a grounded collector [14]. For classic solution 

electrospinning, a polymer is dissolved and placed into a syringe fitted with a 

blunt tip needle (Figure 1). An electrical field is established between the needle 

and a grounded collector or target. The pumped solution builds up a pendant 

drop at the needle tip, when the liquid’s surface tension is overcome by the field 

strength, a jet develops from the drop which is drawn towards the collector. 

Close to the needle the jet is linear but undergoes bending instabilities with 

increasing distance from the orifice. During the flight towards the collector the 

solvent evaporates from the solution and solid fibers are precipitated in random 

orientation on the collector, forming a three-dimensional network [15]. 

A number of alternative procedures have been developed, among them melt 

electrospinning, coaxial, needleless, side-by-side and wet electrospinning [16].    

Fibers can be fabricated from both synthetic polymers, like poly(glycolic acid) 

(PGA), poly(lactic acid) (PLLA), poly(ethylene oxide) (PEO), polydioxanone 

(PDO), polycaprolactone (PCL) etc., and natural polymers (e.g. collagen, 

gelatin, silk fibroin, chitosan, alginate, hyaluronic acid (HA) and several others) 

as well as composites and ceramics. Blending of natural polymers and synthetic 
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copolymers can enhance fiber properties such as thermal stability, mechanical 

strength or function as a biochemical barrier. For example in TE, hydrophobic 

polyesters usually show good structural properties but lack cell affinity. Co-

electrospinning synthetic polymers with hydrophilic natural polymers can 

increase their biocompatibility [17].  

 

 

Figure 1: Schematic diagram of electrospinning apparatus setup in a) vertical and b) horizontal 
configuration. Reprinted from Bhardwaj & Kundu (2010) [13], with permission from Elsevier.   

The process of electrospinning is governed by a broad number of parameters 

which have been classified by Doshi & Reneker [18, 17] under solution 

properties, controlled variables, and ambient parameters. Factors resulting from 

the polymer solution are viscosity, conductivity, surface tension, polymer 

molecular weight, polymer concentration, dipole moment, and dielectric 

constant. Effects from solution properties can be hard to isolate from each 
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other, as changing one parameter often affects others (e.g. changing molecular 

weight will also change the solution viscosity) [18]. Controlled variables include 

electric field strength, flow rate, needle tip to collector distance, needle tip 

design, needle and syringe diameter, as well as collector composition and 

geometry [19]. These factors can be manipulated individually to tune fiber 

morphology. Ambient parameters comprise temperature, humidity, and air 

velocity; their controllability is limited.  

The variation of parameters significantly affects fiber morphology and 

properties, which makes the technique of electrospinning attractive for use in all 

sorts of applications with specific desired features. It shows great versatility as 

not only many parameters can be varied, but also a great variety of polymers 

and other materials can be utilized. Further, the process is easy to learn and 

establishment of the laboratory setup is simple. Also its economic affordability is 

advantageous. Disadvantages may result from a considerably small pore size of 

nanofibrous scaffolds often resulting in poor cellular infiltration and thus failing 

to imitate the native 3D tissue environment [13]. But efforts to overcome these 

porosity limitations have been made lately by design improvements through 

approaches like multilayering and combined application of laser ablation and 

mineralization [20, 14].  

2.1.2 Electrospun TE materials 

The highest priority in tissue engineering is the regeneration or replacement of 

lost tissues by reiteration of two components: native cells and their supporting 

environment, the extracellular matrix (ECM). Electrospinning can provide 

controllable fibrous structures of various compositions, dimensions and 

architectures [21]. The technique is naturally suitable for ECM mimicry as 

typical fiber diameters vary between 80 and 1500 nm, comprising the size range 

of natural ECM fibers (50 – 500 nm) [22]. Electrospun fibrous meshes display a 

very high surface-to-volume ratio and therefore offer a high porosity and active 

interface [23]. Both fiber diameter and pore space can be adjusted by 

manipulation of process parameters, a crucial potential for cellular infiltration 

into scaffolds. Creating a three-dimensional fiber construct provides 
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environments for cellular adhesion, migration, proliferation and differentiation 

[24]. Moreover, the orientation of fibers is tunable thanks to variation of collector 

compositions and geometries [25]. Mechanical but also electrostatic or 

magnetic fiber alignment is advantageous in mimicking specific tissues with 

perpendicular oriented fibers, e.g. cardiac or tendon tissue [26-28]. This affects 

mechanical properties on the one hand, but also allows control of cellular 

behavior, as it can be used to guide cellular adhesion, growth and alignment 

towards a desired direction. For example, nanotopographical cues created by 

electrospun fiber alignment have been shown to influence the differentiation of 

human neural crest stem cells [29]. Apart from topography, further biophysical 

cues, such as material stiffness or hydrophilicity, can be implemented in order 

to create in vivo-like conditions for cells [30]. By adequate composition of the 

spinning dope, changes in surface chemistry, e.g. suppression of non-specific 

protein adsorption, have been achieved [31, 32] and biochemical cues such as 

growth factors, adhesive peptide molecules or drug releasing agents could be 

included into the fibers [33, 34]. As opposed to this so called in situ-

functionalization, modification and improvement of fiber properties via post-

fabrication treatments have also been applied. These procedures comprise 

annealing, removal of residual solvent or various ways of surface coatings [35-

37] and serve to increase mechanical stability, cytocompatibility, 

biofunctionalization, e.g. facilitating cell attachment, and hydrophilicity. For 

specific applications, electrospun fiber mats can be processed further into 

scaffolds of complex architectures, such as tubular conduits [38] or stacked 

multilayer arrays [39]. Not least, the choice of polymer determines the 

properties of an electrospun scaffold, often resulting in diverging effects in vitro 

and in vivo [40]. As many as 200 different polymers have been electrospun for 

various applications [41]. Altogether, electrospun nanofibers are highly 

convenient for mimicking the structural and functional properties of ECM, their 

variability makes them a versatile tool for tissue engineering purposes [42, 16].   

Successful applications in the biomedical field have been in wound healing, 

drug delivery, enzyme immobilization, and for various sorts of tissue 

regeneration or substitution. Above all, skin replacement and wound dressing 
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are fields with high potential for applying electrospun materials. The technique 

produces fibrous scaffolds which are highly conductive to cell infiltration and at 

the same time providing a temporary structural support during cell proliferation 

[43, 44]. The possibility to manipulate pore size and fiber diameters allows for 

control of cell infiltration. These properties may be promising for TE skin 

substitutes, which demand high degrees of cell differentiation and tissue 

stability. Also, the high surface area of electrospun fiber meshes allows oxygen 

permeability and prevents fluid accumulation, which makes them appropriate 

substrates for wound dressings [45]. Another field of application is the 

replacement of articular cartilage [46]. Various polymers such as collagen or 

PLLA have been electrospun to a three-dimensional network which has been 

seeded with chondrocytes in order to achieve in vitro chondrogenesis [47, 48]. 

Scaffolds electrospun from synthetic (PCL, phosphazenes) and natural 

polymers (silk fibroin, chitosan) have also been applied for bone regeneration 

and replacement [49, 50]. Further areas for use of electrospun tissue 

replacements are tendon and ligament [51], dura mater and nerves [52], 

vascular [53] and urological tissue [54].  
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2.2 Gelatin in TE 

2.2.1 Chemical and biological characteristics 

Gelatin (Gt) is a macromolecular protein, obtained from collagen via hydrolysis. 

It consists of 20 different amino acids and is therefore a polyampholyte, having 

both polar and non-polar side-chains. For that reason the molecule owns both 

hydrophobic and hydrophilic regions. Positive charges result from amino acids 

lysine and arginine, negative ones from glutamic and aspartic acid. Leucine, 

isoleucine, methionine, and valine convey hydrophobic properties [55]. 

Depending on the pre-treatment procedure, gelatin is commercially available as 

either Type A, which corresponds to acidic extraction from collagen, resulting in 

a higher isoelectric point (pI = 7-9); or as Type B of alkaline pre-treatment with a 

pI = 4.8-5.    

The basic chemical structure of gelatin is presented in Figure 2. The most 

relevant functional end groups in the molecule for this study are amine (R-NH2) 

and alcohol (R-OH) groups, which can react with isocyanates forming urea 

(amines) and urethane (alcohols) bonds (see chapter 2.3).    

 

 

Figure 2: Basic chemical structure of gelatin. Reprinted from Elzoghby (2013) [55], with 
permission from Elsevier. 

During extraction the initial alpha-helix conformation is lost by breaking of 

intermolecular bonds. However, primary structures of single gelatin molecules 

are preserved. This is especially important regarding the inherent RGD amino 

acid sequence (consisting of arginine, glycine, and aspartic acid), which is a 

recognition sequence for integrin-mediated cell adhesion [56]. 
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From a biological point of view, gelatin as a natural polymer is therefore highly 

biocompatible. It even enhances infiltration, attachment, spreading and 

reproduction of cells [9]. In comparison to its source material, gelatin is much 

less antigenic in in vivo-applications than collagen [57]. Due to its natural origin 

and diverse and accessible functional groups, its physiological degradability is 

favorable. These properties are strongly directed by the collagen source the 

gelatin is derived from, as the amino acid composition and sequence differ from 

one origin to another [57]. For example porcine gelatin does not contain glycine 

(Gly), whereas it is present in fish scale and bone gelatin [58]. Also the age of 

an animal or the type of collagen are influencing factors. 

2.2.2 Gelatin in tissue engineering 

Due to several advantageous features, gelatin is highly interesting for TE 

purposes. A broad variety of functional end groups make the protein particularly 

attractive for chemical and biological modification and functionalization. Adding 

up to its biocompatibility, biodegradability, and low immunogenicity, it is widely 

available at low costs. Limitations are, above all, its solubility under physical 

conditions, lack in mechanical stability and a high chemical heterogeneity owing 

to production circumstances.  

Regarding fields of application, gelatin has long been utilized safely in 

pharmaceuticals, cosmetics, and food products. In clinical use, it was applied in 

areas like wound dressing and as a carrier material in vaccines [59]. Since the 

emergence of TE, various new fields of use have opened up. In regenerative 

medicine, gelatin nanoparticles have been applied for drug release [60] or 

delivery systems for cytokines and other peptides [61]. It has further been 

employed as a surface coating in order to overcome material limitations such as 

inertness of a synthetic polymer [62]. As material porosity is a crucial factor in 

production of TE materials, gelatin has made a major contribution as a porogen 

to be leached from a scaffold post-fabrication in order to create larger pore 

space [63, 64]. As it is derived from natural collagen, gelatin is also an attractive 

substrate for nanofibrous scaffolds, which have the potential to substitute native 

ECM [65]. Due to mechanical limitations it has often been applied in blends with 
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other, mostly synthetic polymers (PLGA [66], PCL [67]), as well as mixed with 

mineral components, such as hydroxyapatite [68]. Both the gelatin-inherent cell 

affinity and hydrophilicity on the one hand, and mechanical stability of synthetic 

polymers on the other hand can provide scaffolds with very attractive properties 

for TE, due to synergistic effects.  

Electrospinning of gelatin is only possible when gelatin adopts a random coil 

conformation in a solution [69]. This is not the case when gelation occurs at 

room temperature. Therefore, an aqueous gelatin solution must be heated 

during the electrospinning process to yield proper fibers [70]. However, Kwak et 

al. reported that fish gelatin can be spun at room temperature without additional 

heating due to low proline (Pro) contents [71]. Nevertheless, high surface 

tension of water solution and non-complete water evaporation make 

electrospinning of aqueous solutions complicated. Instead, toxic organic 

solvents such as 2,2,2-trifluoroethanol (TFE), trifluoroacetic acid (TFA), and 

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) have been applied [9], as well as 

acidic solvents like acetic acid and formic acid aqueous solutions with and 

without addition of ethanol [72]. Apart from solvent selection, the stabilization of 

gelatin fiber structures is a crucial issue to deal with. This can be achieved 

basically by two major methods. One is blending gelatin with other polymers 

with more favorable mechanical properties, the second one is crosslinking of 

fibers.                 

