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ABSTRACT

Mineralization of dinitratoluenes {DNT) and 2,4,6-trinitrotoluene {TNT) in wastewater was conducted
under ultrasonic irradiation. The batch-wise experirnents were carried out to elucidate the influence of
various operating parameters on the sonolytic behavior, including power intensity. acidity of wastewa-
ter, reaction temperature and oxygen dosage. It is remarkable that the nitrotoluenes contained could be
almost completely decomposed by the sonochernical oxidation method, wherein the pyrolytic reaction
was responsible for the destruction of organic compounds. During the sonication tests, the influence of
reaction temperature on the degradation of nitrotoluenes is the most significant, followed by power
intensity, acidity of wastewater and oxygen dosage. Based on the spectra obtained from gas chro-
matograph/mass spectrometer (CC/MS), it is suggested that 2,4,6-TNT is preliminarily denitrated to
2,6-DNT. The denitration of 2,6-DNT andfor 2,4-DNT results in the formation of o-mononitrotoluene,
which proceeds with the cleavage of nitro group into toluene, followed by oxidation of methyl group
and decarboxylation. In this study, it is believed that the sonolytic technique established is promising for

wastewater disposal in toluene nitration processes.

© 2009 Elsevier B.V. All rights reserved,

1. Introduction

Toluene nitration processes have been well developed due
to the industrial importance of dinitrotoluene (DNT) and 2,4,6-
trinitrotoluene (TNT), which are precursors of dyes, paints,
synthetic teather and explosives, respectively | 1]. Traditionally, the
aromatics nitration reaction is conducted using nitrating acid, con-
sisting of a mixture of nitric acid and concentrated sulfuric acid.
In the pretiminary course of separating section, the nitrotoluene
product decanted from the settier would be violently blended with
alkaline aqueous solution to partially neutralize entrained sulfuric
and nitric acids. Subsequently, the residual contaminants in nitro-
toluenes were removed by virtue of clean water washing twice,
which constitutes the bulk of wastewater upon combination with
the above aqueous stream. Because of the toxicity and resistance to
biodegradation caused by DNT isomers and TNT derivatives {2,3],
the wastewater from toluene nitration processes should be properly
treated prior to release into the environment.

Until now, the oxidative degradation of nitrotoluenes in wastew-
ater has attracted much attention. Based on the results of the
literatures [4-6], TiO; has been proved to be highly effective in
photocatalytic degradation of 2,4,6-TNT, wherein the degradation

* Corresponding author, Tel.: +886 5 534 2601x4624; fax: +886 5 531 2071,
E-muil address: chenwen@yuntech.ediwtw {W.-5, Chen).

0304-3894/$ - see front matter € 2009 Elsevier B.V. All rights reserved.
doi: 10,1016/} jhazmat.2009.04.028

pathways were also elucidated, in addition, Li et al. [7.8] investi-
gated the destruction of 2,4,6-TNT by Fenton's reagent, of which
reactivity was enhanced at pH 3.0. In other respect, several studies
have focused on the mineralization of nitroaromatic compounds
by UVjFenton’s reagent [9,10) or UV/H,0; technique {11,12]. Some
publications have been issued on the decompasition of 2,6-DNT
using ozonation, H;0,/03 or UV/O3 methods {13,14], In our pre-
vious studies [15,16], it has been shown that most of DNTs and
2,4,6-TNT could be recovered from wastewater by means of toluene
extraction, wherein the recovery efficiency of nitrotoluenes was sig-
nificantly enhanced with either increasing acidity of wastewater
(pH 3.0) or addition of inorganic salts, whose promoting effect is
in the following order: NaCl> Na; S04 > K250, > MgS04 > KCl on the
weight basis of wastewater,

It has been recognized that ultrasonic irradiation brings about
the formation and collapse of tiny gas bubbles in water, In the
course of collapse, local reaction sites of several thousand degrees
and several hundred atmospheres are generated due to the quasi-
adiabatic procedure, which is known as cavitation {17,18]. During
the cavitation, the degradation of pollutants proceeds either via the
hydroxy! radicals reaction in the bulk liquid solution, andjor via a
direct pyrolysis reaction in the collapsing hot bubbles and at the
interface of the gas-liquid [18]. To date, sonochemical oxidation
technology has been successfully used for treatment of hazardous
organic compounds in wastewater, such as carbon tetrachloride
|20]. aniline [21], phenol and derivatives [22-28|, chlorobenzene
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i. Ultrasound Generator

6. Mass Flow Meter

. 2. Transducer 7. Oxygen Pipe Diffuser
3. Tip 8. Magnetic Stirrer
4. Thermostat 9. Stirring Bar
5. Oxygen Gas

Fig. 1. Schematic illustration of the experimental apparatus for sanication tests. (1)
Ultrasound generator, {2) transducer, {3 tip, (4) thermostat, (5) oxygen gas, {6) mass
Now meter, {7) oxygen pipe diffuser, (8) magnetic strirrer, and (9) stirring bar.

[28], nitrobenzene and p-nitrotoluene [30,31], whereas the sono-
chemicat degradation of DNTs and 2.4,6-TNT from toluene nitration
process was scarcely discussed, Consequently, the purpose of
this research investigates the feasibility of destruction of nitro-
toluenes in industrial wastewater utilizing ultrasonic irradiation.
The influences of power intensity, reaction temperature, acidity
of wastewater and oxygen dosage on the removal efficiency of
nitrotoluenes were elucidated simultaneously, Besides, the sono-
chemical degradation pathways of DNTs and 2,4,6-TNT were also
explored.

2. Experimental
2.1. Sonication testing

Fig. 1 presents the schematic illustration of the experimental
apparatus. Ultrasonic irradiation was supplied by an ultra-
sonic generator (Misonix 5-3000 Model, 600 W output, variable
power control}, which was coupled with a 20kHz transducer ($
40mm x 120 mm) and a titanium probe (® 13 mm x 60 mm). The
reaction vessel was a double jacket cylinder (PHN JIA Technology
Co,, JC-A16 Moadel) equipped with a magnetic stirrer (Heidolph MR
3001K Model), which was sealed in a stainless box during opera-
tion. Prior to tests, proportionate amount of industrial wastewater
{300 mL, rendered by military ammunition plant) was situated in
the reactor, wherein the temperature of wastewater was main-
tained at 208 4+ 0.5 K using a thermostat {(VWR Scientific Co., 1167
Model) fitted with a circulating water bath. The transducer was
fixed through the center of the stainless box and the probe was
partially immersed in the wastewater. In the course of sonica-
tion tests, oxygen gas monitored by the mass flow meter (BROOKS
5850E Model) was introduced into the wastewater through a
porous pipe-diffuser. In this research, the experiments were carried
out in a batch-wise mode with various ultrasonic power inten-
sity of 52Wcem-2, 102Wcem~? and 227 Wcem-? (as quoted by
the manufacturer). At the different duration of {rradiation time,
the wastewater was periodically sampled from the reactor and
undergone total organic compounds (TOC) analyses to evaluate the
residual organic compound contents.

