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Layered Gradient Nonwovens of In Situ Crosslinked 
Electrospun Collagenous Nanofi bers Used as Modular 
Scaffold Systems for Soft Tissue Regeneration
 In a versatile modular scaffold system, gradient nonwovens of in situ 
crosslinked gelatin nanofi bers (CGN), fabricated by reactive electrospinning, 
are laminated with perforated layers and nonwovens of thermoplastic non-
crosslinked biodegradable polyesters. The addition of glyoxal to a gelatin solu-
tion in a non-toxic solvent mixture consisting of acetic acid, ethyl acetate, and 
water (5:3:2 w/w/w) enables the in situ crosslinking of gelatin nanofi bers during 
electrospinning. The use of this fl uorine-free crosslinking system eliminates the 
need of post-treatment crosslinking and purifi cation steps typical for conven-
tional CGN scaffolds. The slowly progressing crosslinking of the dissolved 
gelatin in the presence of glyoxal increases the viscosity of the gelatin solution 
during electrospinning so that the average diameter of the crosslinked gelatin 
nanofi bers gradually increases from 90 to 680 nm. During the subsequent 
lamination process, alternating layers of CGN and polycaprolactone (PCL) 
nonwovens, produced by 3D microextrusion of micrometer-sized PCL fi bers, are 
bonded together upon heating above the PCL melting temperature. In contrast 
to the water-soluble gelatin nanofi bers and the comparatively weak CGN, the 
CGN/PCL/CGN layered biocomposites are water-resistant and very robust. In 
such modular scaffold systems, strength, biodegradation rate, and biological 
functions can be controlled by varying the type, composition, fi ber diameter, 
porosity, number, and sequence of the individual layers. The CGN/PCL multi-
layer biocomposites can be cut into any desired scaffold shape and attached to 
tissue by surgical sutures in order to suit the needs of individual patients. 
  1. Introduction 