2.2.3 Gelatin crosslinking  

Despite the described advantages of gelatin as a biomaterial, several limitations 

restrict its use in biomedical applications. Under physiological conditions 

electrospun gelatin structures disintegrate at high humidity or in aqueous 

solutions due to their high surface area and fine structure [73]. This limitation 

can be overcome by use of crosslinking methods, which interconnect 

molecules, enhance molecular weight, and generally provide more mechanical 

stability. Crosslinking can be achieved either by chemical or physical 

mechanisms [74, 75]; while the chemical method establishes covalent bonds 

between molecules, physical crosslinking produces non-covalently bonded 
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ionic, hydrophobic or hydrogen bridge bonds [76]. Regarding processing, the 

crosslinking agent can be included in the spinning dope during fiber formation 

(so-called in situ-crosslinking) or applied in post-fabrication treatments. One 

general problem of chemical gelatin crosslinking are morphology modifications 

with inherent changes in material properties, decreasing the electrospinnability 

[77]. Furthermore, the toxicity of unreacted crosslinkers has been discussed 

controversially [78-80].  

Despite its possible cytotoxic effect on cells, the most widely used chemical 

crosslinker for gelatin is glutaraldehyde (GA) vapor; favorable results in 

preserving fiber diameter and porosity, as well as mechanical stabilization and 

fibroblast adhesion were achieved [81, 82].  Further, carbodiimides (e.g. EDC), 

succinimides (e.g. NHS), glyceraldehyde, genipin (GEN), hexamethylene 

diisocyanate (HDI), and oxidized phenolic compounds have also been applied. 

EDC and NHS were described to have low cytotoxicity, but this crosslinking 

method leads to agglutination and therefore an increase in fiber diameter, 

accompanied by a decrease in porosity [83, 84]. Glyceraldehyde and GEN were 

considered good crosslinking options, as they yield low toxicity and dissolution 

stability in cell culture medium at 37 °C [85]. GEN, a naturally occurring 

crosslinker extracted from gardenia fruits, has been shown to strongly improve 

Young’s modulus and stress at break of electrospun gelatin fibers [86]; further it 

has been applied successfully in a cost-effective in situ-crosslinking approach 

for gelatin fibers in a coaxial electrospinning setup [87]. HDI was employed as a 

crosslinker for in situ-crosslinked coelectrospun gelatin-methacrylate fibers in 

studies including investigation of drug release dynamics. It has been shown that 

the use of HDI enables modifying and preprogramming the release kinetics of 

gelatin meshes via crosslinking density [88, 89]. Oxidized phenolic compounds 

of vegetable origin from tannic, gallic, ferulic, and caffeic acids have been 

successfully employed as crosslinkers for gelatin fibers, with slight increase in 

fiber diameter and an increase in water stability by 30 % [90].  

In applications of physical crosslinking methods, gelatin nanofibers were 

submitted to dehydrothermal treatment. However, thus crosslinked scaffolds 

tended to lose their fibrous structure during cell culture and were also shown – 
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although less toxic – to be less biocompatible than GA crosslinked fibers [81]. 

Blends of gelatin and other polymers (e.g. poly(acrylic acid) or PEG) have been 

demonstrated to be effectively crosslinked by UV radiation [91] and 

supramolecular hydrogen bonding ureido-pyrimidinone (UPy) moieties [92].   
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2.3 Material functionalization via NCO-sP(EO-stat-PO) 

2.3.1 Chemical structure of NCO-sP(EO-stat-PO) 

Poly(ethylene oxide) (PEO) is a polymer widely used for fabrication of tissue 

engineering scaffolds, thanks to its cytocompatibility and various available 

molecular weights [93]. The macromolecule used in this study for 

functionalization of gelatin nanofibers is a six-arm star-shaped statistical 

copolymer of ethylene oxide (80 %) and propylene oxide (20 %) [94]. The 

molecular mass is approximately 12 kDa [95]. Initially, the arms are OH-

terminated and can be functionalized with various reagents to obtain reactivities 

adapted to a specific application. In this present case, isophorone diisocyanate 

(IPDI) had been attached during production, in order to obtain isocyanate 

(NCO)-functionalized reactive termini [96]. The primary, less reactive aliphatic 

isocyanate groups of IPDI remain as free functional groups at the distal ends of 

the arms. In contact with water, carbaminic acid is formed by hydrolysis of the 

isocyanate groups, and immediately decarboxylates forming amine groups. The 

latter can form urea bridges with unreacted isocyanate groups, building a three-

dimensional hydrogel matrix by intermolecular crosslinking [97] (Figure 3). In 

general, NCO groups show a high reactivity with alcohol (R-OH), amine (R-

NH2), and thiol groups (R-SH), with reaction rates rising in that order. This 

affinity leads up to a great versatility in applications [98].  

 

Figure 3: Scheme of chemical structure and crosslinking reaction of the star polymer system. 
Partially reprinted from Heyes et al. (2007) [97], with permission from The Royal Society of 
Chemistry.   
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2.3.2 Functional properties of NCO-sP(EO-stat-PO) 

In previous studies, the NCO-sP(EO-stat-PO) system was used to create non-

adhesive surfaces on polymer substrates [94, 99, 100] and, in addition, to 

improve specific cell adhesion by biofunctionalization of these surfaces [101-

103].  

PEO was found to be particularly efficient in fabrication of protein-resistant 

surfaces [104], while most authors grafted linear polymer chains on substrates 

[105]. Repelling of proteins by PEOs functions by forming a steric barrier on the 

grafted surfaces [106]. Groll et al. demonstrated that star-shaped polymers are 

beneficial in achieving a higher grafting density due to their molecular 

architecture [107, 108]. Owing to the situation of the functional groups at the 

periphery of each molecule, PEO-surface interactions, i.e. binding to a 

substrate, are more likely to occur. Packing density of the molecules increases 

with decreasing star-molecule diameter. End-functionalization of the arms, e.g. 

with NCO, further leads to a higher intermolecular crosslinking (Figure 4), 

leading to a higher surface coverage, thicker layers, and a better control of 

thickness variation [109].  

 
Figure 4: Schematic display of surface grafting of a,b) star-shaped PEO, c) linear PEO, and d) 
intermolecularly crosslinked six-arm PEO. Reprinted from Gasteier et al. (2007) [103], with 
permission from Wiley. 



2. Theoretical background 

 

16 
 

In order to create an ultrathin surface coating on silicon wafers, Groll et al. [94] 

produced a film of variable thickness (3 to 500 nm) via spinning the polymer, 

dissolved in aqueous THF, onto the substrates. Activated by water, crosslinking 

of the star-shaped molecules resulted in a dense network of NCO-sP(EO-stat-

PO) with protein repellent properties. In a specific medical application, 

Hoffmann et al. were able to show a distinct reduction of blood component-

biomaterial interaction after spin coating with the polymer [100]. Also, NCO-

sP(EO-stat-PO) converts hydrophobic into hydrophilic surfaces by the same 

mechanism, as the free terminal NCO groups at the distal arms are highly 

reactive with water [110]. Dalton et al. demonstrated that the system is able to 

provide a broad spectrum of tissue engineering materials, from nanoparticles up 

to complex channeled hydrogels, depending on the molecular mass of the 

macromer [111]. Recently, the applicability of NCO-sP(EO-stat-PO) has also 

been described in a bone TE application [112], however, its use in surface 

modification and specific bioactivation was mainly employed with flat glass, 

silicon, or titanium surfaces [99, 113] and electrospun fiber scaffolds [114-116].  

In preparation of biofunctional surfaces, reactive termini of NCO-sP(EO-stat-

PO) offer various reaction possibilities, thanks to a high reactivity of isocyanates 

with amines, alcohols and thiols. Functionalization can be realized either by 

adding functional compounds to the solution before coating, or after coating by 

reaction with isocyanates in freshly prepared or with amines (reacted from 

isocyanates) in readily crosslinked layers. Bioactive compounds can thus be 

statistically distributed or patterned by stamping onto the surface [103]. 

Components used in this context are, among others, DNA and oligonucleotides 

[101], streptavidin and NTA-receptors [102], RGB for cell adhesion [117], 

collagen and fibronectin fragments [118, 119], and growth factors and 

therapeutics with controlled release regimes [120].   Biocompatibility of NCO-

sP(EO-stat-PO) hydrogel coatings with protein immobilization of RGD and a 

surface bound growth factor (BMP-4 = bone morphogenetic protein-4) has been 

tested successfully in vivo [121].  

Recently, NCO-sP(EO-stat-PO) has been applied with success as a crosslinker 

for hyaluronic acid (HA) based hydrogels. In this case, terminal -OH groups of 
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HA react with NCO at the distal arms of the star-polymers, forming urethane 

bonds. In parallel, the described intermolecular crosslinking by urea bridges 

occurs during hydrolysis of NCO in an aqueous environment [122-124].  

As described above, the macromolecular structure of gelatin displays free 

nucleophilic groups such as alcohols and free amines. Therefore, we expect 

that NCO-functionalized sP(EO-stat-PO) has the potential to crosslink and 

functionalize gelatin-based electrospun fiber scaffolds.  
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3. Materials and methods 

3.1 Materials and chemicals 

All materials and chemicals were used as received unless otherwise stated.  

The gelatin used in this study is a Type A kind (acidic extraction) of porcine 

origin with a gel strength of ~300 g Bloom obtained from Sigma Aldrich GmbH 

(Steinheim, Germany, Lot# SLBT6921).  

For the dissolution of gelatin HFIP (1,1,1,3,3,3-Hexafluoro-2-propanol, 

C3H2F6O) of ≥99 % purity was applied. It was acquired from Sigma Aldrich 

GmbH (Steinheim, Germany, Lot# WXBC5954V).  

NCO end functionalized 6-armed sP(EO-stat-PO) (NCO-sP(EO-stat-PO)) has a 

molecular weight of approximately 12 kDa and was received by DWI-Leibniz 

Institute for Interactive Materials (Aachen, Germany, Lot## SS_CHT_7 and 

SS_CHT_8). Dissolution of NCO-sP(EO-stat-PO) was conducted with dried 

Tetrahydrofuran (THF, C4H8O, max. 0.005 % H2O), obtained from Merck KGaA 

(Darmstadt, Germany, Lot# I806407618).  

NCO-sP(EO-stat-PO) and THF were kept under a protective gas atmosphere 

(Ar) in a glovebox and in all cases unloaded shortly before dissolving and 

mixing with the other reagents to keep the reaction with atmospheric water and 

oxygen as small as possible.  

Cell studies were conducted with RAW 264.7 murine macrophages, 

transformed by Abelson murine leukemia virus. This cell line is commercially 

produced and distributed, therefore no ethics committee vote had to be sought. 

The cells were obtained from the American Type Culture Collection ATCC® 

(Manassas, VA, USA, TIB71™).  

Cell culture was performed in Dulbecco’s Modified Eagles Medium (DMEM, 

500 ml, ATCC®, Manassas, VA, USA, Cat.No. 30-2002). 10 % Fetal Calf 

Serum (FCS) and 1 % penicillin/streptomycin (both Thermo Fisher Scientific, 

Waltham, MA, USA) were added to the medium. 

Cultivation of the cells was accomplished in T75 tissue culture flasks (Greiner 

Bio-One GmbH, Frickenhausen, Germany) and non-treated 24-well plates 

(Corning®Costar®, Corning Inc., Corning, NY, USA). For experimental 
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purposes treated transparent and black 96-well plates were used (Greiner Bio-

One GmbH, Frickenhausen, Germany).  

The WST-1 assay for assessment of cell viability was conducted with Cell 

Proliferation Agent WST-1 (Roche Diagnostics GmbH, Mannheim, Germany). 

DNA quantification was performed with a PicoGreen® assay (PicoGreen 

dsDNA Quantitation Reagent (Lot ## 1915834 & 1942213, Thermo Fisher 

Scientific, Waltham, MA, USA).  