in order to investigate the influence of reaction temperature on
the removal of nitrotoluenes, three tests with various reaction tem-
perature (298 K up to 328 K} were carried out. Additionally, for the
purpose of exploring the effect of oxygen dosage on the destruc-
tion of nitrotoluenes, a series of tests with oxygen flow rate of
50mLmin~! up to 200 mL min~! were conducted. The sonication
tests were also performed at the pH values of 0.1 up to 1.5 to elu-
cidate the influence of acidity of wastewater on the decomposition
of nitrotoluenes,

2.2. Total organic compounds {TOC) analysis

For the duration of sonication tests, the wastewater was peri-
odically analyzed using a TOC instrument-{Tekmar Dohrmann
Phoenix 8000 Model) equipped with an ultra-violet (UV) reac-
tor and a nondispersive infrared (NDIR) detector. The organic
compounds in wastewater were completely oxidized into carbon
dioxide by sodium persulfate assisted with UV irradiation, which
was subsequently quantified by the NDIR detector. In contrast, the
inorganic compounds acidified by phosphoric acid were removed
in advance by way of carbonic acid. The samples were directly
analyzed without further treatment to meet the measuring ranges
(0-200mgL~1), calibrated by the potassium hydrogen phthalate
standard solution, -

2.3. Gas chromatograph/mass spectrometer (GCJMS) analysis

As sonication testing was performed for 2h, the wastewa-
ter sampled (ca. 50mL) was blended with equivalent volume of
dichloromethane(299.5%, Fluka) in an extractor to extract and con-
centrate the degradation intermediates involved, as described in
detail in a previous report [32]. Subsequently, the dichloromethane
extract was analyzed using a gas chromatograph/mass spectrom-
eter (Hewlett Packard 59864B[HP 5973 MASS) equipped with a
capillary column {Metal ULTRA ALLOY UA-5, 30 m x 0.25mm, film
thickness 0.25 wm), programming from 313K to 573K at an eleva-
tion rate of 20K min~! and maintaining the temperature at 573K
for 1 h. The mass spectra of degradation intermediates were identi-
fied by comparing with those of the authentic standard compounds
in database (Wiley 275L).

24. Hydrogen peroxide concentration analysis

The concentration of hydrogen peroxide generated in the deion-
ized water (pH 0.1} with the presence of oxygen gas by ultrasonic
irradiation was determined by the titanic sulfate method, wherein
the light absorbance of titanic-hydrogen peroxide was mea-
sured using an UV-vis spectrophotometer (LAMBDA 850 Model,
PerkinElmer) at a wavelength of 410 nm [33}. The sample (ca. 4mL)
was situated in a quartz holder and directly analyzed to meet the
measuring limit requirement of 0-50mgL-*, corrected by the stan-
dard solution of hydrogen peroxide.

2.5. Adjustment of pH value of wastewater

The experiments were conducted in a hot plate (Heidolph MR
3001K Model}accompanied with magnetic agitation {ca. 400 rpm).
The wastewater (300 mL) was situated in the jacket beaker, wherein
the solution temperature was maintained at 303X by a thermo-
stat (VWR Scientific Co., 1167 Model) equipped with a circulating
water bath. On addition of appropriate amounts of sodium hydrox-
ide solution (0.1 mol L-1), the acidity of wastewater was adjusted to
the pH values of 0.5, 1.0 and 1.5, respectively (measured by SUNTEX
SP-701 PHfmV{TEMP Meter).
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Table 1

Compositions of TOC feedstock and reaction intermediates in wastewater identified by GCMS,

Component i}z (relative abundance, %)

TOC feedstack
2,6-DNT 63 (36.1), 77 (20.1). 78 (16.9), 89 (40.8), 90 (27.5), 121 (17.9), 148 (21.5). 165 (100)
24-DNT 51{13.2),63(36.1), 64 (13.4), 78 (16.8), 89 (60.9), 90 (26,3}, 118(26.0}. 185{100)
3.4-DNT 30(64.7),39(32.9). 52 (33.0), 63 (47.5). 66 (33.2). 7B (46.6), 89 (51.5), 182 (100)
24.6-TNT 30(15.1), 62 (16.5), 63 (32.5), 76 (15.1}. 89 (43.4), 180 {14.0), 193 (13.6}, 210(100)

Reaction intermediates
‘Toluene 38(8.2).51(5.3),63(7.1).65(11.0). 89(4.4}. 91 (100}, 92 (59.9), 93 {4.6)
o-MNT 39 (28,3), 63 (28.0), 65 (83.3), 77 (30.6), 89 (30.7), 91 (60.9), 92 (62.4). 120 (100)
Benzoic acid 39(75),50 (24.9), 51 (40.2). 74 (10.2), 77 (76.9), 78 (8.1}, 105(100), 122 (79.0}
26-DNT 63(36.1). 77 (19.9). 78 (16.8), 83 (40.5), 90 (27.4), 121 (17.8), 148 (21.2), 165 (100}
2,4-DNT 51113,3), 63 (36.0),64 (13.2). 78 (16.7), 89 (60.9). 90 (26.3}, 119 (25.9), 16% (100)
34-DNT 30(54.6) 39(32.8), 52(32.9), 63(47.4), 66 {33.1), 78 (46.7), 89 (51.4), 182 (100) .
2ABTNT 30(14.9),62(16.6).63(32.3), 76 (15.0), 89 (432.3), 180 (13.9), 193 (13.6), 210(100)

2,6. Statistics analysis

The experiment data was analyzed through a factorial design
analysis, wherein the operating parameters, such as power inten-
sity, acidity of wastewater, reaction temperature and oxygen
dosage, were taken into consideration. The statistical package of
ANOVA (DESIGN-EASE) was used for all analyses. The operating
parameter with Model P-value <0.0005 is thought to indicate sta-
tistical significance. Furthermore, the larger Model F-value implies
that the operating parameter is more significant.