 Regenerative medicine represents a rapidly progressing fi eld 
with interdisciplinary interplay at the frontiers of materials 
science, bioengineering, cell biology, and biomedicine. [  1  ]  One of 
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the main challenges for material scientists 
in tissue engineering is the development 
of scaffolds as three-dimensional tem-
plates that mimic the extracellular matrix 
(ECM) and enable tissue regeneration. 
Resembling fi brous ECM structures with 
their nanometer-scaled dimensions, 
nanofi ber nonwovens as well as micro-/
nanohybrid nonwovens are well recog-
nized as very promising candidates for 
scaffold fabrication owing to their 
extremely large specifi c surface area com-
bined with facile tailoring of binding sites 
on the nanofi ber surfaces. [  2–4  ]  Compared 
to conventional macro- and microporous 
scaffolds, collagenous nanofi ber nonwo-
vens require much smaller cell concentra-
tions to enable effective cell seeding, cell 
adhesion and proliferation. Moreover, cell 
growth and effective diffusion of nutrients 
and oxygen are not restricted to the scaf-
fold surface but take place throughout the 
entire scaffold. Among polymer processing 
technologies, electrospinning represents 
the leading technology with high cost-
effectiveness and extraordinary versatility 
in terms of tailoring multifunctional 
nanofi ber and nonwoven architectures. In 
the high-voltage electrical fi eld between 
the injector and the collector, the jet stream of a poly mer solu-
tion emerges from a capillary tube of a syringe and deposits a 
random pattern of dry ultrafi ne fi bers on the collector, thus pro-
ducing nanofi ber nonwovens. A remarkably wide variety of poly-
mers has been converted into nanometer- and micrometer-sized 
fi ber nonwovens by means of electrospinning. [  1  ,  5  ,  6  ]  In recent 
years, electrospinning has been successfully applied to fabricate 
biomimetic protein nanofi ber scaffolds. [  7  ]  Electrospinning of 
synthetic and natural polymers has been used to design ECM-
like nonwovens as model systems to achieve a better under-
standing of biocompatibility and cell proliferation characteristics. 
For example, synthetic biodegradable polymers such as poly-
caprolactone (PCL) [  8–11  ]  and polylactide (PLA) [  12–14  ]  were success-
fully electrospun and tested in vitro. In spite of their excellent 
mechanical strength, most synthetic poly mers were found to be 
inferior to natural biopolymers, which afford much better cell 
adhesion combined with more effective cell proliferation. As a 
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consequence, natural biopolymers, such as gelatin, were blended 
with synthetic polymers such as PCL, [  15  ,  16  ]  PLGA, and PLA, [  17  ]  
for applications in electrospinning. [  18  ]  In another approach 
toward improving the performance of synthetic polymers, gel-
atin was grafted onto synthetic fi bers. [  19  ,  20  ]  Compared to their 
fully synthetic counterparts, both blends and grafts afforded 
markedly improved cell growth. Furthermore, the incorporation 
of natural biopolymer nanofi bers provided far superior biocom-
patibility and excellent cell adhesion owing to the presence of 
effective binding sites that guide cell adhesion, ECM formation, 
and cell proliferation. [  21  ]  However, both their high degree of 
water swelling and their inherent lack of mechanical stability in 
an aqueous medium represent striking drawbacks typical of 
most natural polymers, particularly water-soluble gelatin. This is 
very problematic with respect to their envisioned applications in 
surgery. Therefore, extensive research has been aimed at post-
spinning crosslinking, thus rendering nanofi bers water-resistant 
without sacrifi cing cell adhesion and bioresorption. [  21–25  ]  Typi-
cally, post-spinning crosslinking of collagenous nanofi bers 
involves gas-phase crosslinking using glutaric aldehyde 
vapor, [  23–25  ]  genipin [  22  ,  25  ]  or D,L-glyceraldehyde [  25  ]  as crosslinking 
agents. However, most of these two- or multistep processes are 
tedious, expensive, and diffi cult to implement into scaled-up 
fabrication of nonwovens. In view of scaffold manufacturing 
and the envisioned applications, it is highly desirable to elimi-
nate post-treatment steps by enabling in situ crosslinking during 
electrospinning. A one-step electrospinning process for the in 
situ crosslinking of chitosan nanofi bers, which produces water-, 
base-, and acid-resistant chitosan nonwovens, was developed by 
Schiffman and Schauer, who added glutaric aldehyde as a 
crosslinking agent to chitosan solutions in trifl uoroacetic acid 
prior to electrospinning. [  23  ]  They demonstrated that their one-
step process was 25 times faster than the two-step process using 
post-electrospinning crosslinking. Nguyen et al. described the 
fi rst successful in situ crosslinking of gelatin during electrospin-
ning. They used a very small amount of glutaric aldehyde as a 
crosslinking agent for gelatin solutions in trifl uoroacetic acid. [  26  ]  
In addition to strong acids, other preferred fl uorine-containing 
solvents for dissolving gelatin include highly toxic fl uorinated 
alcohols such as 1,1,1,3,3,3-hexafl uoro-2-propanol and 2,2,2-trif-
luoroethanol (TFE). With regard to scale-up and commercial 
applications, the elimination of fl uorine-containing, toxic, and 
highly corrosive solvents has very high priority with respect to 
eliminating potential pollution and health hazard problems. 
Furthermore, meeting the stringent demands of medical appli-
cations would require extensive purifi cation to ensure the quan-
titative removal of trace amounts of residual toxic fl uorinated 
compounds. Owing to the formation of very strong hydrogen 
bridges between proteins and fl uorinated acids and alcohols, 
this purifi cation is rather diffi cult for protein fi bers. In their co-
solvent approach, Song et al. developed a fl uorine-free solvent 
system for electrospinning non-crosslinked gelatin nanofi bers 
using a mixture of acetic acid, ethyl acetate, and water 
(5:3:1 w/w/w). [  27  ]  Recently Wnek et al. developed a in situ 
crosslinking method for electrospun gelatin fi bers. They used 
1-ethyl-3-(3-dimethyl-aminopropyl)-1-carbodiimide hydrochlo-
ride (EDC) and N-hydroxysuccinimide (NHS) as crosslinker-
system in collagen-ethanol-PBS solution. After storing the fi bers 
at a controlled humidity of 43% for three days they obtained 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
water-stable fi ber-mats. [  28  ]  In spite of this successful fabrication 
of gelatin nanofi ber nonwovens by means of electrospinning, 
most state-of-the-art gelatin-based nonwovens lack mechanical 
stability in an aqueous environment. This prerequisite is critical 
for the successful application of scaffolds in surgery because 
this requires manipulation of the scaffolds in an aqueous 
medium, their subsequent transfer from cell cultures without 
loss of structural integrity, and to their attachment healthy tissue 
by means of surgical sutures. In recent approaches towards 
manufacturing of scaffolds, the use of solid freeform fabrication 
in rapid prototyping exploits computer-guided layer-by-layer 
manufacturing to produce scaffolds with tailored pore size, pore 
distribution, and porosity. [  29–34  ]  For example, solid freeform fab-
rication was employed to fabricate a variety of collagen scaffolds 
with internal vascular architectures. [  35  ]  Whereas most rapid pro-
totyping processes are restricted to highly specialized formula-
tions, the 3D microextrusion process (also known as 3D 
dispensing, 3D microplotting, 3D Bioplotting, or 3D fi ber depo-
sition) is extraordinarily versatile with respect to the very wide 
choice of materials, which ranges from ceramic and metal pastes 
to polymer melts, dispersions, solutions, and even hydrogel pre-
cursors. [  36  ]  According to CAD/CAM-3D dispensing results, the 
patterns of the 3D-deposited micrometer-sized strands are 
readily varied, producing scaffolds with controlled 3D architec-
tures and interconnected micrometer-sized pores. [  34–37  ]  Com-
pared to the electrospun nonwovens with large specifi c surface 
areas, the 3D-plotted structures afford much larger fi ber diame-
ters, larger pores, and fewer binding sites on the surface, thus 
accounting for lower cell seeding effectiveness and higher 
mechanical stability in an aqueous medium. It is thus desirable 
to combine the structural features typical of electrospinning and 
3D fi ber deposition. The resulting scaffolds with hierarchical 
architectures contain ECM-like electrospun layers with large 
specifi c surface areas. These function as “cell sieves” with effec-
tive binding and ECM-like stimulation of cell proliferation, 
whereas the layers of macroporous nonwovens provide rein-
forcement and robustness. This intriguing concept of hierar-
chical electrospun multilayer scaffolds was fi rst achieved by the 
groups of van Blitterswijk [  41  ]  and Kim [  42  ,  43  ]  by integrating elec-
trospinning into the 3D fi ber microextrusion process. Electros-
pinning of fi bers (10  μ m) on 3D-plotted fi ber webs (300  μ m) 
was reported to enhance cell entrapment and the wetting capa-
bilities of such scaffolds. [  41  ]  Moreover, it was observed that 
chondrocytes maintained their rounded morphology in hierar-
chical scaffolds, whereas they spread in conventional scaffolds 
produced by 3D microextrusion. [  41  ]  Electrospinning of PCL/
small intestine submucosa and PCL/silk fi broin blends directly 
onto 3D-plotted microstrands afforded hierarchical biocompos-
ites exhibiting both markedly improved cell adhesion and prolif-
eration of bone marrow-derived mesenchymal stem cells. [  42  ]  