 

3.2 Fiber fabrication 

3.2.1 Spinning solutions 

Gelatin was dissolved in HFIP stirring under a fume hood in 10 ml glass 

beakers. This basic gelatin solution had a constant concentration of 5 % (w/v). 

About four hours of stirring time were needed for complete solution.  

NCO-sP(EO-stat-PO) was freshly taken out of the glovebox and dissolved in 

THF for three minutes right when the gelatin was fully dissolved. The two 

solutions were subsequently mixed for a defined time span, which was varied 

between 30 s and 24 hrs, as this factor was assumed to greatly influence the 

properties of the obtained meshes. After that the solution was electrospun 

immediately.     

In pre-experiments NCO-sP(EO-stat-PO) and gelatin were mixed at different 

ratios ranging from 1:10 to 1:1 as well as 3:2 and 3:1. According to their 

spinnability, obtained fibrous morphology and mechanical handling, three ratios 

(1:1, 1:3, 3:2) were chosen for further investigation.  

3.2.2 Solution Electrospinning 

In pre-experiments fibers were spun from solutions of varying amounts of PCL, 

an easy to spin polymer, in a mixture (1:1) of DMF (Dimethylformamide) and 

DCM (Dichloromethane) to get accustomed to the technique and the appliance 

setup. Later on, a protocol for the fabrication of gelatin fibers was established. 

Once a suitable method was applicable, another protocol for mixed NCO-



3. Materials and methods 

 

20 
 

sP(EO-stat-PO)/Gt fibers was constituted with varying ratios of NCO-sP(EO-

stat-PO) and gelatin.  

The solution of gelatin and NCO-sP(EO-stat-PO) was filled into a 1 ml plastic 

syringe (Norm-Ject, Henke-Sass, Wolf GmbH, Tuttlingen, Germany, Lot# 

15H24C8) and furnished with a 27G blunt metal needle (B. Braun Melsungen 

AG, Melsungen, Germany, Lot# 16M18G8811). Both were single-use products. 

The electrospinning apparatus was designed in-house at the Department for 

Functional Materials in Medicine and Dentistry at the University of Würzburg. Its 

three main components are a syringe pump (Model ‘11’ Plus, Harvard 

Apparatus, Holliston, MA, USA), an adjustable high voltage source (Conrad 

Electronic, Hirschau, Germany) and a stainless steel cylindric collector (Ø 6 cm, 

width 10 cm) which can be rotated at varying speeds. In the present study a 

rotation speed of approx. 68 rpm was applied. A slide underneath also allows 

translational motion, although it was kept stationary in this case. The needle tip 

with the high voltage electrode and the grounded collector are located within an 

acrylic glass encasing.  

 

 

Figure 5: Collector drum covered with aluminum foil ready prepared for electrospinning of a 
NCO-sP(EO-stat-PO)/Gt mesh sheet.  

The syringe was placed and fixated in the pump, which was operated at a 

flowing rate of 0.5 ml/hr. A high voltage was applied via an electrode directly 

clamped to the needle, whereas a constant voltage of 14 kV was found to be 
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best in order to achieve an ideal spinning process for the given material. The 

needle tip to collector distance was 15 cm. Depending on the desired 

application the fibers were collected either on aluminum foil (obtaining a wide 

compact sheet useful for most study purposes, e.g. tensile testing, see Figure 

5) or on round glass cover slips (Ø 10 mm resp. 12 mm, for cell culture 

purposes and contact angle measurement).  
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3.3 Fiber characterization 

3.3.1 Scanning electron microscopy (SEM) 

Scanning electron microscopy represents a high resolution imaging method for 

analyzing morphological and topographical features on solid state surfaces. A 

focused electron beam is moving in a high vacuum across the sample surface 

according to a defined scanning scheme. Accelerated electrons interact with 

surface atoms, generating X-ray fluorescence as well as secondary and 

backscattered electrons, which are eventually used to produce images of the 

object [125].  

For fiber characterization in this study round specimens of the electrospun 

meshes were cut with a 12 mm Ø biopsy punch from the center of each mesh, 

to avoid fabrication irregularities close to the edge. The samples were placed on 

conductive double sided carbon tape onto 12 mm Ø aluminum holders (Plano 

GmbH, Wetzlar, Germany) and coated with a 2 nm thick layer of platinum using 

a sputter coating device (Leica EM ACE600, Leica Microsystems, Wetzlar, 

Germany). Images were taken at 2.00 kV acceleration voltage with a scanning 

electron microscope (Zeiss Crossbeam 340, Jena, Germany).  

Characterization of water incubated fibers was performed by punching 12 mm Ø 

round specimens from the central parts of the meshes and fixating them onto 

14 mm Ø plastic rings (Minucells & Minutissue Vertriebs GmbH, Bad Abbach, 

Germany). The samples were then immersed in purified water (aurium® pro VF 

TOC, Sartorius Weighing Technology GmbH, Göttingen, Germany) in a Petri 

dish and stored at room temperature. After defined time intervals (15, 30, 45, 

60 min, 5 h, 1, 2, 4 d) they were removed and left to dry in a fume hood 

overnight, prior to platinum sputter coating and characterization under SEM as 

described above.    

For cross section measurements samples were cut into 2x2 mm squares and 

mounted with conductive carbon tape to a 45° angled aluminum holder. By 

further inclining the sample table of the microscope by 45° a vertical view at the 

mesh cross section was enabled. Image analysis with thickness measuring was 

conducted with FIJI image processing software [126]. 
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3.3.2 Energy dispersive X-ray spectroscopy (EDX) 

Energy dispersive X-Ray spectroscopy (EDX) is an analytical method to assess 

the elemental composition of a specimen by using the characteristic X-ray 

radiation of the material surface induced by the incident electron beam of an 

SEM. The difference in energy is emitted as a characteristic number and energy 

of X-rays, which can be detected by an energy-dispersive spectrometer. The 

results are displayed as peaks in a spectrogram and/or as an overlaying sample 

topography electron image. By this technique detection of extremely small 

amounts of an element (< 0.1 pg) is possible [125].  

In this study electrospun meshes of three different ratios of NCO-sP(EO-stat-

PO) and gelatin were measured with an EDX detector (X-Max 50, Oxford 

Instruments, Abingdon, England) before and after incubation in water for three 

days, to assess first the presence of either component and second to determine 

the changes in composition in an aqueous environment.  

NCO-sP(EO-stat-PO)/Gt ratios 1:3, 1:1 and 3:2 were electrospun on aluminum 

foil. Round specimens of the resulting mesh were cut with a 12 mm Ø biopsy 

punch. Half of the samples were mounted with carbon double sided tape onto 

aluminum SEM specimen holders and measured with EDX. The other half were 

fixated and weighted down with plastic rings and immersed in purified water for 

three days. After that they were dried under a fume hood overnight and 

subsequently also measured in the SEM.       

3.3.3 Image analysis 

In order to assess and measure different features of the electrospun fibers a 

comprehensive image analysis was conducted with FIJI (ImageJ) image 

processing software [126] and its associated plugin DiameterJ [127]. SEM 

images of 10,000x magnification were used for this purpose. Fiber diameters 

were measured by placing a grid on each image, and ~100 fiber diameters were 

established with a measuring tool, set to the respective scale bar. Averages and 

standard deviations for each image were calculated to assess mean diameters 

and variation of fiber thickness.  
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SEM images were also examined qualitatively regarding the fiber morphology, 

i.e. the shape of diameter (rounded or ribbon-shaped) and the homogeneity of 

the fiber surface. The latter was necessary because an improper spinning 

process usually leads to bead-like structures on the fibers. Specimens with 

these properties were excluded from the study.  

A further application of SEM images and FIJI was to measure the cross section 

thickness of the electrospun meshes. These values were needed for calculation 

of the stress parameter in tensile testing. Conventional measurements with a 

thickness gauge or digital caliper were not reliable so this rather inconvenient 

way had to be taken. Of each sample a minimum of three images were taken, 

and for each image at least 50 cross sections were quantified with the 

measuring tool ( Figure 6) yielding a total number of 150 measuring points per 

sample. For practical aspects cf. chapter 3.3.1.  

 

 
Figure 6: Image processing in FIJI. a) Measurement of fiber diameters. b) Determination of 
electrospun mesh thickness for later tensile testing.  

3.3.4 Water incubation and contact angle measurement   

The water stability of the electrospun fibers was analyzed on the one hand by 

weight loss experiments; on the other hand with further imaging under SEM. In 

order to assess the weight loss of the material, three selected NCO-sP(EO-stat-

PO)/Gt ratios (1:3, 1:1, 3:2) were cut into squares of 3x3 mm (n=3). The dry 

weight of the samples and their containing Petri dishes was determined with the 

help of an analytical balance ABT 100-5M (Kern&Sohn GmbH, Balingen-

Frommern, Germany) with a readability of 0.01 mg. The specimens were 
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subsequently immersed in purified water and incubated for three days covered 

with a lid at room temperature. After that they were taken out and left to dry 

under a fume hood over night and weighed out again to measure the weight 

loss after incubation. The weight difference was calculated and averaged. In 

order to test the reproducibility, these experiments were performed in three 

repetitions. Further water stability assessment was implemented by SEM 

imaging of different NCO-sP(EO-stat-PO)/Gt ratios before and after incubation 

of the material in purified water and under physiological conditions in 1xPBS 

(phosphate buffered saline) at 37 °C for defined time spans of 10 min, 30 min, 

1 h, 3 hrs, 24 hrs and 3 days.  

Fiber hydrophilicity was assessed by contact angle measurements. Therefore, 

the mixed NCO-sP(EO-stat-PO)/Gt solutions at different ratios were electrospun 

onto glass cover slips (Ø=10 mm) which were attached to the surface of the 

stationary collector. In order to avoid interference of the glass surface during 

measurement, spinning was conducted for 1 h to provide sufficient thickness of 

the meshes. This spinning time was kept consistent for all samples. 

Measurements were performed with purified water at room temperature using a 

contact angle system OCA 20 and its associated software SCA 20 (both 

Dataphysics Instruments GmbH, Filderstadt, Germany). During measuring a live 

camera image allows to track the adsorption or infiltration of a pending water 

drop onto or into the surface to be examined. In this case, one mesh covered 

cover slip was placed on the sample table and moved upwards to catch the 

pending drop. When infiltration had ceased and the drop surface was steady a 

picture was taken, which was subsequently analyzed with the software.  

     
       

   
 

E 1 
 

A baseline detection tool enables to distinguish the borderline between sample 

and water drop, while a drop surface profile is detected by another extraction 

tool. The contact angle is then calculated by the software using Young’s 

equation (E 1).   is defined as the angle at the phase boundary of gaseous, 
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liquid and solid surfaces, while   represents the interfacial tension between the 

respective aggregation states. The measured values were averaged at n=4.   

3.3.5 Tensile test 

Tensile testing of the electrospun scaffolds was performed with a universal 

testing machine (Zwick Z010, Zwick/Roell, Ulm, Germany) furnished with a 

100 N load cell and two pulling clamps, arranged in a uniaxial setting (Figure 7). 

For determining tensile strength the material was cut into rectangular test 

specimens of 15x1.5 mm. The thickness   of the specimens was established 

under SEM (as described in chapters 3.3.1 and 3.3.3) and arithmetically 

averaged. The initial length of each specimen was measured before testing. 

Because the material is rather sensitive, standardized cardboard frames were 

created to hold and stabilize the meshes during the measurement. Their sides 

were cut shortly before starting the test. 