3. Results and discussion
3.1. Effect of power intensity on sonication

Based on the analysis of GC/MS, the typical components of nitro-
toluenes in industrial wastewater from toluene nitration process
have been identified as 2,6-DNT, 2,4-DNT, 34-DNT and 2,46-TNT
(Table 1), wherein the concentration of TOC was about 150 mg L-,
The power intensity has been well recognized to be an important
operating variable for sonochemical engineering. Fig. 2 demon-
strates the time pattern of TOC removal percentage as a function of
power intensity. From the figure, it can be seen that the destruction
rate of nitrotoluenes increases proportionately with an increase
in power intensity, reaches a maximum at about 102 Wem? and
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20 b

TOC Removal (%)
&8

- Power = 52 (W/em™)
—O— Power ~ 102 (W/em®)

10 p —tx= Power = 227 (W/em®)
o x4 i 2, L 1 k3 A ¥}
0 1 2 3 4 5 6 7 8 §
Time (hr)

Fig. 2. Elfect of power intensity on the mineralization of TOC in wastewater under
the conditions of T=298 K, 0z =0mL min~' and pH 0.1 for sonication tests,

then decreases upon increasing the intensity further, The observa-
tion could be interpreted with a significant increase in number of
bubbles, close to the emitting surface, caused by sharply increas-
ing the power intensity. The considerable amount of bubbles may
coalesce to form large bubbles, which would cavitate less violently
than that of tiny bubbles, Therefore, it may lead to lower energy effi-
ciency and formation of fewer amounts of free radicals at the power
intensity of 227 Wcm™2, in agreement with the report by Sivaku-
mar et al. {34,35]. As a consequence, the optimal power intensity of
102 Wem=? has been chosen for subsequent sonication tests.

3.2. Effect of acidity of wastewater on sonication

For the sake of increasing destruction rate of nitrotoluenes, the
adjustment of acidity of wastewater has been always adopted prac-
tically. Fig. 3 presents the influence of acidity of wastewater on the
ultrasonic degradation of TOC. Obviously, the nitrotoluene removal
efficiency exhibits an increasing trend with increasing the acidity
of wastewater. According to our earlier work [15], the extraction
efficiency of DNTs and 2.4.6-TNT from wastewater by toluene sol-
vent would be significantly enhanced with a reduce of pH values.
It means that the stronger hydrophobicity of DNTs and 2,4,6-TNT
is achieved with an increase of acidity of wastewater, leading to a
great many of nitrotoluenes concentrated at the gas-liquid inter~
face of the bubbles {19.36]. Nonetheless, it has been suggested that

60
~D-PH=0.1
—0—PH =0.5
0F —a-PH=10

~O—PH = 15
40

30

20

TOC Removal (%)

10

Time (hr)

Fig. 3. Effect of acidity of wastewater on the mineralization of TOC in wastewater
under the conditions of power intensity = 102 Wem~2, T« 298 K and 03 ~OmbL min~!
for sonication tests.
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Fig. 4. Effect of reaction tempetature on the mineralization of TOC in wastewater
under tha conditions of power intensity = 102Wcm-?, pH 0.1 and Gy «Oml min-! thy 30
for sonication rests,
27 F  ~0 Oy = 100 (ml/min)
there are two main degradation pathways for thg sonochep'aical 24 b~ 0,200 (m¥min) .
oxidation of organic compounds in aqueous solution. One is the
pyrolytic reactions that occur in the hot cavitation bubbles andfor - 21}
at the gas-liquid interface of the bubbles. The other is the reac- )
tions involving hydroxyl radicals at the gas-liquid interface of the o 1B F
bubbles and in the bulk liquid [37}. Besides, the result corresponds 5 15 L
to the publication by Chakinala et al. [38] for the sonochemical S
destruction of hydrophobic compound of salicylic acid enhanced o= 12 b
with acidic conditions. 9
3.3. Effect of reaction temperafitre on sonication s b
Based on the industrial process design of sonochemical oxida- 3F
tion technology. it is essential to determine the appropriate reaction o . . . . .

ternperature, at which higher destruction efficiency of organic com-
pounds was achieved. Fig. 4 illustrates the time pattern of TOC
removal percentage as a function of reaction temperature. Appar-
ently, the TOC removal efficiency at 298 K was higher than that at
308K. In fact, an identical trend was also found as compared the
data of 308 K with that of 328 K. It seems that the lower reaction
temperature is in favor of sonochemical degradation of TOC. This
phenomenon may be interpreted with the decrease in cavitation
intensity resulted from an increase of solvent vapor pressure due
to the elevation of reaction temperature, in coincidence with the
research by Goskenda et al. [39]. Furthermore, the result implies
that the cavitation plays an important role on the sonochemical
decormnposition of DNTs and 2,4,6-TNT, including pyrolytic reactions
and production of free radicals.

3.4. Effect of dosage of oxygen on sonication

For the purpose of enhancing destruction efficiency of nitro-
toluenes, the wastewater was dosed with oxygen gas, which speeds
up the initialization of cavity formation via provision of excess
nuclei [40}. Fig. 5{a) presents the influence of flow rate of oxygen
on the sonolytic behavior, it clearly shows that the destruction rate
of TOC increases significantly with an increase of oxygen flow rate.
Besides, itis remarkable that the nitrotoluenes in wastewater could
be almost completely decomposed under the conditions of power
intensity= 102Wcm~2, T=298K, pH 0.1 and 0;=200mLmin~".
The observation may be partially ascribed to the generation of
hydroxyl radicals, resulted from dissociation of molecular oxygenin

-]
o

3 4 5 6 7
Time (hr)

Fig. 5. {3)Effect of oxygen dosage on the mineralization of TOC in wastewater under
the conditions of power intensity = 102Wem~Z, T= 298K and pH Q.1 for sonication
tests. {b) Time patternol hydrogen peroxide concentration accumulated indelonized
water under the conditions of power intensity = 102Wcem=?, T= 298K and pH Q.1
during sonication tests.

the bubble, which is likely to recombine to form hydrogen peroxide
at the gas-liquid interface of the bubbles [41]:

Oy — 20° (1)
0° + Hy0 — 2HO* (2)
2HO* — H203 (3)

In order to verify the generation of hydrogen peroxide, which
has been proved to be effective for decomposition of DNTs and
2,4,6-TNT previously [42], the sonication tests in the absence of
nitrotoluenes were carried out. As shown in Fig. 5(b), the hydrogen
peroxide concentration accumulated in deionized water (pH 0.1)
increases with an increase of oxygen dosage. The yield of hydrogen
peroxide reaches to a value as high as 25mgL~! under sonication
for 8 h, whereas it could only abate some nitrotoluenes in compari-
son with the total amounts of nitrotoluenes removed (150 mg L),
Consequently, it reveals that the DNTs and 2 4,6-TNT in wastewater
were principally destructed by way of pyrolytic reaction, deduced
from the cavitation, Additionally, the result convinces us that the
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sonochemical oxidation technology is suitable for direct disposal of
industrial wastewater from toluene nitration processes.