 Herein we report on the development of modular scaffold 
systems and micro-/nanohybrid biocomposites in which colla-
genous nanofi ber nonwovens, produced by electrospinning and 
in situ crosslinking, are laminated with bioresorbable polyester 
layers that serve simultaneously as a perforated hotmelt adhesive 
patch and as reinforcement. An important objective has been the 
in situ crosslinking of gelatin nanofi bers during electrospinning 
by the use of nontoxic, fl uorine-free crosslinking systems, thus 
aiming at the fabrication of gradient nonwovens with average 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3277–3285
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   Table  1.     The in situ crosslinked samples. 

Sample Gelatin concentration [wt%] Solvent Crosslinker  n (Crosslinker)/ m (Gelatin) [mol · g  − 1 ]

gel14/42 14 AWE a) glyoxal 42  ×  10  − 5 

gel14/74 14 AWE a) glyoxal 74  ×  10  − 5 

gel14/158 14 AWE a) glyoxal 158  ×  10  − 5 

gel14/195 14 AWE a) glyoxal 195  ×  10  − 5 

gel14/GTA13 14 AWE a) GTA c) 13  ×  10  − 5 

gel8TFE/135 8 TFE b) glyoxal 135  ×  10  − 5 

    a) Acetic acid/ethyl acetate/water (5:3:2 w/w/w):  b) TFE: trifl uoroethanol;  c) glutaric aldehyde.   

     Figure  1 .     Storage ( G′ ) and loss modulus ( G″ ) as a function of time 
for gelatin/AWE using two different glyoxal contents: 74  ×  10  − 5  mol · g  − 1  
(gel14/74) and 158  ×  10  − 5  mol · g  − 1  (gel14/158).  
fi ber diameters that gradually increase from 100 to 1000 nano-
meter during electrospinning. This lamination process is very 
versatile and does not require integration of the electrospinning 
process into the fabrication of porous polyester layers. The infl u-
ences of glyoxal content, solvents, processing conditions and 
gradient formation on nonwoven architectures, cell adhesion 
properties, water-resistance, water-swelling, and the mechanical 
properties in an aqueous medium are investigated.   

 2. Results 

 In the modular system, electrospun in situ crosslinked gelatin non-
wovens (CGN) with nanometer-sized fi ber diameters were bonded 
together with non-crosslinked 3D-microextruded PCL nonwovens 
with micrometer-sized fi ber diameter by heating the multilayer 
system above the PCL melting temperature. To reduce water-
swelling and improve water resistance it is imperative to crosslink 
gelatin nanofi bers during electrospinning without using toxic 
fl uorinated solvents. In our “mixing prior to spinning” process, 
glyoxal and glutaric aldehyde (GTA) were added as crosslinking 
agents to gelatin dissolved in a solvent mixture consisting of acetic 
acid, water, and ethyl acetate (5:2:3 w/w/w), denoted hereinafter 
as AWE. For comparison, trifl uoroethanol (TFE) was also used as 
solvent. As shown in  Table    1  , the gelatin content, the amount of 
crosslinking agent, and the process conditions were varied sys-
tematically to optimize the conditions for in situ crosslinking of 
gelatin. An important objective was to match the crosslinking rate 
and the duration of electrospinning. Slow crosslinking speed is 
essential to assure the pot life of the gelatin solution containing 
the crosslinking reagent in order to enable stable electrospinning 
for several hours without premature gelation of the gelatin solu-
tion in the feed system. The infl uence of these parameters on the 
nonwoven architectures was determined by means of scanning 
electron microscopy (SEM). After immersing the laminated CGN/
PCL micro-/nanohybrid scaffolds in water, stress/strain testing 
was employed to measure the mechanical properties of the non-
wovens in an aqueous environment.   

