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ABSTRACT: In this study, synergistic effects of crosslinking and chitosan molecular weight on the microstructure, molecular mobility,

thermal, and sorption properties of porous chitosan/gelatin/hyaluronic acid hybrid foams are reported. Fourier transform infrared

spectroscopy has been utilized to confirm the covalent attachment of hyaluronic acid to gelatin and chitosan, and covalent chemical

crosslinking between gelatin and chitosan. Detailed image analysis of scanning electron microscopy images of the porous scaffold

hydrids reveal that the pore size of the materials formulated using either low- or high-molecular-weight chitosan increases significant-

ly upon crosslinking using ethyl(dimethylaminopropyl) carbodiimide/N-Hydroxysuccinimide. These microstructural changes are even

more pronounced for the crosslinked hybrid scaffolds formulated using low-molecular-weight chitosan, highlighting a synergistic

effect between crosslinking and the use of low-molecular-weight chitosan. Results obtained using differential scanning calorimetry

demonstrate a significant reduction in molecular mobility reduction in molecular mobility for crosslinked scaffolds formed using

high-molecular-weight chitosan compared to non-crosslinked hybrids and crosslinked hybrids formulated using low-molecular-weight

chitosan. Correspondingly, dynamic vapor sorption evidenced significantly lower water vapor sorption for crosslinked scaffolds for-

mulated using high-molecular-weight chitosan. VC 2017 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2017, 134, 44772.
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INTRODUCTION

Hybrid scaffolds made of gelatin, chitosan, and hyaluronic acid

are promising materials to be used for tissue engineering. There

is a great interest in developing porous scaffolds with finely

controlled microstructures and physical properties suitable for

specific tissue engineering applications. There has been signifi-

cant research effort in bone, skin and cartilage tissue regenera-

tion.1–3 One tissue engineering strategy consists of seeding cells

into porous scaffold materials, which should have specific bio-

logical, physical, and chemical properties to stimulate tissue

regeneration. A route to tailor materials properties is to com-

bine gelatin, chitosan and hyaluronic acid to form a biopolymer

hybrid with unique properties.

Gelatin is a biopolymer with great potential for tissue engineer-

ing applications.4,5 This is because gelatin is directly derived

from collagen. The presence of the Arg-Gly-Asp-like amino acid

sequence in gelatin has been found to promote cell adhesion

and migration.6 Gelatin, however, is a biomaterial that can pro-

vide favorable conditions for bacterial growth. Chitosan has

been proven to be biocompatible, biodegradable, nontoxic and

to have antibacterial properties.7–9 As a result, combining gela-

tin with chitosan allows the creation of a hybrid material with

excellent cell adhesion and migration ability as well as antimi-

crobial activity.10,11 Furthermore chitosan/gelatin hybrids can

form polyelectrolyte complexes, forming an adequate hybrid to

culture living cells where they can proliferate and develop cell

processes necessary for tissue regeneration.12 Hyaluronic acid,
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naturally present in extracellular matrix (ECM), can be added