Tensile testing itself was performed at a constant speed of 2.5 mm/min and a 

pre-load of 0.1 N. The resulting parameters of elongation [mm] and standard 

force [N] are registered and plotted in the corresponding software testXpert II V 

3.1 (Zwick/Roell, Ulm, Germany). From these data a stress-strain curve and 

Young’s modulus were calculated. Strain   is defined as the proportional 

deformation, i.e. the change in length along the tensile distance with reference 

to the initial length of the sample. Hereby    represents the distance covered 

and    the initial length (E 2): 

  
  

  
 E 2 

 

Stress   is the relationship between standard measured force   and the 

specimen’s cross section  , i.e. the width b multiplied by its height h (E 3):    
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E 3 
 

Young’s modulus E is a measure to describe the stiffness of a material and is 

displayed by the relationship between stress σ and strain ε (E 4) in a linear 

system: 

  
 

 
 E 4 

 

Figure 7: a) Customized template for cardboard frame used for tensile testing of electrospun 
fiber scaffolds; b) cardboard frame with fixated electrospun fiber scaffold specimen; c) 
experimental setup for uniaxial tensile test with pulling jaws and 100N load cell; d) specimen 
fixated to cardboard frame with double sided tape, pulling jaws holding the frame, which is cut at 
the sides shortly before testing.   
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As this parameter is not linear along the entire tensile distance, it was 

calculated in the quasi linear strain range between 0.01 and 0.05 and 

arithmetically averaged (Figure 8).  

 
Figure 8: Stress-strain curve of an electrospun NCO-sP(EO-stat-PO)/Gt scaffold with gradient 
triangle (schematic diagram). Young’s moduli were calculated from the linear section of the 
curve.  

3.3.6 Fourier transform infrared spectroscopy (FT-IR) 

The principle of FT-IR is to expose the respective sample to infrared radiation, 

whereas the molecules interact with the electromagnetic wave and start to 

vibrate. Thereby the frequency is strongly depending on the type of chemical 

bonding which allows drawing conclusions on the atoms and molecules 

involved [128]. In measuring FT-IR an absorption spectrum is generated, where 

the absorption bands are characterized by their wave number   , which equals 

the reciprocal wave length λ (E 5).  

     
 

 
 

E 5 

In this study a Nicolet is10 ATR spectrometer (Thermo Fisher Scientific Inc., 

Waltham, MA, USA) was used.  

ATR FT-IR spectroscopy (ATR = attenuated total reflection) investigates the 

interactions at the interface between a sample surface and an internal reflection 
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element i.e. a prism, in this case made of diamond. Total reflection takes place 

and a standing wave reflected from the sample surface interferes with the IR 

beam and thereby attenuates it [129].  

The resulting interferogram is matched with a reference spectrum and the 

sample spectrum is calculated via Fourier transform. For all generated spectra 

the transmission [%] was recorded within wave numbers ranging from 4000 to 

650 cm-1. Imaging was conducted with OMNIC™ Specta software (Thermo 

Fisher Scientific Inc., Waltham, MA, USA).  

3.3.7 Cell culture  

For the cell tests murine RAW 264.7 macrophages were chosen. This cell line 

has become popular in recent research for assessing the biocompatibility and 

bioactivity of natural materials, and is commonly utilized to predict in vivo 

effects. The RAW cellular response is described to reflect the human de novo 

immune response to implanted materials [130]. Therefore, these cells were 

considered to give information on the bio- and immunological compatibility of 

the electrospun hybrid meshes in this study.    

The cells were seeded on the fiber scaffolds electrospun on 12 mm Ø glass 

cover slips, placed in a non-treated 24-well tissue culture plate. As a 

comparative control, cells were also seeded on pure gelatin electrospun 

scaffolds, which had been crosslinked with 25 % glutaraldehyde vapor for 

24 hrs. The seeding scheme was 50,000 cells per well in 50 µl DMEM with 

10 % FCS and 1 % penicillin/streptomycin. Cells were incubated at 37° and a 

5 % CO2 atmosphere for 7 days. On days 1, 4 and 7 cell growth on the meshes 

was analyzed using a WST-1 viability assay and a PicoGreen™ DNA 

quantification assay. The assays were analyzed with a multichannel 

absorbance plate reader (Tecan™, Tecan Life Sciences, Zurich, Switzerland). 

On days 4 and 7 samples assigned for microscopy analysis were fixated using 

25 % glutaraldehyde and dried following a protocol with increasing 

concentrations of ethanol. These samples were examined under the SEM for 

assessment of cell morphology, proliferation, and adhesion. 
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4. Results 

The process of electrospinning natural polymers is governed by numerous 

factors (cf. chapter 2), which are in many cases hard to assess independently 

from each other. Therefore the first result chapter on the fabrication of 

electrospun NCO-sP(EO-stat-PO)/Gt fibers describes qualitative observations, 

mostly obtained in pre-experiments but nevertheless worth mentioning. The 

second results chapter eventually presents characterization of the NCO-sP(EO-

stat-PO)/Gt scaffolds with quantitative experimental approaches, such as 

mechanical, chemical and biological analyses.     

4.1 Fiber fabrication 

4.1.1 Solvent choice 

For the solution of gelatin different organic solvents were tested for their 

dissolving properties. 50 mg of gelatin were mixed with 1 ml of the respective 

solvent and the dissolution time was measured. Gelatin was not soluble in DMF, 

DCM, acetone and chloroform, but was dissolved in H2O, DMSO and HFIP. 

Solution in water takes approximately 30 min at 50 °C. The aqueous solution 

tends to solidify quickly at room temperature; therefore an electrospinning 

process was not feasible without further heating appliances. Attempts to heat up 

the solution during spinning with a heating cable were unsuccessful in the 

present apparatus configuration. Gelatin was dissolved in DMSO within 1 h, but 

the solution was not applicable for spinning either. Low gelatin concentrations in 

DMSO prevent the complete establishment of a polymer jet, while higher 

concentrations only yield poor fiber qualities. HFIP dissolves gelatin completely 

in approximately 4 hrs. It yields a solution of low viscosity, which is easy to 

handle with a syringe and thin needles such as 27G. Of all solvents, HFIP is the 

one resulting in the most favorable fiber quality (Figure 9).    

Also the solvent for NCO-sP(EO-stat-PO) further influences spinning process 

and fiber quality. In pre-experiments 25 mg of NCO-sP(EO-stat-PO) were 

dissolved in DMSO, HFIP, and THF respectively, and were mixed subsequently 

with a 5 % gelatin solution in HFIP. DMSO causes a suboptimal spinning 
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process with visible fibers, drop formation at the needle tip, and poor jet 

development. Additionally, not one single broad sheet of electrospun mesh was 

obtained but two narrow stripes of about 1 cm in width. This mesh was very 

fragile, sticky and hard to detach from the collector, therefore, it was not 

possible to handle the mesh for further experiments (e.g. tensile test). SEM 

imaging of these samples reveals an insufficient fiber formation (Figure 9). HFIP 

was ruled out as a solvent for NCO-sP(EO-stat-PO) in order to prevent early 

reactions between its hydroxyl groups and the highly reactive NCO end groups 

of NCO-sP(EO-stat-PO) before mixing with the gelatin solution. Instead dry THF 

was chosen as a solvent.      

 

 

Figure 9: Fibers electrospun from a 5% Gt solution in a) DMSO and b) HFIP; c) electrospun 
hybrid fibers from a solution of 1:2 ratio of NCO-sP(EO-stat-PO)/Gt. Gt was dissolved in HFIP, 
NCO-sP(EO-stat-PO) in DMSO. 
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4.1.2 Spinning parameters 

In the electrospinning process are the following parameters are crucial: high 

voltage, needle-collector distance, solution feeding rate, needle diameter and 

collector movement. For an optimal spinning process, voltage has to be 

adapted to form a stable but invisible polymer jet and spitting or dropping of the 

spinning dope should be avoided. In the present case, a constant voltage of 

14 kV was found to be ideal. Needle-collector distance (collection distance) 

influences the covering width of the spun meshes on the collector and also the 

quality of process and fibers. The collector width of 10 cm was best exploited at 

a distance of 15 cm. The solution was fed at a constant rate of 0.5 ml/hr, while 

higher rates lead to considerable spitting and lower rates decrease the ability to 

form a jet. The rather thin needle diameter (27G = 0.4 mm) was selected 

according to the viscosity of the solution. Thicker test solutions were spun with 

21G needles. For creating long sheets, the collector drum was rotated, when 

only small amounts of material were needed or for spinning on cover slips it 

remained stationary.   

4.1.3 Mixing time 

The reaction time of the gelatin solution with NCO-sP(EO-stat-PO) was 

expected to greatly influence the stability and the extent of crosslinking inside 

the meshes. Mixing time of the two solutions was therefore varied between 

30 min, 1 h, 4 hrs, 18 hrs and 24 hrs. Also the option of the shortest possible 

mixing time was tested. For this purpose, the NCO-sP(EO-stat-PO) solution in 

THF was added to the dissolved gelatin. Both solutions are clear initially, 

whereas they turn cloudy upon mixing. After approximately 1-2 minutes of 

agitation, the precipitate disappeared, and the solution was electrospun 

immediately. The effect of mixing time on fiber stability will be described and 

discussed further below.  
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4.2 Fiber characterization 

4.2.1 Fiber morphology 

4.2.1.1 Gelatin concentration and fiber diameter  

Different concentrations of gelatin in HFIP (5 %, 7 %, 10 %, 12.5 %, 15 % w/v) 

were electrospun for 1h at constant spinning parameters as described above. 

Figure 11 displays the different results obtained from varying gelatin 

concentrations. 15 % gelatin solution could not be used eventually in the 

spinning process due to its high viscosity. It is clearly visible that the fiber 

diameter increases strongly with increased gelatin concentration. A 

concentration of 5 % gelatin yields fibers of 500 nm to 1.0 µm in diameter. 7.5 % 

fibers vary in thickness between 1.0 and 2.0 µm, whereas fibers spun of 10 % 

gelatin solution show a width of 2.5 to 4.5 µm. A concentration of 12.5 % gelatin 

leads to an increasing loss of fiber structure, as the single strands converge and 

produce mostly a closed sheet, which makes a measurement of single fibers 

highly unreliable (Figure 10). The standard deviation therefore increases with 

increasing gelatin content. Based on fiber quality the 5 % gelatin solution was 

selected as a base solution for further spinning experiments combining gelatin 

with different amounts of NCO-sP(EO-stat-PO).  

 

Figure 10: Mean diameter of fibers electrospun from different gelatin concentrations, determined 
via SEM image processing with FIJI software. 
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Figure 11: Fibers electrospun from different concentrations of gelatin (w/v). a) 5%, b) 7.5%, c) 
10%, d) 12.5%. A higher concentration (15%) of gelatin solution was not spinnable due to high 
solution viscosity.   
 

4.2.1.2 NCO-sP(EO-stat-PO)/Gt ratio and fiber morphology 

To the basic 5 % gelatin solution, increasing amounts of NCO-sP(EO-stat-PO) 

were added systematically. NCO-sP(EO-stat-PO)/Gt weight ratio was varied 

from 1:10 up to 1:1. The maximum ratio for which a reasonable spinning 

process was applicable was three parts NCO-sP(EO-stat-PO) to two parts 

gelatin (3:2 = 1.5:1). Parameters assessed by means of SEM imaging were 

distribution of fiber diameter, mean diameter and shape of fiber cross section. 

Electrospun fiber shape and texture can occur in various forms, such as 

uniform, beaded, branched, porous, core-shell, Janus, hollow and flat/ribbon 

[131]. In this study it was achieved to produce uniform, non-beaded fibers. 