 2.1. Monitoring in situ Crosslinking 

 The viscosity of the spinning dope is one of the key param-
eters governing electrospinning. The average diameter of 
electrospun fi bers generally increases with increasing solution 
viscosity until a high viscosity and degree of gelation render 
electrospinning impossible. The viscosity is a function of the 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 3277–3285
gelatin content and the polymer molecular weight. When 
crosslinking agents such as glyoxal and glutaric aldehyde (GTA) 
are added to the gelatin solution, chain extension accounts for 
molecular weight build-up and increased viscosity. As soon 
as many gelatin molecules are linked together, networks are 
formed, accompanied by a drastic increase in viscosity and gela-
tion. Owing to the comparatively low throughput of this elec-
trospinning process in which spinning takes several hours, the 
crosslinking rate must be adjusted to the spinning time, thus 
preventing processing problems relating to premature gelation 
accompanied by plugging of the feed lines. The infl uence of 
the glyoxal content was monitored by means of solution rhe-
ology by measuring changes of the solution viscosity (  η  ), the 
storage modulus ( G’ ), and the loss modulus ( G’’ ) as a function 
of time. For comparison and as a benchmark to the state-of-the-
art solvent systems, gelatin was crosslinked with glyoxal in trif-
luoroethanol (gel8TFE/135, Table  1 ) and with GTA in the AWE 
solvent mixtures (gel14/GTA13, Table  1 ). As is apparent from 
 Figure    1  , crosslinking gelatin solutions with glyoxal in AWE is 
a relatively slow process; however, it can be readily controlled by 
varying the glyoxal/gelatin ratio and matching the required pot 
life of the gelatin solutions for electrospinning. Doubling the 
glyoxal content decreased the gel time (measured as  G′ equal 
3279wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  2 .     Storage ( G′ ) and loss modulus ( G″ ) for glyoxal-mediated 
crosslinking in TFE (gel8TFE/135) and for gelatin crosslinking in AWE 
using GTA as the crosslinking agent (gel14/GTA13).  
to G ″  ) from 2100 to 600 min. In sharp contrast, as shown in 
 Figure    2  , replacing glyoxal by GTA and substituting the fl uo-
rine-free AWE solvent mixture by fl uorine-containing TFE led 
to drastically increased crosslinking rates with much shorter gel 
times of only a few minutes after mixing the components. This 
striking difference in reactivity is also clearly visible in  Figure    3  , 
which shows the solution viscosity as a function of time for 
various solvents and crosslinking systems. Whereas all gelatin/
glyoxal mixtures in the AWE solvent mixtures afforded a rela-
tively slow viscosity increase over a period of many hours, an 
instantaneous viscosity build-up was observed for both TFE sol-
vents and GTA addition. On the basis of the gel times and the 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  3 .     The solution viscosity as a function of time for various types and 
amounts of crosslinking agents and fl uorinated and fl uorine-free solvents.  
above rheological measurements, TFE- and GTA-mediated rapid 
crosslinking reactions do not meet the requirements of the 
electrospinning process. Therefore, it is not surprising that all 
our attempts to use GTA-mediated crosslinking in electrospin-
ning of gelatin have failed. In fact, we observed instant gelation 
when a droplet of GTA was added to a TFE solution of gelatin. 
In contrast to TFE and GTA, the use of glyoxal together with 
the fl uorine-free AWE solvent system offers a much broader 
processing window, thus enabling in situ crosslinking of gelatin 
solutions during electrospinning and easy process control.      

 2.2. Morphologies of CGN Nonwovens 

 As illustrated in  Figure    4  , electrospun samples of the nonwovens, 
which were prepared by in situ by glyoxal-mediated crosslinking 
of gelatin dissolved in AWE (gel14/158, Table  1 ), were recovered 
during electrospinning and investigated by means of scanning 
electron microscopy (SEM).  Table    2   lists the observed average 
fi ber diameters with respect to time. Obviously, the increase in 
solution viscosity during electrospinning was paralleled by an 
increase in CGN diameters, as refl ected by the formation of a 
distinct fi ber diameter gradient. Small fi ber diameters of around 
90 nm were formed in the bottom layer of the CGN nonwovens. 
As the viscosity increased during electrospinning, the fi ber 
diameter gradually increased, approaching 680 nm in the top 
layer after electrospinning for 240 min. Hence, matching of 
crosslinking and electrospinning rates provides a means to con-
trol gradient formation during electrospinning.    