3.5. Examinetion of the significance of operating vuriables

Itis very important to explore the influence of operating param-
eters individually on the sonolytic behavior for development of
a new process. Consequently, a factorial design analysis (ANOVA
Model, DESIGN-EASE) was carried out in dealing with four factors,
i.e. power intensity, acidity of wastewater, reaction temperature
and oxygen dosage, using three levels (shown as Fig. 6). On the basis
of statistical analyses of the data in these plots, it was found that the
Model F-value for power intensity, acidity of wastewater, reaction
temperature and oxygen dosage were 76, 74, 95 and 56, respec-
tively, wherein the Model P-value were all less than 0.0001. That
implies the influence of reaction temperature on the sonochemi-
cal oxidation of nitrotoluenes is the most significant, followed to
a decreasing extent by power intensity, acidity of wastewater and
oxygen dosage.

3.6. Reaction pathways of nitrotoluenes by sonication

In order to elucidate the degradation intermediates
involved in sonochemical oxidation of DNTs and 2,4,6-TNT, the
dichloromethane extract was analyzed using a GC/MS spectrom-
eter. Table 1 summarizes the results, wherein the compositions
consist of toluene, o-mononitrotoluene (MNT), benzoic acid,
2,6-DNT, 2.4-DNT, 34-DNT and 2,4,6-TNT. With regard to the
components of 2,6-DNT, 2,4-DNT, 3,4-DNT and 2,4.6-TNT, they
may be attributed to the nitrotoluene feedstock in wastewater.
Nevertheless, in nitrotoluene feedstock there was not any MNT
detected, which has been proved to be decomposed faster than
DNTs and TNT by hydroxyl radicals [9]. As a consequence, the
0-MNT could be proposed as one of reaction intermediates during
senication testing. It is believed that o-MNT is derived from 2.4-
DNT and/or 2,6-DNT, wherein the electron-donating methyl group
would elevate the electron density of nitro groups to be oxidized
more easily [43}. The nitro group of o-MNT was subsequently
cleaved from benzene ring for the same reason as described,
which is also consistent with the report by Kotronarou et al. [44]},
who has suggested that the preliminary reaction pathway was
carbon-nitrogen bond cleavage during the sonochermical oxidation
of p-nitrophencl. Eventually, toluene would be further oxidized
to benzaldehyde, followed with decarboxylation of benzoic acid
and the mineralization step gave rise to the ultimate products of
carbon dioxide, nitrate ions and water.

As regards the degradation pathway of 2,4,6-INT, it is likely
that 2,4,6-TNT was firstly denitrated to 2,6-DNT based on the same
reaction mechanism as mentioned, wherein the p-nitro group was
preferred to be cleaved from benzene ring. Then it would proceed
with an identical reaction pathway as that of 2,6-DNT. To sum up,
the plausible degradation pathways of DNTs and 2,4,6-TNT under
ultrasonic irradiation could be demonstrated in Fig. 7.

4. Conclusions

Based on the previous discussion. it is evident that the DNTs
and 2,4,6-TNT in wastewater could be mineralized by pyrolysis,
free radicals and hydrogen peroxide, which would be in situ gen-
erated via dissociation of oxygen gas. Besides. it is worthy to note
that the nearly complete destruction of TOC can be achieved under
the optimal conditions of power intensity = 102 Wcm~2, T=298K,
pH 0.1 and 02 =200 mLmin~', That means the sonochemical oxi-
dation technique may be directly utilized to treat wastewater
practically. With respect to the effect of operating variables on the

sonolytic behavior, the reaction temperature is the most signifi-
cant, followed by power intensity, acidity of wastewater and oxygen
dosage. According to the spectra given by GC/MS spectrometer, the
plausible degradation pathways of nitrotoluenes under ultrasonic
irradiation are proposed as follows. At first, 2,4,6-TNT is denitrated
to 2,6-DNT. The denitration of 2,6-DNT and for 2,4-DNT gives rise to
o-MNT, of which nitre group is successively cleaved to form toluene.
Then, the methyl group of toluene is oxidized, followed with the
decarboxylation of benzoic acid. Finally, the mineralization proce-
dure leads to ultimate products of carbon dioxide; nitrate ions and
water.
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Electrospun gelatin nanofibers: Optimization of genipin cross-linking
to preserve fiber morphology after exposure to water
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ARTICLE INFO ABSTRACT

Article history:

The development of suitable biomimetic three-dimensional scaffolds is a fundamental requirement of tis~
suc engincering. This paper presents the first successful attempt to obtain electrospun gelatin nanofibers
cross-linked with a low toxicity agent. genipin. and able to retain the original nanofiber morphology after
water exposure. The oplimized procedure invelves an electrospinning solution containing 30 wt¥ gelatin
in 60/40 acetic acidfwater (v/v} and a small amount of genipin, followed by further cross-linking of the
as-clectrospun mats in 5% genipin solution for 7 days. rinsing in phosphate-buffered saline and then air
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g?;;r;;;ds: drying at 37 °C, The results of scanning electron microscopy investizations indicated that the cross-linked
Gelatin nancfibers were defect free and very regular and they also maintained the original morphology after
Electrospinning exposure to water. Genipin addition to the electrospinning solution dramatically reduced the extensibil-
Genipin ity of the as-electrospun mats, which displaved further remarkable improvements in elastic modulus and

Cross-linking stress at break after successive cross-linking up to values of about 990 and 21 MPa, respectively. The
results of the prefiminary in vitro tests carried out using vascular wall mesenchymal stem cells indicated
good cell viability and adhesion 10 the gelarin scaffolds.

® 2010 Acta Materialia inc. Published by Elsevier Ltd. All rights rescrved.

1. Introduction

A suitable three-dimensional porous bioresorbable scaffold is
considered mandatory for the successful development of an engi-
neered tissue as a biological substitute. To this end, the scalfold
should display structural and chemical properties matching as far
as possible those of the extracellular matrix (ECM} |1-3].

Electrospinning is a simple and cost-effective technique that al-
Tows the fabrication of scaffolds, Irom both synthetic and natural
polymers, mimicking the three-dimensional nano-scaled features
of the ECM [4]. Synthetic bioresorbable polymers provide struc-
tural functionalities to the scaffold. On the other hand, natural
potymers display unique bioactive properties and excellent cellular
affinity.

Collagen type I, the most abundant structural protein in the
human body, has frequently been used to produce electrospun
scaffolds [5-8]. Compared with collagen, gelatin, which can be ob-
tained through collagen thermal denaturation or physical and
chemical degradation, is cheaper anc does not show antigenicity
under physiological conditions [9,10]. Moreover, gelatin is biode-
gradable, biocompatible and displays many integrin binding sites
for cell adhesion and differentiation. For these reasons gelatin is

* Correspending author. Tel.: 39 051 2099551 fax; +39 051 2099456,
E-mail address: adrianabigi@unibo.it (A. Bigi).

widely used in the pharmaceutical and medical fields in a variety
of applications, including tissue engineering, wound dressing, drug
delivery and gene therapy [11].