Single-strand fibers were formed throughout all NCO-sP(EO-stat-PO)/Gt ratios, 

only when NCO-sP(EO-stat-PO) content exceeded the amount of gelatin (in 3:2 

samples) branching of fibers was noticeable. All fibers show smooth and non-

porous surfaces. The prevailing fiber cross section shape was either ribbon 

shaped, rounded or a combination of both types.  
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Figure 12 gives an overview of the obtained results. It presents SEM images of 

electrospun gelatin nanofibers with increasing amounts of NCO-sP(EO-stat-PO) 

from pure gelatin to 3:2 NCO-sP(EO-stat-PO)/Gt. Regarding fiber diameter 

SEM analysis revealed that thickest fibers occurred in pure gelatin samples 

(concentration of 5 %) with an average of 0.87 µm. NCO-sP(EO-stat-PO)/Gt 

ratio 1:10 shows the smallest fiber cross section of 0.25 µm. 1:1 and 1:2 ratios 

show an average thickness of around 0.67 µm. A general increase in mean 

diameter with increasing NCO-sP(EO-stat-PO) content can be stated. 3:2 

samples with highest contents of NCO-sP(EO-stat-PO), again, show a 

thickness alike the one for lowest ratio 1:10 (0.24 µm). Concerning homogeneity 

of fiber diameters it is noticeable that pure gelatin fibers yield the most uniform 

fiber diameter, unlike mixed samples. Fiber shape varies from ribbon-shaped to 

rounded cross-sections. The ribbon shape is visible most prominently in pure 

gelatin samples; while lowest NCO-sP(EO-stat-PO) amounts (1:10) develop thin 

round fibers. A general shift from rounded to ribbon is noticeable with increasing 

NCO-sP(EO-stat-PO) contents. A pronounced change back to rounded fibers is 

noted in the 3:2 batch. Regarding diameter and fiber shape, these samples 

where NCO-sP(EO-stat-PO) exceeds the gelatin content deviate strongly from 

all others. Visible fiber crosslinking is only present in this ratio.    
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Figure 12: SEM images of electrospun pure Gt fibers and hybrid NCO-sP(EO-stat-PO)/Gt fibers 
of varying mixing ratios, relative fiber diameter distribution, mean fiber diameter, and cross 
section shape  of fibers. o = rounded fiber shape, II = ribbon shape. 
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4.2.2 Hydrophilicity 

Data of contact angle measurements for electrospun meshes with different 

ratios of NCO-sP(EO-stat-PO)/Gt and also for pure gelatin are given in Figure 

13. Highest contact angles of around 50°, equivalent to lowest hydrophilicity, 

were found in pure gelatin (5 %) as well as in ratio 1:10. With increasing NCO-

sP(EO-stat-PO) content an almost linear increase in infiltration capability, 

reflected by smaller angles, and therefore hydrophilicity can be stated. A 

general property of all analyzed samples is that infiltration of water takes place 

very quickly in NCO-sP(EO-stat-PO)/Gt samples, compared to test samples 

electrospun from PCL. A convex drop shape only remains stable for a few 

seconds before infiltration starts.  

 

Figure 13: a) Contact angles of all electrospun NCO-sP(EO-stat-PO)/Gt meshes and pure 
gelatin mesh (5 %); b) images and contact angles (θ) for hybrid ratios selected for further 
experiments.  
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4.2.3 Tensile properties 

Basic parameters measured by the Zwick device during tensile strength 

analyses are elongation [mm] and standard force [N]. In order to calculate true 

stress and strain the cross sectional area of the specimens has to be 

calculated. Therefore, the initial length l0 and the width b of the specimen, as 

well as the mesh thickness were measured before testing. The first two 

parameters could be established with a caliper, whereas measuring mesh cross 

section (thickness) was performed with the aid of SEM imaging (see chapter 

3.3.1.).  

Figure 14 shows the averaged cross sections of meshes analyzed in tensile 

testing. All specimens were electrospun under consistent conditions and 

parameters. Spinning time was 60 min for each mesh. Highest thickness values 

were measured for 1:1 and 1:2 at about 20 µm. A general trend towards thinner 

cross sections with lower NCO-sP(EO-stat-PO) contents can be observed.  

Results of tensile testing are given in Figures 14-16. NCO-sP(EO-stat-PO) 

content was varied while gelatin concentration remained constant at 5 % (w/v). 

Measured ratios of NCO-sP(EO-stat-PO)/Gt were 1:1, 1:2, 1:3, 1:5 and 1:9; 

Unfortunately, meshes of other electrospun ratios and pure gelatin meshes 

could not be utilized for tensile specimens due to their fragility and difficult 

handling. Figure 15 shows the stress-strain behavior of the electrospun hybrid 

meshes. The overall tensile strength of the samples ranges between 1.0 and 

8.5 MPa. NCO-sP(EO-stat-PO)/Gt ratio 1:1 reaches the highest strength at 

more than 8.5 MPa. 1:2, 1:3 and 1:9 showed stress values between 2 and 

4 MPa, while the lowest tensile strength was achieved by 1:5 at around 1 MPa. 

It becomes clear that an equal amount of gelatin and NCO-sP(EO-stat-PO) 

gives rise to very high levels of tensile strength compared to lower ratios. For 

instance, 1:2 mesh with half the amount of NCO-sP(EO-stat-PO) only shows 

about a third of the maximum strength of 1:1. The lowest tensile strength is not 

in accordance with the lowest amount of NCO-sP(EO-stat-PO), it was 

measured in ratio 1:5. Altogether a linear relation of tensile strength and NCO-

sP(EO-stat-PO) content cannot be observed. 
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Figure 14: SEM measured average cross section of NCO-sP(EO-stat-PO)/Gt meshes utilized 
for tensile testing.  
 
 

 
Figure 15: Stress-strain response for electrospun meshes of selected NCO-sP(EO-stat-PO)/Gt 
ratios under uniaxial tension.  

Ultimate tensile strength (UTS), strain at UTS and Young’s moduli are displayed 

in Figure 16. Corresponding to the stress-strain diagram, the highest ultimate 

strength is measured with ratio 1:1 at 8.75 MPa, however, a great variability in 

the data has to be taken into account. Nevertheless, all other ratios range at 

very low values around 0.2 MPa. It can be stated further that 1:1 ratio shows an 

exceptionally low ductility by contrast with lower ratios, as the strain at UTS was 

measured as 0.1 % while other ratios reach elongations up to 3 % and more. 
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Also Young’s modulus, which represents a measure of a material’s resistance 

to elastic deformation, was measured at 300 MPa for 1:1, other samples with 

lower NCO-sP(EO-stat-PO) content showed at least 50 % lower values 

between 50 and 150 MPa. Therefore, equal amounts of NCO-sP(EO-stat-PO) 

and gelatin seem to enhance not only the tensile strength but also the stiffness 

of the meshes.         

Overall the measured data indicate that an increase in NCO-sP(EO-stat-PO) 

gives rise to a distinct growth of tensile strength and Young’s modulus, i.e. an 

increase in stability and stiffness. However, no linear correlation of NCO-sP(EO-

stat-PO) content and stability could be determined. A decrease in NCO-sP(EO-

stat-PO) content on the other hand seems to weaken the material, but may also 

promote its flexibility.      

 

Figure 16: Tensile testing of electrospun hybrid meshes from different NCO-sP(EO-stat-PO)/Gt 
ratios. a) Ultimate tensile strength (UTS) measured as the maximum tensile stress a scaffold 
can withstand before breaking, represented in the highest point of the stress-strain curve; b) 
strain at UTS, describing the level of extension before breaking; c) Young’s moduli calculated as 
the quotient of UTS and strain, describing the material’s resistance to elastic deformation.  
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4.2.4 Weight loss  

Weight loss analyses were conducted with three selected NCO-sP(EO-stat-

PO)/Gt ratios which yielded promising potential during previous experiments, 

i.e. ratios 1:3, 1:1 and 3:2. Experiments were carried out in triplicates and 

subsequently measured values were averaged.  

Figure 17 shows the results of analyzing weight loss of electrospun NCO-

sP(EO-stat-PO)/Gt meshes after water incubation for three days. It can be 

determined clearly that ratio 1:3 is the least stable throughout with weight losses 

around 5 % (w/w). 1:1 lost on average 2.5 %, whereas 3:2 reaches an even 

higher stability than 1:1, losing about 2 % of its dry weight. Taking into account 

the standard deviation, ratios 1:1 and 3:2 show a similar loss.  

 

 

Figure 17: Relative weight loss after 3 days of water incubation for selected NCO-sP(EO-stat-
PO)/Gt ratios.  
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Figure 18: Selected NCO-sP(EO-stat-PO)/Gt ratios after three days of incubation in H2O and 
1xPBS. Fiber stability seems to increase with rising NCO-sP(EO-stat-PO) content and was 
observed to be much higher after incubation in PBS than in water.   

 

Weight loss experiments were accompanied by SEM imaging of the analyzed 

samples (ratios 1:3, 1:1, 3:2) before and after incubation in water ( Figure 18). 

Additionally the same samples were immersed in 1xPBS at 37 °C to imitate 

physiological conditions more closely.  

SEM imaging illustrates that the fiber structure in mesh 1:3 is lost completely 

after three days in H2O as well as in 1xPBS. The sample surface shows a flat 

topography with only small patches of material left over in all cases. In group 

1:1 the fibers are preserved but show strong swelling in water, associated with a 

loss of pore space between fibers. This is not the case in 1xPBS where fiber 

structure is preserved better and pores remain open. The results for 3:2 meshes 

are similar, but the fiber structure appears more pronounced and shows less 

swelling than mesh 1:1.        
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4.2.5 Fiber composition and stability  

With the aim at assessing first the reaction of gelatin and NCO-sP(EO-stat-PO), 

second to compare NCO-sP(EO-stat-PO)/Gt meshes to their base materials, 

and third to evaluate changes after water incubation, FT-IR spectras were 

produced within the wavelength range of 500 cm-1 and 3500 cm-1 of bare 

porcine gelatin, dry NCO-sP(EO-stat-PO), and NCO-sP(EO-stat-PO)/Gt hybrid 

meshes in ratios 1:3, 1:1, and 3:2.  

Figure 19 presents FT-IR spectra of bare gelatin, dry NCO-sP(EO-stat-PO) and 

electrospun NCO-sP(EO-stat-PO)/Gt hybrid fibers. Pure gelatin samples show 

characteristic bands of C=O stretching at 1630 cm-1 (amide I), C-N stretching 

and N-H bending at 1530 cm-1 (amide II), CH2 wagging at 1235 cm-1 (Amide III) 

and N-H stretching of peptide bond at around 3288 cm-1 (Amide A).  

The dry NCO-sP(EO-stat-PO) samples display a distinct band for N=C=O 

stretching at 2266 cm-1. In addition, C-O-C stretching and bending of ether at 

1105 cm-1 and 1240 cm-1, and C-H symmetric vibration at 2868 cm-1 could be 

identified for the NCO-sP(EO-stat-PO) compound.  

Spectra of hybrid fibers basically show a blending of both base materials, in that 

they combine the evident C-O-C stretching band at 1105 cm-1 from NCO-

sP(EO-stat-PO) and the Amide I, II, III, and A bands of gelatin. Comparing 

between different ratios of NCO-sP(EO-stat-PO)/Gt meshes, it can clearly be 

detected that the bands at 2868 cm-1 and 1105 cm-1 become more pronounced 

with the increasing amount of NCO-sP(EO-stat-PO). Changes in the spectra 

after water incubation as displayed in Figure 20 cannot be stated.   
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Figure 19: FT-IR spectra of pure NCO-sP(EO-stat-PO) (marked as “sPEG”), pure gelatin, and 
electrospun hybrid meshes of three selected NCO-sP(EO-stat-PO)/Gt ratios.  

 

 

 
Figure 20: FT-IR spectra of electrospun hybrid meshes of three selected NCO-sP(EO-stat-
PO)/Gt ratios in dry state and after water incubation.   
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Figure 21: EDX spectra for assessment of water stability for NCO-sP(EO-stat-PO)/Gt ratio 3:2, 
1:1, and 1:3 before and after water incubation for three days. Additionally the spectra for pure 
gelatin and NCO-sP(EO-stat-PO) are given. 
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Figure 22: Changes in element contents for NCO-sP(EO-stat-PO)/Gt ratios 3:2, 1:1, and 1:3 
before and after three day water incubation. 

 

For EDX measurements samples were analyzed before and after three days of 

water incubation in order to assess a possible loss of the components gelatin 

and/or NCO-sP(EO-stat-PO) within the crosslinked meshes in an aqueous 

environment. The method was set to detect only the elements of interest; 

therefore measured values were extrapolated to 100 %. Measuring standard 

deviation was kept constant at 0.1.       