to chitosan/gelatin hybrids to better mimic ECM. These hybrids

have been shown to enhance skin cell growth.13

There is still much scope to further tune the physical properties

of chitosan-gelatin-hyaluronic hybrid scaffolds to improve the

ability of these biomaterials to better regenerate tissues. Some

key physical properties of scaffolds that can be fine-tuned

include pore morphology,14–16 molecular mobility,17 as well as

mechanical16,18 and scaffold/water interaction.19 Pore morpholo-

gy is particularly important as it affects cell behavior including

proliferation and differentiation. The effect of pore size has

been reported to induce cell flattening and to affect the location

of cell growth.14 For example, culture of human trophoblasts in

small pore size (�30 lm) 3D nonwoven poly(ethylene tere-

phthalate) (PET) fibrous matrix was found to limit the forma-

tion of large cell aggregates and reduce cell differentiation

compared to PET fibrous matrix having larger pore size (�39

lm).20 Consequently, the design of porous scaffolds having big-

ger pore size diameter could provide better cell aggregation and

differentiation. As for the molecular mobility, it also plays a key

role in cell growth. It has been reported in gelatin-containing

scaffolds that when they contain polymers with high mobility,

their ability to stimulate cell growth is five times less efficient

compared to scaffolds where the polymer mobility is more

restricted.17 Tuning the mechanical properties of scaffolds has

also been found to be relevant for successful tissue regenera-

tion.18 The effect of stiffness on the cell number and differentia-

tion in collagen-glycoaminoglycan scaffolds was investigated. It

was found that scaffold stiffness has different effects on differen-

tiation and proliferation.18 Scaffolds of lower stiffness were

found to promote cell mediated contraction, which had a posi-

tive effect on the modulation of osteoblasts differentiation and

reduced cell numbers.18 The water uptake of chitosan/nanohy-

droxyapatite scaffolds formulated using high molecular weight

(MW) and medium MW chitosan was found to be relevant to

provide dimensional stability to the scaffolds during cell culture.

It was found that a scaffold formulation containing high MW

chitosan as well as 1% nanohydroxyapatite significantly reduced

water uptake and therefore provided better dimensional stability

compared to other scaffold formulation including when using

medium MW chitosan.19 This highlights the importance of

selecting chitosan with the relevant MW but also that control-

ling scaffold water interaction in scaffolds for optimized tissue

regeneration. Consequently by controlling pore size, molecular

mobility, mechanical and scaffold/water interaction, one may

fine-tune the structure and so optimize the regenerative ability

of porous scaffolds to be used for tissue engineering

applications.

MW is a very important characteristic of polymers and it needs

to be controlled to optimize their physical properties including

molecular mobility, thermal and sorption properties. It has been

reported that the physical properties of chitosan scaffolds

exposed to microwave irradiation are dependent on MW.21

Microwave irradiation was found to significantly reduce

chitosan molecular weight, which induced a significant decrease

in crystallinity, exothermic peak temperature and swelling ratio.

Moreover, the effect of chitosan MW on the physical properties

of nanocellulose-containing composites has been previously

studied.22 This effect was found to show remarkable potential

for formulating blends and composites.22 The effect of using

chitosan with different MW on the physicochemical properties

of fish gelatin-based films has been previously reported.23 Fish

gelatin showed stronger interaction with high MW chitosan

compared to low MW chitosan, promoting improved mechani-

cal properties including higher tensile strength and elongation

at break.23 Other physical properties including gel strength and

glass transition temperature were significantly increased upon

the use of high MW chitosan. Water vapor permeability was,

however, significantly reduced. As a result, chitosan MW could

potentially affect the physical properties of chitosan/gelatin

hybrid porous scaffolds.

This study aims to understand the combined effects of cross-

linking and chitosan MW on the microstructure, molecular

mobility, thermal and sorption properties of chitosan/gelatin/

hyaluronic acid scaffolds. This may be a route to further opti-

mize and fine-tune their structure and properties for specific

tissue engineering applications. Upon crosslinking, these scaf-

folds were previously found to be water–insoluble and despite

the fact they were crosslinked, the scaffold materials were found

to be biodegradable in-vivo when applied for wound healing

application.2

EXPERIMENTAL

Materials and Chemicals

Bovine gelatin (bloom 200, pharmaceutical grade) was purchased

from Merck (Germany). Chitosan (pharmaceutical grade) with

molecular weights of 120 and 300 kDa (derived from crab shells,

85% deacetylated), were purchased from Quitoquimica (Chile).

Hyaluronic acid (medical grade, 980 kDa) was purchased from

Lifecore Biomedical LLC (USA). EDC (1-ethyl-(3,3-dimethyl-

aminopropyl)-carbodiimide), NHS (N-hydroxysuccinimide) and

MES (2-morpholine-ethane sulfonic acid) were purchased from

Sigma-Aldrich (USA).