Although gelatin has been successfully electrospun into ultra-
fine fibers, the preparation of gelatin scaffolds by means of elec-
trospinning raises some critical issues. First, highly toxic solvents,
among which are 1.1.1.3.3,3-hexafloura-2-propancl |12} and
2,2.2-trifluoroethanot|9.13}, are typically used to dissolve the pro-
tein. Acetic acid |14}, as well as water mixtures with acetic acid
and ethyl acetate 15}, have been proposed as solvents to circum-
vent this problent. The solubility of the as-spun gelatin fibers is a
further drawback for long-term medical applications. Cross-link-
ing. which is necessary to improve the water resistance of the
nanofibers, intreduces an additional major issue when gelatin is
used to create tissue engineered scaffolds. Indeed, cross-linking
treatment of these materials must not only prevent gelatin dissolu-
tion in water but also preserve the peculiar biomimetic nanofi-
brous morphology of the electrospun scaffolds,

Collagenous materials can be cross-linked using either physical
methods, such as dehydrothermal treatment and ultraviolet and
gamma irradiation, or chemical agents. Chemical cross-linking ex-
ploits the large number of functional gelatin side groups and usu-
ally involves bifunctional reagents such as glutaraldehyde and
diisocyanates, as well as genipin, carbodiimides, acy! azide and
polyepoxy compounds {10.16-18]. Cross-linking with glutaralde-

1742-7061/5 - sec front matter © 2010 Acta Materialia Inc. Published by Elsevier Lid. All nghts reserved.

doi:10.1016/j.2ctbio.2010.11.02}
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hyde vapors is a simple, low cost, effective method to stabilize col-
lagenous and gelatin-based materials that has successfully been
applied to electrospun gelatin fibers [9.19]. However, if released
into the host due to biodegradation, glutaraldehyde is toxic |20}
Among the alternative cross-linking agents genipin has been re-
ported to provide materials with higher biocompatibility and less
cytotoxicity {21,22]. This naturally occurring cross-linking agent,
which can be obtained from an iridoid glucoside geniposide)
abundant in gardenia fruits, has been successfully applied to both
collagenous tissues and gelatin materials {10,23].

Recently genipin was investigated as cross-linking agent for
electrospun gelatin [19,24,25]. However, up to now genipin
cross-linking procedures applied to gelatin have been unable to
maintain the fiber morphology ol the electrospun scaffolds upon
water contact | 19.25].

In this work we optimized the conditions for cross-linking of
electrospun gelatin with genipin in order to stabilize the nanofi-
bers and maintain their morphology even after exposure to an
aqueous solution.

2. Materials and methods
2.1. Preparation of the solutions for electrospinning

2.1.1. Electrospun fibers from gelarin solution

Type A gelatin (ltalgelatine SpA) from porcine skin was dis-
solved in 60/40 vol.% acetic acid/double distilled water at a concen-
tration of 30% (wfv). The solution was stirred at 50°C for 60 min
and then electrospun. The electrospun mats obtained from this
solution are labeled G.

2.1.2. Electrospun fibers from gelatin-genipin solution

Type A gelatin(Italgelatine SpA) from porcine skin was dissolved
in 60740 vol.% acetic acid/double distilled water at aconcentration of
30% (wiv). The solution was stirred at 50 °C for 60 min and then
60 mg of genipin (Wako) dissolved in 0.5 ml of ethanol and 1 ml of
0.75 M phosphate-buffered saline (PBS), pH 7.4, were added to
10 ml of the gelatin solution. About 30 min after genipin addition
the mixture was electrospun. The obtained mats are labeled GG.

2.2. Electrospun non-woven wnar fabrication

The electrospinning apporatus, made in house, was composed
of a high voltage power supply (Speliman SL 50 P 10/CE[230), a syi-
inge pump (KD Scientific 200 series), a glass syringe, a stainfess
steel blunt-ended needle (inner diameter 0.84 mm) connected to
the power supply electrode and a grounded circular copper collec-
tor (diameter 5 cm). The polymer solution was dispensed through
a Teflon tube to the needle, which was placed vertical to the col-
lecting plate. All the above described solutions were electrospun
into non-woven mats using the following conditions: applied volt-
age 15kV, needle to collector distance 15 cm, solution flow rate
0.005 m! min~ ', at room temperature (RT) and a relative humidity
{RH) of 42 £ 3%. Electrospun mats were kept under vacuum over
1,05 at RT ovemight in order to remove residual solvents. Electro-
spun mats were fixed to plastic rings (CellCrown™, Scaffdex) be-
fore proceeding with the cross-linking treatments.

2.3, Cross-finking methods

The conditions utilized for the different cross-linking methods
are summarized in Table 1.

2.3.1. Method A
GG mats were soaked in 5%, 7% or 11% (w/jv) genipin solution in
ethanol for 7 days, at a temperature of 37 °C. Subsequently the

Tahle 1
Cross-linking conditions used for the different samples.

Sample Cenipin Cross-linking  Rinsing  Diying

concentration  time (days) in PBS temperature (°C)
(whv) (%)

CG_5A S 7 No 37

GG 7A 7 7 No 37

GGC_11A i1 7 No 37

GG_58 5 7 No 45

GG..5C3d 5 3 Yes 37

G_5C3d 5 3 Yes 37

GG.5C7d 5 7 Yes 37

C.5Cd 5 7 Yes 37

mats were dried overnight at 37 °C, then rinsed in ethanol and
cried again. Cross-linked samples were labeled GG_5A, GG_7A
and GG_11A.

2.3.2. Method B

GG mats were soaked in 5% (w/v) genipin solution in ethanol for
7 days at 37 °C. Subsequently the mats were dried overnight at
45 °C, then rinsed in ethano!l and dried again. Cross-linked samples
were labeled GG_5B.

2.3.3. Method C

G and GG mats were soaked in 5% {w/v) genipin solution in eth-
anol for either 3 or 7 days at 37 °C. Subsequently the mats were
rinsed in 0.1 M PBS, pH 7.4, dried overnight at 37 °C, then rinsed
in ethanol and dried again. Cross-linked samples were labeled
GG_5C3d, GG_5C7d, G_5C3d and G_5C7d.

2.4. Films preparation

Gelatin was dissolved in double distifled water at 50°C for
60 min. Films were obtained on the bottom of Petri dishes (diam-
eter 6 cm) after water evaporation at RT from 10 mi of gelatin solu-
tion. Films were prepared from solutions at 30% (w/v) gelatin
concentration in double distilled water or in 60/40 vol.% acetic
acid/double distilled water. Alternatively, films were obtained
from 10 ml of 30% {w/v) gelatin in 60/40 vol.% acetic acid/double
distilled water, with the addition of 60 mg of genipin dissolved in
0.5 ml of ethanol and 1 ml of 0.75 M PBS, pH 7.4. Films for Fourier
transform infra-red (FTIR) analysis were prepared from the same
gelatin solutions as above after dilution at 1:20.