An overview of the carbon, oxygen, and nitrogen contents for pure gelatin 

meshes and NCO-sP(EO-stat-PO) films measured with EDX is given in Table 1 

(Appendix). For both gelatin and NCO-sP(EO-stat-PO) carbon makes up for 

more than two thirds of total measured elements. Gelatin contains comparably 

high amounts of oxygen and nitrogen, whereas for NCO-sP(EO-stat-PO) no 

nitrogen could be detected, remarkably as the six-armed molecule is NCO-end-

functionalized and should contain a certain amount. However, in the EDX 
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spectrum for pure NCO-sP(EO-stat-PO) a minor nitrogen peak is visible (Figure 

21).  

Figure 22 shows the measured changes in element contents for carbon, 

oxygen, and nitrogen before and after water incubation for three days. A 

decrease in carbon content was quantifiable for all three ratios at hand, 

although only for around 5 %. However, the oxygen and nitrogen contents show 

a rise in both elements after water incubation. Table 2 additionally gives the raw 

data measured for all batches. Overall, a broad variation in measured values 

between samples of the same composition is clearly visible. The reliability and 

significance of trends in element changes measured with EDX will be discussed 

in chapters 5.2.2 and 5.2.3.  
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4.2.6 Cytocompatibility  

In order to assess cytocompatibility of the hybrid scaffolds electrospun from 

gelatin and NCO-sP(EO-stat-PO) the meshes were examined in culture with 

RAW 264.7 cells. SEM images show the cells after 3 days (Figure 24) and after 

7 days (Figure 25) of culture on meshes of different NCO-sP(EO-stat-

PO)/gelatin ratios, on glutaraldehyde (GA) crosslinked 5 % gelatin meshes for 

comparison, as well as glass cover slips as a control. Results of the WST-1 

viability assay and PicoGreen™ DNA quantification assay are displayed in 

Figure 23. 

SEM imaging revealed that cells adhere and proliferate on all three hybrid 

meshes, and also on the control slips. On pure gelatin meshes crosslinked with 

GA the number of attached cells is comparably smaller; cells show smaller 

diameters, and a high degree of rounding. On hybrid meshes 1:3 and 1:1 a 

clear loss of fiber structure (especially of ratio 1:3) in accordance with our water 

incubation experiments is observed, whereas 3:2 fibers retained their original 

configuration. However, in some samples the fiber structure was surprisingly 

preserved. Throughout, some cells show rounded shapes, but the degree of 

rounding appears to be reduced with increasing NCO-sP(EO-stat-PO) amounts 

in fibers. Also spreading of individual cells seems to be most pronounced in the 

3:2 mesh, and in any case it is more distinct than in the GA gelatin scaffolds. 

Images after 7 days of cell culture display that cell proliferation continues on the 

control and on the meshes alike; however, a beginning monolayer formation is 

visible on all scaffolds. But still, cells on mesh 3:2 seem to stretch more and do 

not cling to each other as much as on other scaffolds. Nevertheless, it is noted 

that a considerable infiltration into the fibers is lacking.                         

Cell viability as determined by WST-1 and PicoGreen assays is within an equal 

range for all three NCO-sP(EO-stat-PO)/Gt ratios. A single optimum ratio 

cannot be distinguished. However, cell viability as measured by WST-1 is 

higher on all three electrospun hybrid meshes than on the tissue culture plate 

(control) and higher than on the GA crosslinked gelatin meshes. PicoGreen 

yields highest viability values for the control group, but still viability is higher for 
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all electrospun NCO-sP(EO-stat-PO) hybrid meshes than for the conventionally 

crosslinked gelatin.  

Overall, it is obvious that RAW 264.7 cells can attach and grow on all three 

NCO-sP(EO-stat-PO)/Gt scaffolds. They appear to spread and interact better 

with the meshes with increasing NCO-sP(EO-stat-PO) contents.   

 

 

 
 
 

 
 
Figure 23: RAW 264.7 cell viability on electrospun hybrid meshes as well as on pure gelatin 
crosslinked with glutaraldehyde (5%Gt(GA)) and control on tissue culture plate. Values were 
measured via WST-1 (testing the mitochondrial succinate dehydrogenase of viable cells) and 
PicoGreen DNA quantification. Due to a loss of material, PicoGreen could not be determined for 
day 7. 
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Figure 24: SEM images of RAW 264.7 cells on electrospun meshes after 3 days of cell culture 
in close-up image and overview. a) control seeding on glass cover slips, b) 5% Gt crosslinked 
with GA, c) NCO-sP(EO-stat-PO)/Gt 1:3, d) NCO-sP(EO-stat-PO)/Gt 1:1, e) NCO-sP(EO-stat-
PO)/Gt 3:2.  

 
Figure 25: SEM images of RAW 264.7 cells after 7 days of cell culture on control cover glass, 
NCO-sP(EO-stat-PO)/Gt 1:1, and NCO-sP(EO-stat-PO)/Gt 3:2. Other ratios were contaminated. 



5. Discussion 

 

52 
 

5. Discussion 

The aim of this study was to establish an electrospinning protocol for NCO-

sP(EO-stat-PO)-stabilized and functionalized gelatin fibers, in order to produce 

water stable, non-cytotoxic tissue engineering scaffolds. It was attempted to 

achieve this by adding the highly reactive copolymer NCO-sP(EO-stat-PO) to a 

spinning dope based on gelatin dissolved in HFIP. Thanks to its functional NCO 

groups, the molecule contains a broad variety of reactivities, which should 

enable it to form covalent bonds with functional end groups (amines, alcohols) 

of the gelatin macromolecule. A crosslinking and functionalizing effect of NCO-

functionalized components in electrospun polymer fiber scaffolds has been 

shown for other materials such as PCL [132] and PLGA [116]. However, 

synthetic polymers in TE materials are known to possibly lead up to 

inflammation processes during degradation, for example by reducing the local 

pH in a tissue [133]. Further, aligning degradation time of synthetic materials 

with wound healing often causes difficulties, as the duration of degradation can 

strongly deviate from native tissue recovery [134]. Therefore, the application of 

a natural polymer such as gelatin can yield desirable results in terms of 

biocompatibility (see chapter 2.2). Combining the favorable properties of gelatin 

with the stabilizing and functionalizing effects of NCO-sP(EO-stat-PO) appears 

as an attractive and simple solution to overcome typical limitations of 

electrospun natural polymers, such as lack in mechanical stability and water 

resistance, and, at the same time, meet the needs for native ECM mimicry. 

During fiber production, solution, process, and ambient parameters were varied 

and assessed, in order to constitute a reproducible fabrication protocol (chapter 

4.1). Electrospun fibers were subsequently characterized according to their 

morphology, hydrophilicity, tensile mechanical properties, weight loss in an 

aqueous environment, chemical structure, and changes in the very same 

(chapter 4.2). Finally, cytocompatibility was evaluated in cell culture with murine 

RAW 264.7 cells (chapter 4.2.7).         
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5.1 Fiber fabrication: impact of process and solution parameters 

The process of electrospinning is governed by numerous parameters, classified 

roughly into solution, process and ambient parameters [13]. Ambient 

parameters can hardly be manipulated in the spinning process, despite this fact 

it was attempted to hold room temperature and humidity constant as far as 

possible. Further, temperature and humidity were monitored during each 

spinning process. It has to be taken into account that these parameters could 

strongly influence fiber morphology and diameter [26]. However, reproducibly 

homogeneous fibers were successfully produced in the course of this study; it is 

therefore assumed that variation of ambient parameters did not have a major 

influence on fiber properties in our case. Deviations within single batches can 

nevertheless be attributed to temperature and humidity changes. In establishing 

a spinning protocol, process and solution parameters are the controllable 

features. Process parameters such as feeding rate, nozzle diameter, applied 

voltage, needle tip to collector distance, and spinning time in this study were 

again subject to solution properties. Above all, the process had to be adapted to 

the low viscosity of the spinning dope. Therefore, a rather slow feeding rate of 

0.5ml/hr and a thin 27G needle, as well as a fairly high voltage of 14 kV were 

necessary to obtain usable gelatin fiber meshes. Spinning time was extended to 

1 h for yielding a 20 µm thick mesh at a gelatin concentration of 5 % (w/v). The 

solution properties in this case are assumed to be mainly governed by the high 

molecular weight and low solubility of gelatin in an organic solvent like HFIP. It 

was shown that fiber diameters are clearly proportional to gelatin concentration, 

whereas the best fiber results were obtained with the lowest concentration of 

gelatin (5 %). Fiber formation with higher concentrations was possible, but only 

at the expense of fiber homogeneity, diameter, and porosity. Higher gelatin 

concentrations (7.5 %, 10 %, 12.5 %) yielded thicker and more irregular fibers, 

while the pore space was diminishing with increasing gelatin concentration. 

Therefore, low solution viscosity is obviously a consequence of low gelatin 

concentration, and does not affect process or fiber quality in a negative way. 

Further, fiber diameters were shown to correlate with solution viscosity and 
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gelatin concentration. 5 % Gt concentration yielded fiber diameters of 500 to 

1000 nm, which are most convenient for mimicry of natural ECM.   

Regarding the choice of solvent, it has to be stated, that water is generally the 

chemically most suitable and most biocompatible solvent for gelatin. The natural 

polymer is practically insoluble in most organic solvents, such as alcohol, 

chloroform, carbon disulfide, ether, benzene, and acetone [135]. In the present 

case, water as a solvent is only a potential option for pure gelatin solutions, and 

has been attempted with minor success (ch. 4.1.1). Due to the described high 

reactivity of NCO-functionalized NCO-sP(EO-stat-PO), an aqueous gelatin 

solution mixed with NCO-sP(EO-stat-PO) forms a hydrogel within less than 

three minutes; with loss of all desired functionalities of the star-polymer.  

Therefore a different solvent had to be chosen. In past studies, numerous 

different possibilities have been discussed, such as TFE [70], TFA [9], DMSO, 

ethylene glycol [136], hyaluronic acid [137], acetic acid [138], formic acid [139], 

and their aqueous solutions, as well as HFIP [140]. Acidic solvents, such as 

acetic or formic acid, have been applied with success for pure gelatin fibers or 

blended fibers with cellulose and have turned out as biocompatible options 

[141]. However, due to the sensitivity of the gelatin molecule, which is prone to 

degradation by acids, application of acidic solvents is limited to dilutions in 

water. For NCO-sP(EO-stat-PO)/gelatin hybrid fibers in the present study an 

aqueous solution of any chemical must be excluded, in order to avoid 

premature reactions of NCO-sP(EO-stat-PO) and H2O, which could negatively 

interfere with the desired crosslinking of gelatin fibers by NCO-sP(EO-stat-PO) 

NCO-functional groups.         

In the present study, HFIP was chosen as a solvent, as it showed best results in 

dissolving gelatin, yielding a clear, homogeneous solution after mixing with 

NCO-sP(EO-stat-PO) dissolved in THF, as well as producing successfully 

reproducible gelatin and NCO-sP(EO-stat-PO)/gelatin hybrid fibers. HFIP 

promotes gelatin solubility due to strong hydrogen-bonding properties and its 

potential to inhibit hydrophobic interactions [142]. Nevertheless, it has to be 

taken into account that HFIP, just as TFE, TFA, and DMSO, is highly toxic to 

cells, and its residual amounts may leak from an implanted scaffold into the 
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body [143]. It has further been demonstrated that HFIP induces protein 

denaturation, specifically in increasing the percentage of α-helical secondary 

structures [144]. All of these substances can therefore never be seen as an 

ideal solution for native tissue engineering [145]. However, this drawback was 

accepted in the present in vitro study in order to investigate primarily the in situ-

crosslinking properties of NCO-sP(EO-stat-PO) in hybrid NCO-sP(EO-stat-

PO)/gelatin fibers. The aim of the described experiments was not to establish a 

more biologically compatible solvent, which evidently is an issue of great 

relevance. On the other hand, the aggressive potential of HFIP may also have 

been responsible for limitations detected during the experiments described in 

the present study in our electrospun meshes.  