Fabrication and Crosslinking of Porous Scaffolds

Chitosan/gelatin/hyaluronic acid scaffolds were prepared using a

freeze-drying method previously described in the literature.13

After freeze-drying, the hybrids were subsequently crosslinked

using the often used EDC/NHS crosslinking system.24 Chitosan/

gelatin/hyaluronic acid scaffolds have been previously tested in-

vitro and in-vivo.2,13 They also have been reported to be suitable

after radiation sterilization for tissue engineering purposes.24

Chitosan/gelatin/hyaluronic acid formulations were produced by

mixing chitosan (2 w/v % in 1 w/v % acetic acid), gelatin (1 w/v

% in water) and hyaluronic acid (0.01 w/v % in water) at 50 8C

corresponding to a rationale formulation of chitosan/gelatin/HA

of 2:7:1. The solution was then poured into a Petri dish adjusting

its volume to obtain a height of �3 mm. The poured mixtures

were subsequently cooled down to 4 8C for 12 h to obtain a

hydrogel and subsequently frozen at 280 8C for 24 h. The materi-

als were then immersed in liquid nitrogen and lyophilized for

48 h using a freeze dryer (Labconco, USA). Half of the freeze-

dried chitosan/gelatin/hyaluronic acid hybrids were then cross-

linked at room temperature by immersion for 2 h into a solution
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comprising 30 mM EDC and 8 mM NHS, using ethanol 90 v/v %

as solvent and MES (50 mM) as buffer. The resultant crosslinked

matrix was then washed three times with ethanol to remove

unreacted EDC, NHS and MES. Crosslinked scaffolds were then

refrozen and freeze-dried (as previously described). The final

composition of the freeze-dried hybrid scaffold materials was 36.3

w/w % of chitosan, 63.6 w/w % of gelatin and 0.1 w/w % of hya-

luronic acid (based on dried weight).

Characterization of Chitosan/Gelatin/Hyaluronic

Acid Hybrid Scaffolds

FTIR Assessment of Molecular Structure and Crosslinking. A

Fourier transform infrared (FTIR) spectrometer (Nicolet 5700,

Thermo Electron Co-operation, USA) was used to collect the

spectra of all hybrid scaffold material compositions. Spectra were

recorded in the wavenumber range of 900 to 1800 cm21 with a

resolution of 4 cm21 and 32 scans. Measurements were per-

formed in triplicate on different areas of the sample and the

most representative result is presented. All the spectra were base-

line corrected and normalized with respect to the Amide I band

as previously reported before for gelatin and gold gelatin nan-

composites.25,26 This band was the highest intensity band over

the considered wavenumber range. Consequently the intensity of

the Amide I band was not considered for spectra interpretation.

Pore Morphology by SEM. The microstructure of the chitosan/

gelatin/hyaluronic acid hybrid scaffolds was observed using a Carl

Zeiss SEM (EVO MA 10, Germany), at an acceleration voltage of 25

kV. Samples were previously gold-coated (10–20 nm) using a diode

magnetron sputter coater (SPI Sputter Coater model 12161, USA).

The pore size (equivalent circle diameter) of chitosan/gelatin/

hyaluronic acid scaffolds was estimated from SEM image analysis

by using the ImageJ software (NIH, USA) from at least 100 pores

per scaffold. Averages and their associated standard errors are

reported. Significance of the results was evaluated using Student’s

t-test.

Molecular Mobility and Thermal Properties by DSC. Prior to

the analysis, all samples were equilibrated (up to reaching con-

stant weight) in a chamber at 75% relative humidity (using a

NaCl saturated solution). Then, each sample of �15 mg was

hermetically sealed in an aluminum pan.

The thermal properties of all hybrid scaffold material composi-

tions were determined by DSC (Mettler Toledo DSC 1 STARe Sys-

tem, Switzerland) using a heat-cool regime starting from 220 8C

to 130 8C, holding at 130 8C for 1 min, cooling to 220 8C, all at

10 8C min21. The device was previously calibrated using indium

as a standard (Tm onset 5 156.6 8C; DHm 5 28.5 J g21), and empty

pan was used as reference.

The melting temperatures (Tm) of non-crosslinked and cross-

linked hybrids, equilibrated at 75% relative humidity, were deter-

mined as the onset of the endothermic peak observed on the first

heating scan. The enthalpy of melting (DHm) was calculated as

the area under the melting peak. The glass transition temperature

(Tg) was determined as the mid-point of the inflection point of

the change in heat capacity. The Tg was used as an indicator for

molecular mobility. Experiments were performed in triplicate and

averages and standard deviations are reported.