  Water resistance and crosslinking:  To assess crosslinking 
resulting from glyoxal addition, we examined water-uptake 
and monitored conversion of the primary amino groups as a 
function of the glyoxal content. Whereas non-crosslinked gel-
atin nanofi bers disintegrate and dissolve immediately upon 
contact with water, the addition of small amounts of glyoxal to 
the gelatin solutions renders CGN nonwovens water-resistant 
without eliminating high water-uptake. In fact, the CGN non-
wovens can be stored in water for a prolonged period of time 
without loosing their structural integrity.  Table   3  lists the water 
uptake, as measured after immersing the CGN nonwovens in 
distilled water for 24 h at 37  ° C. The samples were pressed 
between fi lter papers until the fi lter papers stopped showing 
any signs of wetting. Although it is not possible to distinguish 
between water uptake resulting from adsorption and nanofi ber 
swelling, all CGN nonwovens exhibited around 260% water 
uptake with respect to their weight prior to immersion in water. 
At the lowest glyoxal content, which is equivalent to the lowest 
crosslink density, the water uptake increased to 370% without 
adversely affecting the structural integrity of the CGN nonwo-
vens. For the envisioned applications in tissue engineering, 
this high water uptake is quite benefi cial and refl ects a high 
hydrophilicity as well as excellent wetting of CGN nonwovens. 

 The crosslinking reaction was monitored by determining the 
conversion of primary amine groups as a function of the glyoxal/
gelatin ratio using a 2,4,6-trinitrobenzenesulfonic acid (TNBS) 
assay according to procedures described by Bubnis and Ofner. [  44  ,  45  ]  
It should be noted that this amine conversion is only a qualita-
tive measure of the crosslinking density because glyoxal can react 
with a primary amine group without necessarily contributing to 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3277–3285
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     Figure  4 .     SEM images of glyoxal-mediated in situ crosslinking of gelatin nonwovens (gel14/158 in Table  1 ): Infl uence of the electrospinning duration 
and viscosity built-up on the average fi ber size and gradient formation.  
crosslinking.  Figure    5   shows the decrease in the primary amine 
content of gelatin with increasing glyoxal/gelatin (mole/weight) 
ratio. The higher the glyoxal content in the spin dope, the lower 
was the resulting content of primary amine groups. Assuming that 
imidazolium crosslinks [  46  ]  are formed when the primary amine 
group of the lysine moiety reacts with glyoxal, at least one mole of 
glyoxal should react with one mole of primary amine group. This 
means that complete crosslinking of the gelatin powder requires at 
least (30.5  ±  0.7)  ×  10  − 5  mol glyoxal per gram gelatin (cf. Table  3 ). 
© 2013 WILEY-VCH Verlag Gm

   Table  2.     Fiber gradient formation during electrospinning. 

Time [min] 0 30 60 90

Fiber diameter [nm] 90  ±  40 140  ±  60 180  ±  80 230  ±  70

Adv. Funct. Mater. 2013, 23, 3277–3285
In all our experiments we used a glyoxal excess of at least 1.37 
equivalents. The highest glyoxal excess of 6.3 equivalents gave the 
highest observed primary amine conversion of 76.4%.    

 2.3. Cell Tests 

 To investigate whether the CGN enables cell adhesion and 
growth, periodontal tissue cells, i.e. human gingival keratinocytes 
3281wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  5 .     TNBS assay: Measuring the infl uence of the glyoxal/gel-
atin ratio (mol · g  − 1 ) on the residual content of primary amines after 
electrospinning.  

   Table  3.     Water uptake, primary amine content, and amine conversion of 
CGN nonwovens. 

Sample Content of primary amines 
[10  − 5  mol · g  − 1 ]

Conversion of 
primary amines [%]

Water uptake 
[%]

gel14/42 15.0  ±  0.4 50.8 370  ±  30

gel14/74 10.3  ±  0.6 66.2 260  ±  13

gel14/158 8.3  ±  0.4 72.8 270  ±  11

gel14/195 7.2  ±  0.3 76.4 280  ±  10

gelatin powder 30.5  ±  0.7 0 soluble
(GKs) and human gingival fi broblasts (GFs), were seeded on the 
membrane.  Figure    6  a shows the GKs after a cultivation period of 
48 h. The GKs adhered very well to the CGN and exhibited their 
typical cell morphology. Figure  6 b shows that the GFs formed an 
almost confl uent layer on the CGN. To substantiate these fi nd-
ings we investigated single cells on thin layers of CGN using 
fl uorescent microscopy. Staining for F-actin revealed that the 
GKs were bridged between the fi bers (Figure  6 c, green) and that 
the GFs adhered to the fi bers. The F-actin fi ber network bridged 
the gelatin meshwork (Figure  6 c). Indirect immunofl uorescence 
of vinculin, a focal contact associated protein, (Figure  6 c,d, red) 
revealed co-localization with F-actin, particularly where the cells 
were adhering to the CGN fi bers (Figure  6 c,d, arrows).    