2.5, Characterization

2.5.1. X-ray diffraction analysis

X-ray diffraction analysis was carried out using a Panalytical
XCelerator powder diffractometer. CuK, radiation was used
(40 mA, 40 kV). The 20 range was from 5° to 25° with a step size
of 0.1° and a time per step of 700 s.

2.5.2. Infrared absorption analysis

FTIR analysis of electrospun mats and gelatin films was carried
out using a Perkin Elmer model 682. The spectra were collected in
the range 4000-400 cm~? at a resolution of 4 cm™",

2.5.3. Morphological investigation

Morphological investigation of the samples was performed
using a Philips XL-20 scanning electron microscope. The samples
were sputter-coated with gold prior to examination. The distribu-
tion of fiber diameters was determined by the measurement of a
number of fibers {100-250) using acquisition and image analysis
software (EDAX Genesis) and the results are given as the average
diameter £ standard deviation,
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Single factor analysis of variance (ANOVA) was employed to as-
sess statistical significance of the results. P < 0.001 was considered
statistically significant.

2.54. Cross-linking degree

The extent of cross-linking of gelatin mats was determined by a
UV assay of uncross-linked e-amino groups before and after cross-
linking [26). Following reaction with 0.5% trinitrobenzensulfonic
acid (TNBS), gelatin nanofibers were hydrolyzed with 6 M HCI
and extracted with ethyl ether. The absorbance of the diluted
solution was measured at 346nm in a Kontron Uvikon 931
spectrophotometer against a blank. The relationship between
absorbance and moles of e-amino groups per gram of gelatin is:

moles g-amino groups/g gelatin = 2(absorbance)(0.020 1)/(1.46
x 10* I mol ecm~")bx

where 1.46 x 10* 1mol cm~' is the molar absorptivity of TNP-lys, b
is the cell path length in cm, and x is the sample weight in g.

2.5.5. Mechanical properties

Stress-strain curves of mats (5 x 20 mm, thickness 0.012-
0.017 mm, determined by scanning electron microscopy (SEM))
in the dry state were recorded using an Instron Testing Machine
4465, with a cross-head speed of 0.5 mm min~', and the Series
1X software package. The Young's modulus E, the strain at break
£, and the stress at break ay, of the strips were measured in static
mode.

Single factor analysis of variance (ANOVA) was employed to as-
sess statistical significance of the results. P < 0.001 was considered
statistically significant.

2.6. In vitro tests

2.6.1. Cell seeding and culture

Vascular wall mesenchymal stem cells (VW-MSCs), isolated
from human lemoral arteries as previously reported [27], were
used to assess the biocompatibility of G and GG electrospun
nanofibrous scaffolds. VW-MSCs were propagated in Dulbecco’s
modified Eagle’s medium (DMEM) containing 4.5g17! glucose
supplemented with 10% letal bovine serum (FBS), 2 mM 1-gluta-
mine and 100 U ml™" penicillin/streptomycin at 37 °C in 5% COx.
Before cells seeding G and GG electrospun mats were sterilized
by immersion in 85% ethanol for 15 min, then 70% ethanol for
15 min, followed by three rinses with PBS plus 2% penicillin/strep-
tomycin (Euroclone), 0.2% amphotericin B (Sigma). Scaffolds were
kept in this solution overnight under UV irradiation (230V at
50 Hz). The next day the PBS solution was removed and the scal-
folds were pre-wetted in complete culture medium. When 80%
confluence was reached the cells were trypsinized (0.05% Trysin-
EDTA, Sigma), centrifuged and resuspended in medium. Cells were
then seeded (2 x 10%) onto the scalfolds, which were fixed to plas-
tic rings (CeliCrowns™ 12, Scaffdex) and cultured under standard
culture conditions (37 °C, 5% CO,) for 7 days before being pro-
cessed for SEM analysis.

2.6.2. Cell morphology

After 7 days culture specimens were processed for SEM analy-
sis. Briefly, samples were fixed in 2.5% buffered glutaraldehyde
overnight at 4 °C, washed with 0.15 M PBS, pH 7.4, and post-fixed
with 1% osmic acid for 15 min at RT. After being washed in double
distilled water for 15 min the samples were dehydrated in increas-
ing concentrations ol ethanol (i.e. 70%, 96% and 100% for 15 min
each), dried in a 1:1 solution of absolute ethanol and hesamethy!-
disilazane (HMDS) (Fluka) for 30 min and dried in pure HMDS.
Samples were mounted using adhesive tape on stubs coated with

a 10 nm thick layer of gold in a sputtering device (Balzers Union
and observed with a Philips XL-20 microscope at 15 keV.

3. Results
3.1. As-clectrospun nanafibers

Fig. 1a shows an SEM image of gelatin nanofibers (G) electro-
spun from a solution of acetic acid/water. The randomly collected
fibers are free of bead defects and display a relatively uniforn:
diameter distribution. The numerous attempts to optimize
cross-linking of these gelatin mats did not provide completely sat-
isfactory results. Therefore, in order to improve the cross-linking
process and thus the properties ol the scaffolds we modified the
composition of the electrospinning solution by adding a small
amount of genipin in ethanol. The SEM image of a gelatin-genipir
(GG) electrospun scaffold in Fig. 1b shows that the fibers are defect
free and very regular. The fiber mean diameter is similar to that o1
G nanofibers, as reported in Table 2.

In order to determine gelatin structural modifications due to the
electrospinning process, FTIR and XRD analyses were carried oul
on the electrospun scaffolds, as well as on the gelatin and gela-
tin-genipin flms. Fig. 2 reports the FTIR spectra of gelatin films
prepared from (a) aqueous solution and from (b) acetic acid/water
solution, together with the spectra of G and GG electrospun scaf-
folds (c. d). All spectra show several absorption bands correspond-
ing to amide A, 1. Il and 1l |28]. The spectrum of the film prepared

Fig. 1. SEM images of as-electrospun (a) G and (b) GG mats. Bars: 5 pym.
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Table 2
Nanofiber diameters of as-clectrospun aw cross-linked
mats (mean values * standard deviation are repoited).

Sample Fiber diameter (nm)
G 440 + 50

GG 460 + 60

GG_5A 60O + 120>

GG_7A 980 + 180

GG_I11A 940 £ 130

GG.58 810+180

G_5C1d 740 + 120°
GG_5C7d 990 + 130°

* GG_5A vs G, GG, G_5C7d vs G, GG (P <0.001).
® GG.5A vs GG_7A, GG_11A, GG_58 (P < 0.001).
¢ GG.5C7d vs GG_5B, GG_SA, G_5C7d (P <0.001 )

= _,\,//
Y 0
\ / ‘
Y,

0o,

) ) J 1 1 1 I 1
4000 3800 3000 2500 2000 1600 1000 §00

Wavenumber (cm-1})

Fig. 2. FTIR absorption spectra of gelatin films prepared from (a) aqueous and (b)
acetic acid/water solutions, compared with the spectra of as-electrospun (¢} G and
(d) GG mats. *1234 cm ™! band.

from gelatin-genipin in acetic acidfwater is similar to that re-
ported in Fig. 2b. With respect to the other spectra, that recorded
from the film prepared from gelatin aqueous solution displays a
relatively high intensity for the 1234 cm™' band in the amide 11l re-
gion. Moreover, the spectrum ol the GG scaffold, and even more
that of the G scaffold, are less resolved with respect to those of
the films.