Scaffold/Water Interaction by DVS. Moisture sorption iso-

therms of the hybrid scaffold materials were determined by

dynamic vapor sorption (DVS Intrinsic, Surface Micro Systems,

USA). The sorption was recorded by measuring sample mass as a

function of time. The sample was typically equilibrated at a con-

stant temperature at various relative humidities, which are stated

by changing the gas humidity (a mixture of dry and moisture-

saturated nitrogen), flowing over the sample at 200 cm3 min21.

Specifically the programmed equilibrating relative humidity used

was from �0 to 90% with 10 increments (10 points) at 20 8C.

�10 mg of hybrid scaffold was used for each experiment, and

equilibrium considered to be reached when dm/dt (change in

mass over time) was< 0.002%/min.27 If the sorption equilibrium

was not reached within the experiment time-scale (8 h), an expo-

nential function was used to extrapolate the moisture content at

time equal to infinity following the methodology described previ-

ously in the literature.28

The moisture sorption isotherms were fitted by the Guggen-

heim, Anderson and de Boer (GAB) equation29–31:

M5
m0 CKaw

12awð Þ 12Kaw1CKawð Þ (1)

where M is the moisture content of the hybrid materials (%,

dry basis) and m0 is the monolayer value (%, dry basis). C is

related to the energy associated with the interaction between

water molecules and the matrix primary interaction sites or

monolayer. K is also a temperature-dependent parameter related

to the heat of sorption at the multilayer, and aw represents the

water activity (RH/100). Fitting was performed by minimization

of the quadratic difference between the experimental and pre-

dicted values using the Solver package in Excel (Office 2007,

Microsoft Corp.). The fitting error was evaluated using the

equation of Mean Relative Error (MRE):

MRE5
100

n

Xn

i51

jXei1Xpij
Xei

(2)

where Xei is the experimental value, Xpi is the predicted value

and n is the number of experimental data. MRE values� 10%

were considered as a good fit to the experimental data.32 The

MRE values corresponding to the various scaffold formulation

were 0.90, 1.81, 1.25 and 2.29 for the scaffolds formulated with

respectively non-crosslinked high MW chitosan, crosslinked

high MW chitosan, non-crosslinked low MW chitosan y cross-

linked low MW chitosan.

RESULTS AND DISCUSSION

Molecular Composition and Crosslinking

FTIR was used to identify the molecular composition and dem-

onstrate the crosslinking of chitosan/gelatin/hyaluronic acid

hybrids using EDC/NHS crosslinking agent. Also, FTIR was uti-

lized to observe possible difference in the spectra obtained from

the materials formulated using low- and high-MW chitosan.

The crosslinking reaction between chitosan and gelatin has been

described and reported before in the presence of EDC, NHS

and hyaluronic acid.33,34 This reaction induces the formation of

CAO bonds as well as the formation of aliphatic CAN bonds,
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leading to covalent crosslinking of gelatin and chitosan as well

as covalent bonding of hyaluronic acid to gelatin and chitosan.