5.2 Fiber characterization 

5.2.1 Fiber morphology: impact of polymer concentration and ratio 

Pure gelatin fibers were fabricated in polymer concentrations of 5 %, 7.5 %, 

10 %, and 12.5 %, whereas a 15 % solution was not spinnable due to its high 

viscosity (see ch. 5.1). An effect of variation in gelatin concentration was clearly 

detectable during SEM imaging of the electrospun fibers regarding fiber 

morphology, homogeneity, and mesh porosity. As described above, fiber 

diameters were shown to increase with growing gelatin concentrations, while 

porosity and structural homogeneity decrease analogously. During pre-

experiments, these fiber properties could be successfully reproduced and 

therefore provided tunable fiber morphology. This may be potentially useful in 

adapting fiber morphology to suit a specific application, and may further be 

interesting for so-called gradient electrospinning, where variable fiber diameters 

are produced within a single mesh, resulting in scaffolds of superior material 

properties as opposed to scaffolds using only one concentration of polymer 

[146].     

Compared to all ratios of NCO-sP(EO-stat-PO)/Gt hybrid fibers, pure gelatin 

always yielded fibers of larger diameters. Within hybrid fibers, an increase in 

diameter with increasing NCO-sP(EO-stat-PO) content was observed. Fiber 

diameters are known to be the product of a complex interaction of applied 
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voltage, strength of the electrical field, polymer concentration, conductivity of 

the solvent, and evaporation speed of the solvent [147]. As there is a multitude 

of interconnected influencing factors, it is impossible to make a statement on 

what is the exact causality of hybrid fibers being thinner than pure Gt fibers. 

Process parameters such as applied voltage and resulting field strength 

remained unchanged in both cases. It is clear, however, that a reaction must be 

taking place during hybrid fiber fabrication, resulting in a change of physical, in 

particular rheological, solution properties. Two major factors determining fiber 

size and shape are jet ejection from the needle tip and whipping of the jet due to 

bending instabilities [148]. Jet ejection at a critical voltage is linked to solution 

viscosity as well as to electric conductivity. It can therefore be assumed that the 

reaction of NCO-sP(EO-stat-PO) and gelatin leads to a change in these 

parameters. The same may be true for jet whipping in the electrical field.   

Fiber diameters increase with increasing NCO-sP(EO-stat-PO) content, but are 

always thinner than the pure Gt fibers. They reach a maximum thickness at 

NCO-sP(EO-stat-PO)/Gt ratio 1:1; once the NCO-sP(EO-stat-PO) content 

exceeded the amount of Gt (in ratio 3:2), very thin fibers again were observed. 

This can easily be explained by total polymer concentration (Gt+NCO-sP(EO-

stat-PO)) in the solution, which had to be reduced by 50 % in the latter solution 

due to its high viscosity and in order to fabricate a spinnable solution.  The total 

polymer concentration in this solution was obviously lower than in all batches 

before, which explains smaller diameters of these fibers.   

Apart from variation in fiber diameters, a shift in fiber shapes from ribbon (in 

pure Gt) to rounded (in 1:10 NCO-sP(EO-stat-PO)/Gt) was observed. The 

ribbon shape is most prominently realized in pure Gt fibers, whereas 1:1 and 

1:2 ratios show similar appearance. Lowest NCO-sP(EO-stat-PO) contents 

(1:10) lead to almost exclusively rounded fibers. From our point of view it may 

be possible that the round fiber shape occurs via a sort of longitudinal folding of 

the previous ribbon structure. Topuz & Uyar [131] attribute flat ribbon shapes to 

higher polymer concentrations and fast evaporation of the solvent from the 

mesh structure, as opposed to rounded shapes, where solvent evaporates more 

slowly, combined with a lower polymer concentration and fibers are given more 
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time to slowly roll up. This corresponds to our observations when higher NCO-

sP(EO-stat-PO)/Gt ratios lead to more flattened structures, and lower ones to 

round fibers.    

Next to fiber shapes, the investigation of crosslinking effects in the hybrid fibers 

was a major aim of the study. Visibly crosslinked fibers were exclusively 

recognized under SEM imaging in 3:2 ratio. It was demonstrated in the present 

study, that hybridization of gelatin fibers with NCO-sP(EO-stat-PO) induces 

stabilization in comparison to pure gelatin fibers, with increasing effects 

proportional to the applied amount of NCO-sP(EO-stat-PO). However, fibers did 

not show a crosslinked appearance apart from ratio 3:2. It has to be considered 

that a visible crosslinking only takes place when NCO-sP(EO-stat-PO) content 

exceeds that of gelatin. As a possible reason it is assumed that NCO groups of 

NCO-sP(EO-stat-PO) may react with OH groups of the solvent HFIP rather than 

with functional end groups (NH2, OH) of gelatin to a certain extent. 

Nevertheless, a stabilizing effect is measurable regardless the visibility.   

 

5.2.2 Fiber stability: tensile strength and water resistance 

Mechanical performance of a scaffold is an important parameter in both cell 

culture and tissue engineering, as tensile properties reflect on the strain and 

stress resistance of the material [149]. The NCO-sP(EO-stat-PO)/Gt hybrid 

meshes tested in this study represented ratios 1:1, 1:2, 1:3, 1:5, and 1:9, and 

give insight into the variation of mechanical properties along increasing NCO-

sP(EO-stat-PO) contents. However, testing of pure gelatin meshes failed, as 

their fragility did not allow utilizing them in the testing setup. Electrospun bare 

gelatin scaffolds in other studies reached ultimate tensile strengths of 0.7 MPa  

(uncrosslinked) [150], 2.5 MPa [151, 152], 9.1 MPa (both crosslinked with 

glutaraldehyde) [153], and 22 MPa (crosslinked with genipin) [154].  

Regarding hybrid scaffolds, the highest tensile strength achieved in this study 

was measured for 1:1 NCO-sP(EO-stat-PO)/Gt ratio at an average 8.5 MPa and 

a maximum 10.2 MPa. All other ratios of hybrid meshes remained below this 

value, ranging between 2 and 4 MPa. A rise in tensile strength with increasing 
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NCO-sP(EO-stat-PO) content can be stated. Hybrid scaffolds in similar studies 

were mostly fabricated by blending gelatin with PCL, which individually taken 

was reported to have a tensile strength between 3.8 MPa [155] and 12 MPa 

[156]. Blended PCL/gelatin fiber scaffolds displayed values of 3.7 MPa in a 2:1 

PCL/Gt ratio [157]. Other researchers blended 70 % gelatin with 30 % PLLA 

and reached a tensile strength of 14 MPa [154].  

Regarding elasticity the hybrid meshes show comparably high Young’s moduli 

of approximately 300 MPa for 1:1, around 150 MPa for 1:2, 1:3, and 1:9, and 

60 MPa for ratio 1:5. This may be partially attributed to the gelatin component, 

which by itself shows high rigidity. Zhang et al. [151] report a modulus of 

105 MPa for pure gelatin, whereas a PCL/gelatin hybrid mesh was measured 

with 30.8 MPa. This decrease is ascribed to the influence of PCL’s high 

elasticity. Young’s moduli for hybrid fibers of 1:1 PLLA/Gt were measured at 

around 300 MPa [154]. In future research on NCO-sP(EO-stat-PO)/Gt fibers it 

might be interesting to further investigate the tensile moduli of pure NCO-

sP(EO-stat-PO) and its influence on rigidity. It is assumed that by forming a 

chemically crosslinked layer, the stiffness of, for example, an NCO-sP(EO-stat-

PO) film will be very high. Therefore, also the electrospinnability of pure NCO-

sP(EO-stat-PO) might be interesting to be looked into. In our scaffolds the 

resistance against deformation is highest with the highest NCO-sP(EO-stat-PO) 

content, and diminishes with decreasing amounts. An increase in NCO-sP(EO-

stat-PO) makes the material more stable, but also more rigid. A requirement for 

tissue engineering materials is stability on the one hand, but also a certain 

flexibility and resilience.   

In the context of tissue engineering materials, the tensile strength and Young’s 

moduli results of in situ crosslinked fibers fabricated in our study are within the 

range of other comparable materials. However, mechanical properties of 

electrospun fibers are highly dependent on process parameters. Polymer 

composition, fiber diameter and orientation influence strongly tensile strength 

and modulus [158]. It has been shown in the previous chapters, that NCO-

sP(EO-stat-PO)/Gt fibers offer a broad range of possibilities to adapt and 

customize several parameters.    
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Next to mechanical stability, water stability of electrospun NCO-sP(EO-stat-

PO)/Gt fibers was determined. Fibers were immersed in deionized water for the 

duration of three days. Overall, weight loss did not exceed 6 % of the original 

weight for all tested meshes; specifically, 3:2 meshes lost 2 wt%, 1:1 2.5 wt%, 

and 1:3 showed a loss of around 5 wt%.   

It was reported that in hybrid gelatin/shellac composites an increasing amount 

of gelatin gives rise to more swelling, and therefore a loss of water stability 

[159]. This is in accordance with our results, where weight loss experiments and 

SEM imaging confirm a higher stability for higher ratios of NCO-sP(EO-stat-

PO), which corresponds to relatively lower amounts of gelatin. SEM images 

further show that superficial fiber structure is completely lost for ratio 1:3, 

distinctly worn out for ratio 1:1, and still negatively affected for 3:2 after three 

days in water. Fiber stability appears to be higher after same time incubation in 

1xPBS. It is assumed that mineral components in PBS help to support the 

preservation of fiber structures. Yu et al. [160] illustrate that mineral coatings 

containing calcium and phosphate can help stabilize protein conformational 

structures thanks to organizing nanoscale surface features which prohibit 

aggregation and loss of conformation in protein molecules.  

Weight loss experiments showed that material loss in the scaffolds is minor; 

however, there is a clear loss in fibrous structure. It was interesting to see which 

component is lost, as it may allow concluding which parameter failed to react in 

the crosslinking reaction, and further what prevents higher fiber stability. In 

order to evaluate closer reaction and change in components after water 

incubation, FT-IR and EDX measurements were carried out. FT-IR confirmed 

that fiber composition does not change strongly by water (see chapter 5.2.3). In 

EDX a change in elemental contents before and after water was discernible; 

carbon is lost, whereas a general increase in nitrogen and oxygen was noted. 

The spectrum for gelatin is in accordance with other reported measurements 

[161]. Nevertheless, the fact that the nitrogen content in NCO-sP(EO-stat-PO) 

could not be detected, although each of the molecule’s six arms is isocyanate 

functionalized, gives reason to doubt the reliability of the method. The position 

of the nitrogen peak within the spectrum, partly overlapped by C and O peaks, 
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might be partly responsible for difficulties in detecting it. To the best of our 

knowledge, EDX analyses of different gelatin/crosslinking agent ratios in the 

context of element loss have not been performed by other researchers yet. 

Therefore, the choice of method may have to be questioned overall. These 

results can be seen as preliminary information and require further investigation 

with a more specific methodology. However, elemental composition of the 

examined samples shifts after water incubation. This at least indicates that 

water incubation is responsible for a certain loss of material. A possible 

explanation for this might be a preliminary reaction of isocyanates with hydroxyl 

groups of the solvent HFIP, inhibiting full reaction of NCO-sP(EO-stat-PO) and 

gelatin. Concluding from this argumentation the lost component must be gelatin.  

           

5.2.3 Fiber composition: chemical structure and reaction 

With the aim of assessing the chemical structure and thus the reaction of gelatin 

and NCO-sP(EO-stat-PO), FT-IR spectra were produced within the wavelength 

range of 3500 cm-1
 and 500 cm-1 from all involved base materials and their 

hybrid meshes of different ratios. In general, infrared spectra of proteins exhibit 

5 characteristic bands, three of which are referred to as amide bands [129]. 