 2.4. Laminated CGN/PCL Hybrid Systems 

 In spite of the remarkable stability of CGN nonwovens in 
aqueous media, it is important to further improve their 
mechanical stability because they are relatively weak and 
cannot be attached to tissue by means of surgical sutures. To 
improve mechanical stiffness without sacrifi cing the benefi ts 
of collagenous nanofi ber nonwovens, we laminated two CGN 
layers with one layer of micrometer-sized PCL fi ber nonwovens, 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
produced by means of 3D microextrusion of PCL melts, thus 
producing CGN/PCL/CGN sandwich structures. The lamina-
tion process to produce modular scaffold systems is illustrated 
in  Figure    7  . The average mesh size of the PCL nonwovens was 
1 mm with a strand diameter of 0.4 mm. The CGN/PCL/CGN 
layered system was bonded together by compression molding 
for 2 h at 80  ° C, which is well above the PCL melting tempera-
ture. Most likely, this annealing may also contribute to driving 
gelatin crosslinking to higher degrees of conversion. In this 
facile lamination process, the perforated PCL layer simulta-
neously serves as a hotmelt adhesive patch and as reinforce-
ment for the CGN matrix. Bonding at ambient temperature 
by means of bioadhesives is also possible to enable the use of 
temperature-sensitive components. In this modular approach 
there is no need to implement electrospinning directly into the 
3D microextrusion process. In general, different types of CGN 
nonwovens as well as many other layers and materials can be 
combined at will to produce comparatively complex multilay-
ered biocomposites and novel gradient materials. For instance, 
instead of using 3D-plotted nonwovens, alternatives for this 
lamination process include electrospun polyester nonwovens, 
polyester fabrics with larger mesh sizes, perforated polyester 
fi lms, conventional hotmelt patches, hot melt dispensing of 
adhesives, and other adhesive technologies.  

 The mechanical properties were examined by immersing 
the CGN nonwovens and the laminated CGN/PCL/CGN sand-
wich scaffold in distilled water for one hour prior to stress/
strain testing. The mechanical properties are listed in  Table    4  . 
Upon laminating two layers of CGN with one layer of PCL non-
woven, the Young’s modulus of the CGN/PCL/CGN scaffold 
(3.9  ±  1.4 MPa) was almost fi ve times higher than that of 
CGN (0.88  ±  0.16 MPa). Varying the layers and their stacking 
sequences offers unique opportunities for designing gradients 
and tailoring mechanical properties, biodegradation rates, and 
even biological functions.     

 3. Conclusion 

 In conclusion, adding glyoxal as the crosslinking agent to a fl uo-
rine-free solution of gelatin in a mixture of acetic acid, water, and 
ethyl acetate (5:1:2 w/w/w) represents a very facile and versatile 
one-step process, enabling scale-up and fabrication of collagenous 
nonwovens based on in situ crosslinked gelatin nanofi bers 
(CGN). This in situ crosslinking renders water-soluble gelatin 
fi bers water-resistant without adversely affecting hydrophilicity, 
excellent fi ber wetting, cell compatibility, resorption, cell adhe-
sion, and cell adhesion and proliferation typical of crosslinked 
collagenous nanofi ber nonwovens. It is possible to control the vis-
cosity increase during the electrospinning process by increasing 
the glyoxal content, thus enabling in-process formation of gra-
dient CGN nonwovens with fi ber diameters gradually varying 
from 90 to 680 nm. This versatile process and the tailored CGN 
gradient nonwovens play a key role in mimicking ECM forma-
tion in scaffold fabrication. In spite of their good water resistance, 
the mechanical properties and robustness of CGN nonwovens 
are greatly improved when they are laminated with bioresorbable 
nonwovens of micrometer-sized thermoplastic (bio)polymers. 
This new concept has been demonstrated for layered CGN/PCL 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3277–3285
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     Figure  6 .     SEM images of a) GKs and b) GFs seeded on the CGN. Fluorescence microscope images of c) stained GKs and d) GFs on thin layers of CGN.  
biocomposites using PCL nonwovens, produced by 3D micro-
extrusion of PCL melts, as a hotmelt adhesive patch and fi ber 
reinforcement of CGN. Compression molding and heating of the 
CGN/PCL multilayer assemblies above the melting temperature 
of the PCL produces mechanically robust CGN/PCL systems, 
thus providing new opportunities for the envisioned applica-
tion in surgery and tissue regeneration. Whereas CGN nonwo-
vens are comparatively weak, the CGN/PCL hybrid scaffolds are 
robust and can be attached to healthy tissue by means of surgical 
sutures. Such laminates can be cut into any shape, thus meeting 
the individual needs of patients requiring tissue engineering. 
Going well beyond the scope of melt lamination, the CGNs can 
be laminated and bonded together using a large variety of biore-
sorbable polymer fabrics, nonwovens, patches, fi lms, and other 
bioadhesives. The integration of electrospinning into polyester 
microextrusion is not required. Facile variation of types, com-
position, numbers, stacking mode, and properties of layers in 
laminated CGN gradient nonwovens offers unique opportunities 
for combining the excellent biological properties, such as ECM 
formation, cell adhesion, and cell proliferation that are typical of 
CGN nonwovens, with gradient formation and fi ber reinforce-
ment that are required in surgical applications.   