Fig. 3 compares the wide angle X-ray diffraction pattern of a
gelatin film prepared from (a) an aqueous solution with that ol a
film prepared from (b) an acetic acid/water solution, and with that
recorded from (c)a GG electrospun scaffold. The pattern of the gel-
atin film from aqueous solution (a) shows two dilfraction reflec-
tions: the first corresponds to a periodicity of about 1.1 nm and
is related to the diameter of the triple helix; the second corre-
sponds to a periodicity of about 0.45 nm and has been ascribec
to the distance between adjacent polypeptide strands [29]. Pat-
terns (b) and (c¢) are much less defined and show only the second
broad peak.

Intensity (a.u.)

A

c

7 7 i 1

1 13 20
0 26 25

&4

Fig. 3. XRD diffraction patterns of gelatin films prepared from (a) agueous and (b)
acetic acidfwater solutions, compared with the pattern of as-clectrospun (¢) GG
mat.

3.2. Optimization of the cross-linking conditions

The addition of genipin to the electrospinning solution did not
prevent solubilization of the electrospun scaffolds when exposed
to water. Therefore, the mats were submitted to further cross-link-
ing treatments with genipin. Possible morphological modifications
of the cross-linked nanofibers upon water exposure were investi-
gated through SEM analysis of the mats air dried at 37 °C after
immersion in water for 30 min.

3.2.1. Method A

Some of the GG mats were soaked in genipin solutions at differ-
ent concentrations at 37 °C for 7 days. Genipin concentrations in
ethano! of 5%, 7% and 11% (w/v) were tested. Fig. 4a-4c shows
SEM images of the GG mats cross-linked with increasing genipin
concentrations. The mean fiber diameters are significantly greater
than those of the as-electrospun fibers, and increase at relatively
high genipin concentration (Table 2). In the images recorded after
scaffold immersion in water (Fig. 4e-4g) the fibers show a drastic
morphology change with many junction zones fused together.

322. Method B

The influence of air drying temperature was tested on GG mats
cross-linked with 5% genipin. In particular, the samples were dried
overnight at 45 °C instead of 37 °C as in method A. The images re-
corded before and after water exposure (see fig. 4d and h) show
that the increase in the drying temperature does not prevent fiber
fusion after water exposure.

32.3. Method C

Method C introduces a further step in the cross-linking proce-
dure, rinsing the mats in 0.1 M PBS, pH 7.4, before air drying. The
method was tested on mats soaked in 5% wfv genipin for two dif-
ferent periods of time, 3 and 7 days. The fibers in the mat GG_5C3d
after rinsing in water appear fused together at most contact points
(data not shown). Fig. 5 shows the morphology ol the GG_5C7d
fibers (a) before and (c) alter exposure to water. It is evident that
soaking in genipin for 7 days followed by rinsing in PBS yielded
samples able to retain the morphology of the individual nanofibers
alter exposure to water, as enhanced in the detail shown in the
inset to Fig. 5c. Fig. 5b and d reports the SEM images of G_5C7d be-
fore and after rinsing in water. Fig. 5d shows that even those fibers
electrospun from gelatin solution in the absence of genipin retain
their morphelogy after rinsing in water, although in this case parts
of the junction zones appear fused together.
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Fig. 4. SEM images of GG mats cross-linked according to method A (a)-(¢) before and (e)-(g) after rinsing in water. (a, ¢) 5%, (b, [) 7% and (c, g) 11% genipin solution. The
images of GG mats cross-linked according to method B (d) before and (h) after rinsing in water are also reported. Bars: (a)-{c), (e}{g} 5 yun: and (d, h), 10 um.

The morphological characterization of both the G_5 and GG_5
scaffolds indicate that the conditions utilized in the method C pro-
cedure gave the best resulis in terms of stabilization of the mats
against water solubilization. As a consequence, this procedure
was selected as the best method to cross-link electrospun gelatin
scaffolds with genipin, and GG_5C7d, as well as ¢_5C74d as a con-
trol sample, were submitted to further characterization.

3.3. Degree of cross-linking and stability in solution

The stability of the scaffolds prepared according to method C
was further tested by investigating fiber morphology modifications
after immersion in cell culture medium (DMEM) for 7 days. The
SEM images reported in Fig. 6a and b show no undesired alteration
of the nanofibers, which exhibit only a slight reduction in their

>
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5 pm.

Fig. 6. SEM images of {a} G_5C7d and {b) GG_5C7d after 7 days immersion in DMEM. Bars: 5 pum.

mean diameter with respect to that measured before immersion.
The mean diameters of G_5C7d and GG_5C7d after 7 days in
DMEM were 720 + 80 and 840 + 150 mim. respectively.

The extent of cross-linking was calculated from the moles of
free e-amino groups per gram of gelatin | 26]. The results indicate
that CC_5C7d and G_5C7d exhibit 92 £ 5% cross-linking, whereas
the value determined for the as-electrospun GG nanofibers was
15 £ 5%,

3.4. Mechanical properties

Typical tensile stress-strain cinves recorded from G and GG
samples before and after cross-linking are reported inFig. 7. A dra-
matic modification of the mechanical behavior induced by the
presence of genipin is evident in the as-electrospun mats. The
stress-strain curves recorded from the different samples have been
used to evaluate the Young's modulus (£), the stress at break {(ay,),
and the deformation at break (1) of the scaffolds. The mean values
are reported in Table 3.

3.5. In vitro tests

The viability of VW-MSCs cultured on G and GG electrospun
mats after 7 days culture was preliminarily assessed by SEM anal-
ysis. VW-MSCs are vital in both types of scaffolds and they retain
the native mesenchymal spindle-shaped morphology. as shown
in Fig. 8a and b for G_5C7d. No differences in terms of cell adhesion
and morphology were observed between the two types of mats.

4, Discussion

The results of this work allowed optimization of the cross-link-
ing conditions for electrospun gelatin nanofibers with genipin.
Genipin was chosen because of its cross-linking efficiency - geni-
pin-fixed tissues were reported to exhibit resistance to enzymatic
degradation comparable with glutaraldehyde-fixed tissue {3031] -
as well as for its better biocompatibility and lower cytotoxicity
compared with other cross-linking agents {32} Previous attempts
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Fig. 7. Typical stress-strain curves recorded from as-electrospun (4) G and (b)) GG
mats and from cross-linked (¢} G_5C7d and (d) GG_5C7d mats.