Strongest infrared absorption takes place in the Amide I band between 1600 

and 1700 cm-1. It is mostly evoked by C=O stretching vibrations. In the present 

study a band at 1630 cm-1 was related to this (Figure 19). The Amide II band is 

generally found at 1500 to 1600 cm-1, caused mainly by C-N stretching and is 

expressed in our gelatin at 1530 cm-1. Lastly, Amide III band is represented at 

1235 cm-1 and therefore within with the general range of 1200-1300 cm-1. The 

exact position of the bands is strongly influenced by the molecule backbone 

conformation and hydrogen bonds [162]. Therefore, the chemical structure of 

gelatin used for our experiments is in general accordance with proteins FT-IRs 

in literature [163].  

Comparing the dry NCO-sP(EO-stat-PO) samples with hybrid NCO-sP(EO-stat-

PO)/Gt meshes an obvious band for N=C=O stretching at 2266 cm-1 is found in 

NCO-sP(EO-stat-PO), which is not visible in the hybrid samples. This may 
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indicate that NCO groups were fully reacted during mixing with gelatin. Looking 

at the hybrid samples, the more pronounced bands at 2868 cm-1 and 1105 cm-1 

with the increasing amount of NCO-sP(EO-stat-PO) clearly imply a successful 

incorporation of hybrid samples.  

As expected, the FT-IR analysis of hybrid samples 1:3, 1:1, and 3:2 before and 

after water incubation did not result in significantly different bands, since weight 

loss analysis also showed only a minimum amount of mass loss (see chapter 

4.2.4). However, a close look at the regions of 2868 cm-1 and 2960 cm-1 

corresponding to C-H symmetric vibration and C-H asymmetric vibrations 

indicate, that the 2868 cm-1 band is more dominant compared to the small 

shoulder at 2960 cm-1, although both bands are present in NCO-sP(EO-stat-

PO). Since pure gelatin omits a band at 2868 cm-1 but presents a small band at 

2960 cm-1, a comparison of those bands before and after water incubation may 

suggest which material is preferentially lost during water incubation. As all water 

treated spectra show a smaller band/shoulder at 2960 cm-1 compared to their 

dry counterparts, gelatin might be the component which was washed out more 

than NCO-sP(EO-stat-PO). This would also coincide with conclusions drawn in 

chapter 5.2.2. 

 

5.2.4 Fiber biocompatibility: hydrophilicity and cell viability 

For implantation, cell growth, attachment, infiltration, differentiation, and 

biocompatibility in general, hydrophilicity of a scaffold is a crucial parameter. 

Cell attachment behavior can strongly be influenced by surface wettability [164]. 

It is reported that hydrophilicity of a fiber surface can be altered by blending 

polymers with different properties [165, 166]. In adding NCO-sP(EO-stat-PO) to 

pure gelatin fibers, the hydrophilicity and wettability should certainly be 

increased, regarding the high reactivity of its NCO-functionalized end groups 

with water. In the present study changes in hydrophilicity were determined by 

water contact angle measurements. Lowest wettability was found in pure 5 % 

gelatin fibers as well as in NCO-sP(EO-stat-PO)/Gt ratio 1:10 with contact 

angles around 50°. This value is still in a range to be described as very 
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hydrophilic [167]. Increasing NCO-sP(EO-stat-PO) contents induced an almost 

linear increase in infiltration capacity, indicating rising hydrophilicity. The 

smallest contact angles were measured for NCO-sP(EO-stat-PO)/Gt ratio 3:2 at 

21°, reflecting the highest amount of NCO-sP(EO-stat-PO). Contact angles 

measured in comparable studies were between 10 and 35° for PCL/Gt fibers 

[168], 45° for PCL/Gt fibers crosslinked with polyglycerol sebacate  [169] and 

74° for gelatin fibers crosslinked with bisvinyl sulfonemethyl [170]. All of these 

scaffolds were tested successfully in in vitro cell culture or in vivo, indicating that 

our own fibers may also be promising for in vitro cell culture in terms of 

wettability.   

In culture with RAW 264.7 cells it was shown that cells are able to attach and 

grow on the electrospun NCO-sP(EO-stat-PO)/Gt fibers. In comparison with 

5 % Gt crosslinked with glutaraldehyde, the most common crosslinking method 

for gelatin fibers, cells showed better adhesion, proliferation, and spreading. 

Enzymatic and DNA quantification assays demonstrated up to 20 % higher cell 

viability on the electrospun hybrid meshes than on GA crosslinked gelatin. The 

extent of cell rounding, indicating suboptimal and proinflammatory living 

conditions [171], seems to decrease with increasing NCO-sP(EO-stat-PO) 

content of the meshes. Overall, a general cytocompatibility of the material can 

be stated, which is in any case better than on conventionally crosslinked gelatin 

fibers.    

Regarding stability of the fiber structure, it was noted that 3:2 fibers were 

preserved, whereas fibers are either lost or swollen in ratio 1:3 and 1:1. In some 

samples, however, the fibers surprisingly were perfectly preserved. This may be 

attributed to sterilization of the meshes before starting cell culture with UV light. 

It has been reported that in situ UV crosslinking during the spinning process can 

enhance mechanical strength and water stability of electrospun gelatin fibers 

and also hybrid fibers of polyacrylic acids and gelatin [91, 172]. An effective 

post-process crosslinking with UV light has also been demonstrated [173].   

Despite cell adhesion and proliferation a lack in infiltration into the fibers was 

noted. It has been demonstrated that low porosity of a fiber scaffold can limit 

cell infiltration [174]. Pores in our electrospun hybrid meshes are not generally 
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assumed to be too small; however, in lower NCO-sP(EO-stat-PO)/Gt ratios, 

fiber swelling was observed. Obviously, this is also associated with a loss of 

pore space. This may explain the lack of infiltration especially on the swollen 

meshes, while infiltration was found more distinct in 3:2 meshes with better 

preserved fibers. If fiber stability in culture could be improved, it is likely that 

infiltration could also increase.  
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6. Summary and outlook 

The present study was carried out with the aim of fabricating electrospun gelatin 

nanofibers, in situ functionalized and stabilized during the spinning process with 

highly reactive NCO-sP(EO-stat-PO). Scaffolds were required to be 

reproducible, homogeneous, stable, flexible, and biocompatible, aiming at 

mimicking natural ECM structures as closely as possible. In the first part of our 

experiments the main focus was placed on establishing a spinning protocol in 

order to fabricate bead-free fibers with suitable handling properties and stability 

to perform further investigations such as mechanical testing, water contact 

angle determination, water and PBS incubation, FT-IR, and EDX 

measurements. Fiber morphology was extensively analyzed via SEM imaging. 

Finally, the scaffolds were examined in terms of their biocompatibility in cell 

culture with murine RAW 264.7 macrophages.  

Regarding fabrication it was found that gelatin concentration sets the baseline 

for fiber quality. A concentration of 5 % (w/v) gelatin yielded fibers with 

diameters in the range of native ECM (250 – 900 nm), and was therefore 

chosen as basic solution to be mixed with NCO-sP(EO-stat-PO). 

Electrospinning of homogeneous, bead-free hybrid NCO-sP(EO-stat-

PO)/gelatin fibers in ratios varying from 1:10 up to 3:2, was successfully 

accomplished. High NCO-sP(EO-stat-PO) amounts, as applied in ratios 1:2 and 

1:1, produced broad fiber diameters similar to pure gelatin, between 700 and 

900 nm, whereas this was not found possible in lower NCO-sP(EO-stat-PO) 

contents and 3:2 meshes, which only allow for diameters between 250 and 

600 nm. A general increase in fiber diameter with increasing NCO-sP(EO-stat-

PO) content was detected. In accordance with literature fiber shape was flat and 

ribbon shaped for high polymer concentrations, e.g. 1:1 and pure gelatin, 

whereas in lower NCO-sP(EO-stat-PO)/Gt ratios rounded fibers occurred.     

Mechanical properties of the scaffolds were evaluated with uniaxial tensile tests. 

Ultimate tensile strength of 8.5 MPa and Young’s moduli between 150 and 

300 MPa can stand comparison with other fibers in comparable studies. Water 

stability of the meshes was further assessed in water incubation experiments. 

Ratio 3:2 proved to be most water stable, but in all three ratios selected for 
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testing, fiber structure was either entirely lost (1:3) or fibers showed distinct 

swelling (1:1, 3:2). Much better structural preservation was observed after 

incubation in 1xPBS. It is assumed that minerals in the solution support fiber 

stability. Fiber composition was investigated via FT-IR, EDX, and weight loss 

measurements. The desired crosslinking reaction between NCO-sP(EO-stat-

PO) and gelatin was found to be successful to a substantial extent. However, it 

requires further investigation. It was observed in weight loss experiments that a 

loss of material, although minor (<6 %), is discernible. EDX results hint at a shift 

in element composition towards higher nitrogen and oxygen (+5-10 %), and 

lower carbon contents (-5 %) after water incubation. This is in accordance with 

weight loss, so it is likely that a component is partially lost. FT-IR spectra 

indicated further that NCO-sP(EO-stat-PO) had fully reacted, whereas hybrid 

meshes show smaller gelatin bands after incubation, which was interpreted as 

washing out of gelatin. In order to further investigate how to stabilize this 

composition, it remains to be evaluated what amount of reactivity may possibly 

exist between NCO-sP(EO-stat-PO) and solvent components. We suspect that 

hydroxyl groups of HFIP might react with NCO groups of NCO-sP(EO-stat-PO), 

disturbing the desired reaction of NCO-sP(EO-stat-PO) and gelatin to a certain 

extent, although the reaction is not fully inhibited.        

In terms of biocompatibility, it was shown that hydrophilicity of the already 

hydrophilic pure gelatin could be further increased with addition of NCO-sP(EO-

stat-PO), and a linear progression of wettability with rising contents could be 

stated. During cell culture it was found that RAW 264.7 cells can successfully 

adhere and proliferate on the electrospun hybrid meshes. Cell growth and 

attachment was observed to be better on the NCO-sP(EO-stat-PO) stabilized 

scaffolds than on the same gelatin meshes conventionally crosslinked with 

glutaraldehyde. However, if higher fiber stability was achieved, cell infiltration 

could be improved even further.  

It was shown that the natural polymer gelatin can be effectively co-electrospun 

with NCO-sP(EO-stat-PO) to fabricate biocompatible and stable fiber scaffolds. 

Future research should primarily aim at perfecting the crosslinking reaction, with 

a special focus on the solvent component. 
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8. Appendix 

Table 1: EDX quantified element contents in pure gelatin and NCO-sP(EO-stat-PO). 

Sample Element Content [%(w/w)] 

Pure gelatin C 67.2 

 
O 13.6 

 
N 19.2 

Pure NCO-sP(EO-stat-PO) C 76.9 

 
O 23.1 

 
N 0.0 

 

Table 2: EDX measured element contents of different ratios of NCO-sP(EO-stat-PO) crosslinked 
meshes in %(w/w) before and after water incubation. Results are displayed for all measured 
batches.  

NCO-sP(EO-stat-PO) : Gt = 3 : 2 

Batch   Element
nt 

Before After 

1 C 75,4 73,0 

 
O 18,0 19,2 

 
N 6,5 7,7 

2 C 74,2 70,0 

 
O 18,8 21,8 

 
N 7,0 8,2 

3 C 77,3 71,3 

 
O 14,8 21,0 

 
N 8,0 7,4 

 

NCO-sP(EO-stat-PO) : Gt = 1 : 1 

Batch  Element Before After 

1 C 74,5 73,8 

 
O 16,1 16,9 

 
N 9,3 9,3 

2 C 73,0 71,3 

 
O 17,2 17,4 

 
N 9,8 11,2 

3 C 74,8 70,8 

 
O 15,1 17,4 

 
N 10,1 11,8 

 

 

NCO-sP(EO-stat-PO) : Gt = 1:3 

Batch  Element Before After 

1 C 72,5 70,3 

 O 15,9 17,9 

 N 11,7 11,8 

2 C 70,6 65,3 

 O 15,0 19,5 

 N 14,3 15,3 
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