 4. Experimental Section 
  Electrospinning of Gelatin Solutions : Gelatin solutions were prepared 

by dissolving gelatin powder (Merck, EMPROVE ) in a solvent mixture of 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 3277–3285
acetic acid (Sigma Aldrich Germany, puriss. p.a.), ethyl acetate (Merck, 
EMSURE) and water (5:3:2 w/w/w), similar to the procedures reported by 
Song et al.. [  25  ,  27  ]  After stirring for four hours, a clear solution (14  wt%) was 
obtained. Prior to electrospinning, the solution was mixed with the desired 
amount of glyoxal solution (Sigma Aldrich Germany, BioReagent 40% in 
H 2 O). The resulting mixture was transferred into a syringe and dispensed 
by means of a syringe pump (KDS 100, KD scientifi c) with a fl ow rate of 
0.5 mL/h. The spinneret was a capped hypodermic needle with a diameter 
of 0.8 mm (Gauge 21) from Braun. The tip was connected to a high-voltage 
power supply (Heinzinger LNC 30000), which generates an electric fi eld 
(0.4 to 8 kV/cm) between the tip of the syringe nozzle and the collector 
(alumina foil). Subsequently, the fi ber mats were placed in an oven (80  ° C) 
for two hours to obtain the CGN. For fl uorescent microscopy, only small 
amounts of gelatin solution (0.1–0.2 mL) were spun on cover slips. 

  3D Microextrusion of PCL : PCL (Durect, Cupertino, USA) with a M W  
of 98 000 g/mol and an intrinsic viscosity of 1.29 dl/g was fi lled into 
the heated cartridge of the printhead using the 3D-Bioplotter (third 
generation, Envisiontec, Gladbeck, Germany); with a printhead driving 
speed v(xy) of 560 mm/min, temperature 190  ° C, pressure 0.96 bar, 
nozzle diameter 0.8 mm. All structures were printed onto standard 
printer paper (80 gm  − 2 , m-real, Metsä, Finland). 

  Rheology:  For the rheological measurements and monitoring of 
the gelatin crosslinking, a stress-controlled rheometer (Paar Physica 
UDS200) with a parallel-plate geometry was used. The solution was 
placed between the plates. To avoid solvent evaporation, the gap 
was covered with an immiscible silicone oil (Wacker silicone fl uid AK 
150). For the time-sweep experiments we choose a 50  mm plate with 
gap  H  0   =  0.67 mm. The deformation   γ   0  was 30%, the circular frequency 
  ω   was 1 rad/s, and the temperature  T  was 25  ° C. 

  Fiber and Nonwoven Morphologies:  The electrospun nonwovens were 
sputtered with gold for three minutes and investigated with a Quanta 
3283wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  7 .     Scheme for the production of CGN/PCL biocomposite scaffolds.  

   Table  4.     Tensile testing of CGN/PCL micro-/nanohybrid scaffolds. 

Sample ( n   =  5) Young’s modulus 
[MPa]

Elongation at break 
[%]

Maximum 
strength [MPa]

CGN nonwoven 0.88  ±  0.16 180  ±  40 3.2  ±  0.5

CGN/PCL laminate 3.9  ±  1.4 45  ±  3 1.48  ±  0.17
FEG 250 (FEI, Eindhoven, The Netherlands) at an accelerating voltage 
of 10 kV. The fi ber diameter was measured using the image analysis 
software Image J (National Institutes of Health, USA). The average 
diameter and the standard deviation were calculated from one hundred 
random measurements of each sample. 

  SEM Observation of Cell-Loaded CGN:  The membrane was cut into 
circular pieces with a diameter of 15 mm that were placed in 24-well 
plates (Becton Dickinson, Heidelberg, Germany). The membranes 
were sterilized and equilibrated in PBS as described above. Then 5  ×  
10 4  cells/cm 2  GF and 1  ×  10 5  cells/cm 2  GK were seeded separately in 
their respective cultivation medium. After a cultivation period of 48 h, 
the test specimens were fi xed with 3.8% formaldehyde in PBS for at 
least 1 h and rinsed three times with PBS. The specimens were then 
dehydrated by rinsing them through graded ethanol/water mixtures 
(50%, 70%, 80%, 90%, and 100%; 10 min at RT for each step). Ethanol 
was then slowly exchanged by liquid CO 2  (critical point dryer; Balzers 
CPD, Balters Union). Finally, the samples were dried using the critical-
point method, [  47  ]  sputtered with a thin layer of gold of approximately 
10 nm in thickness (sputter coater, Balzers SLD; Balzers Union), and 
examined under a Leo 435VP (Zeiss) scanning electron microscope. 

  TNBS Assay : For TNBS assays we used a procedure reported by Bubnis 
and Ofner. [  44  ]  Between 6–12 mg of collagenous material was placed in a 
vial. NaHCO 3  solution (4 wt%; 1 mL) and TNBS solution (0.5%; 1 mL) 
were added. The mixture was shaken at 40  ° C and 250 min  − 1  for 4 h. HCl 
(6 M; 3 mL) was added, and the mixture was shaken at 50  ° C until all 
of the collagenous material had dissolved. The blanks for each sample 
were prepared by the same procedure as the samples but the HCl was 
added before the TNBS solution. The hydrolyzed samples were diluted 
284 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
with H 2 O (5 mL) and extracted with Et 2 O (3  ×  5 mL). An aliquot (5 mL) 
of the aqueous phase was removed, and nitrogen was bubbled through 
for 5 min to remove residual ether. The aliquot was diluted with distilled 
water (15 mL), and the absorbance at 346 nm was measured with a 
Perkin-Elmer Lambda 2 UV-vis spectrometer. 