Table 3

Strain at break {g,), stress at break (o). and Young's modulus (E) of as-electrospun
and cross-linked mats (each value is the mean of 10 determinations reported with the
standard deviation).

Sample o (%) ap (MPa) E (MPa)
[ 3715° 6,006° 240 % 30°
G 3.2£05 38:06 194220
G.5C7d 55+0.3% 22+48 8202 100
GG.5¢7d 35202 209 20.4% 990 + 4078

* G vs GG, G_5C7d, GG .5C7d (P < 0.001).

® G.5C7d vs GG_5C7d (P < 0.001).

€ G vs GG(P<0.001}

4 ¢ 5C7d vs G, GG GC_5C7d ws G, GG (P< 0.001).
€ G vs GG (P<0.001).

! G_5C7d vs G, GG; GG_5C7d vs G, GG (P<0,001),
® GG_SC7d vs G_5C7d (P <0.001)

to cross-link gelatin fibers using genipin in waterfethanol solution
provoked remarkable modifications of the original fiber morphol-
ogy, which was attributed to slow cross-linking kinetics compared
with the rate of gelatin dissolution [19]. A novel route was recently
proposed by Ko et al. | 25}, who incorporated genipin within gelatin
nanofibers during electrospinning and demonstrated that the fi-
bers thus obtained underwent cross-linking. However, upon water
contact medification of the fiber morphology was observed.

We tested a numiber of different conditions in order to prevent
dissolution of the mats upon water contact, but most attempts per-
formed on electrospun gelatin scaffolds (G) were unsuccessful.
Addition of a small amount of genipin to the electrospinning solu-
tion {CC) improved the results remarkably, without substantial
modification of the initial fiber morphology (Fig. 1a and b), More-
over, the G and GG mats did not display significant structural dif-
ferences. In fact, the FTIR spectra of the GG and C mats are quite
similar and display the characteristic amide bands. The amide A
band is associated with the N-H stretching mode and amide 1
arises from the carbonyl C=0 double stretching mode, whereas
amide 11 has been ascribed to the deformation of N-H bonds and
C-H stretching and amide 1l corresponds to vibration in the plane
of C-N and N-H groups of bound amide or vibration of CH; |28,33].
The reduced intensity of the absorption bands in the amide Land Il
regions, and even more in the amide I region, of the FTIR spectra
of gelatins with respect to collagen has been associated with the
lass of triple helix content during gelatin extraction [34). The re-

Fig. 8. SEM images of VW-MSCs grown on G_5C7d for 7 days. Bars: {a) 50 pm and
(b) 5pun.

sults of this paper indicate that in comparison with those of gelatin
films (Fig. 2a and b) the FTIR spectra of the electrospun samples
(Fig. 2¢ and d) display a broadening of the bands, most likely be-
cause, with respect to the smooth surface of the films, the rough
and porous surface of the scaffolds affects resolution. Moreover,
gelatin films prepared from aqueous solution exhibit a relative
higher intensity of the absorption band at 1234 cm~' in the amide
{H region (Fig. 2a) than the other samples, in agreement with a rel-
atively higher content of triple helix structure. The similarity be-
tween the relative intensity of these bands in the spectra
reported in Fig. 2b-d indicates that the reduction in structural or-
der is due to the treatment with acetic acid and not to the electros-
pinning process. Accordingly, X-ray diffraction data indicate that
the reflection at about 1.1 am, characteristic of the triple helix
structure 129), which can be appreciated in the pattern of gelatin
films obined from aqueous solution (Fig. 3a), is not appreciable
in the patterns recorded from films, as well as electrospun nanof-
ibers, prepared from acetic acidfwater solutions. It must be con-
cluded that acetic acid, as previously reported for formic acid
[35], prevents the partial renaturation of gelatin that occurs during
gelling from aqueous solution and implies a partial rearrangement
of its structure from random coil to triple helix |36].

Cenipin addition to the electrospinning solution does not pre-
vent scatfold solubilization upon water exposure, but it improves
the results of further cross-linking reaction, Treatment with geni-
pin for 7 days at 37°C (method A) provides much better water
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resistance of GG electrospun nanofibers, even if their morphology
still appears alTected by water contact. Genipin cross-linking also
induces a significant increase in the mean diameter of the nanofi-
bers, in agreement with the data of Ko et al. |25]. An increase in the
temperature of cross-linking (method BY was verified to induce
only minor variations, whereas the results obtained on the samples
cross-linked using the C method demonstrated that rinsing in PBS
solution before air drying is a key factor in stabilization of the scal-
folds, most probably because the jonic strength of PBS reduces gel-
atin swelling [37]. Cross-linked GG mats retain their morphology
after water exposure, and the morphology of cross-linked G mats
also appears only slightly affected by water. The nanofibers of both
kinds of mats maintain a straight morphelogy and are not fused to-
gether after 1 week immersion in DMEM. In fact, the morphology
does not appear to be altered even when VW-MSCs were cultured
on the mats for 7 days. Moreover, SEM analysis of cell morphology
and adhesion confirms that G and GG in the form of electrospun fi-
ber mats are both biocompatible and able to support VW-MSCs
spreading and adhesion.

Cross-linking greatly affects the mechanical properties of the
scaffolds. In fact, genipin addition to the electrospinning solution
induced a remarkable modification of the stress-strain curve of
the resulting mat. Moreover, the strain at break of as-spun GG mats
assumies a mean value significantly smaller than that measured on
as-spun G mats. Alter cross-linking according to method C the
stress at break and the Young's modulus of the G and GG mats in-
creased remarkably, whereas the strain at break of the G scaffolds
decreased significantly. Although as-spun GG mats display a de-
gree of cross-linking of just 15 £ 5%, the significantly smaller value
of 5 and greater value of £ exhibited by electrospun GG_5C7d mats
with respect to G_5C7d mats indicate that genipin addition to the
electrospinning solution influences the mechanical properties of
the mats even after further, much more extensive, cross-linking.

5. Conclusions

The method developed in this work represents the first success-
ful approach to prepare genipin cross-linked, bead-free electro-
spun gelatin nanofibers that maintain their original morphology
after exposure to water. The use of genipin couples crosslinking
efficiency with low toxicity, as shown by the resuits of preliminary
in vitro tests. Moreover, the cross-linked mats display interesting
and tunable mechanical properties.
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Appendix A. Figures with essential colour discrimination

Certain Rgures in this article, particularly Figures 2, 3 and 7, are
difficult to interpret in black and white. The full colour images can
be found in the on-line version, at doi:10.1016/j.actbio2010.
11.021.
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