  Swelling Test : The collagenous material (25–50 mg) was left to swell 
in distilled water at 37  ° C. The samples were shaken at 250 min  − 1  for 
24 h and then pressed between fi lter paper until no further wetting of 
the paper was visible. The degree of swelling  q  was calculated with the 
following equation:  q   =  ( m  s - m  i ) ·  m  i   − 1  · 100%, where  m  i  and  m  s  are the 
sample weights before and after swelling, respectively. 

  Mechanical Characterization : The tensile tests were performed on a 
Zwick Z005. The scaffolds were cut into rectangular pieces measuring 
5 mm  ×  40 mm with a thickness between (0.015 to 0.03) mm. These 
pieces were soaked with distilled water before testing. We used a 100 N 
load cell and a strain rate of 1 mm/min. 

  Cell Culture : Cultures of primary gingival fi broblasts (GFs) were 
established by the explants technique. [  48  ]  Tissue harvesting from patients 
was performed according to the Helsinki Declaration, and approved by 
the institutional ethics committee. For routine cell cultures, the cells 
were maintained in Dulbecco’s Modifi ed Eagle’s Medium (DMEM, PAA, 
Cölbe, Germany) containing 10% fetal calf serum (FCS, Biochrom AG, 
Berlin, Germany) and 50 mg/mL kanamycin (Sigma-Aldrich, Munich, 
Germany). Passages 8–12 were used for the in-vitro experiments. To 
exclude alterations of cell morphology induced by cell senescence and 
the expression of tissue-specifi c biomarkers, the periodontal cells were 
previously tested for consistent expression of the respective biomarkers 
and their native cell morphology over time. Human gingival keratinocytes 
(GKs) have been established as an immortalized cell line and their 
characterization and serial cultivation was recently reviewed. [  49  ]  During 
routine cell culture, the GKs were maintained in a keratinocyte growth 
medium (KGM2, PromoCell, Heidelberg, Germany) that contained 
the necessary supplements and 50 mg/mL kanamycin (Sigma-Aldrich, 
Munich, Germany). 

  Fluorescent Microscopy of GFs and GKs on CGN : The cytoskeleton 
and cell adhesion-related biomarkers were investigated by fl uorescent 
microscopy using the above-described cover slips coated with gelatin 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3277–3285
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fi bers. The coated cover slips were fi rst sterilized with 70% ethanol 
for 15 min, rinsed thoroughly with phosphate-buffered saline (PBS, 
Invitrogen, Karlsruhe, Germany) and equilibrated overnight in PBS. For 
single-cell observations, 1  ×  10 4  cells/cm 2  GF and 3  ×  10 4  cells/cm 2  GK 
were seeded separately on gelatin fi ber-coated cover slips and cultured 
in their respective culture medium. The cells were maintained under 
standard cell-culture conditions at 37  ° C, 97% humidity, and 5% CO 2 . 
After cultivation for 24 h, the cells were fi xed with 3.8% formaldehyde 
in PBS for 15 min and rinsed with PBS three times. The cells were then 
permeabilized with 0.2% Triton-X-100 (Roche, Mannheim, Germany) 
for 5 min and washed again with PBS three times. To block unspecifi c 
binding sites, the specimens were incubated with Image-iT-FX enhancer 
(Invitrogen, Karlsruhe, Germany) for 30 min and rinsed thoroughly with 
PBS. Subsequently, the actin cytoskeleton was stained by incubating the 
specimens with Phalloidin-Alexa 488 (wd  =  1:40, Invitrogen, Karlsruhe, 
Germany) for 45 min at RT, followed by washing with PBS three times 
for 5 min each. The cell adhesion-related biomarkers were detected by 
incubating with a vinculin-specifi c primary antibody (wd  =  1:50, Abcam, 
Cambridge, UK) for 1 h at RT. After washing the specimens with PBS 
three times for 5 min each, samples were incubated with an Alexa 
594-labelled secondary antibody (wd  =  1:200, Invitrogen, Karlsruhe, 
Germany) for 45 min, followed by three washing steps with PBS for 
5 min each. Nuclear counterstaining was performed with a 300 nM DAPI 
solution (Invitrogen, Karlsruhe, Germany) in PBS for 10 min, and the 
cells were subsequently washed three times with PBS followed by rinsing 
once with distilled water. Finally, the specimens were embedded in 
Fluoromount-G (SouthernBiotech, Birmingham, AL, USA) and examined 
by laser scanning fl uorescent microscopy (Leica TCS SP2 AOBS; Leica, 
Wetzlar, Germany).  
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