Figure 1 reports typical FTIR spectra obtained in the wavenum-

ber range of 1800 to 900 cm21 for non-crosslinked and cross-

linked chitosan/gelatin/hyaluronic acid scaffolds prepared using

low- and high-MW chitosan. From these spectra, as expected,

the gelatin contribution dominates the overall signal due to the

higher concentration of gelatin (�63.6 wt/wt %) present in the

chitosan/gelatin/hyaluronic acid hybrids compared to the con-

centration of chitosan (�36.3 wt/wt %) and hyaluronic acid

(�0.1 wt/wt %). As reported in Table I, all hybrid materials dis-

play the typical Amide I, II and III bands, which are characteris-

tic of gelatin and chitosan.34 Comparing spectra obtained from

non-crosslinked and crosslinked chitosan/gelatin/hyaluronic acid

scaffolds the intensity of the Amide II band did not significantly

change. With respect to the amide III band for the crosslinked

scaffolds, one can observe the overlapping of two peaks, with

one being the contribution of the amide III band. The contribu-

tion to the intensity of the Amide III band in the crosslinked

scaffolds, however, significantly decreases upon crosslinking

despite a change of baseline. This change of peak intensity is

likely to arise from the reaction of free NH2 moieties belonging

to gelatin and chitosan, possibly due to the formation of ali-

phatic CAN bonds. This observation suggests the formation of

covalent bonding between gelatin and chitosan but also between

hyaluronic acid and gelatin as well as chitosan.33 This decrease

in intensity of the Amide III band has never been reported in

previous works focusing on the crosslinking of chitosan/gelatin/

hyaluronic acid hybrids crosslinked with EDC/NHS33 and

EDC.34 In these two works, the intensity of the Amide I bands

was found to subtly increase upon crosslinking, which was

attributed to an increase in the number of NAH bonds. In

another work, a decrease in intensity of the amide II band was

reported and attributed to the conversion of ANH2 moeities in

NAH bonds.39 With respect to comparing FTIR spectra from

non-crosslinked and crosslinked hybrids formulated either using

low- and high-MW chitosan, no difference is noted, which

could originate from the lower weight fraction of chitosan

(�36.3 wt/wt %) introduced in the hybrid materials compared

to gelatin (�63.6 wt/wt %).

Figure 2 reports typical FTIR spectra obtained for non-cross-

linked and crosslinked chitosan/gelatin/hyaluronic acid scaffolds

prepared using low- and high-MW chitosan in the wavenumber

range of 1300 to 1000 cm21. As previously mentioned, during

the chemical reaction between the carboxylic groups of hyalur-

onic acid and gelatin with EDC, CAO bonds are formed and

are related to the presence of an FTIR band located at

1078 cm21.33 In the present study, two bands, observed for the

crosslinked hyaluronic acid scaffolds, located at 1078 and

1120 cm21 suggest the formation of CAO bonds between hya-

luronic acid and gelatin, which is related to the formation of

ester CAO linkages.33,36,40 The interpretation for the presence

of a sharp peak located at 1078 cm21 needs, however, a more

precise interpretation. For the uncrosslinked scaffolds, one can

observe the presence of a broad FTIR band located close to the

wavenumber position of 1078 cm21. The presence of a sharp

FTIR band located at 1078 cm21 for the crosslinked scaffolds is

attributed to formation of CAO linkages. This sharp FTIR band

located at 1078 cm21 actually overlaps with the broad FTIR

band that had a higher intensity for the non-crosslinked scaf-

folds compared to the crosslinked scaffolds.

Figure 2 and Table I report the presence and position of addition-

al FTIR bands for crosslinked chitosan/gelatin/hyaluronic acid

scaffolds in the wavenumber range of 1300 to 1000 cm21. FTIR

bands corresponding to the stretching vibration of aliphatic CAN

bonds, in polymers, have been reported to occur in the wavenum-

ber range of 1020 to 1250 cm21 41 and 1000 to 1400 cm21.42

These bands have been reported to have medium to low weak

intensity.41 The presence of those bands for the hybrid materials,

reported in the present study, may be a further indication of cova-

lent reaction of hyaluronic acid with gelatin and chitosan as well

as crosslinking between gelatin and chitosan. The presence of

these FTIR bands has never been reported before and provides

new insights in the molecular structure of crosslinked chitosan/

gelatin/hyaluronic acid scaffolds compared to what has been pre-

viously published for hybrid scaffolds crosslinked with EDC and

EDC/NHS.33,34 FTIR bands, located in the wavenumber range of

1000 to 1300 cm21 demonstrate the possible formation of CAO

and aliphatic CAN bonds expected during the crosslinking reac-

tion between chitosan, gelatin and hyaluronic acid in the presence

of EDC.33 Again, in that wavenumber range, no difference is

noted when comparing FTIR spectra from non-crosslinked and

crosslinked hybrids formulated using either low- or high-MW

chitosan. Figure 3 summarizes the crosslinking mechanism of chi-

tosan/gelatin/hyaluronic acid scaffolds using the EDC/NHS cross-

linking system.

Porous Morphology of Scaffolds

Figure 4 reports typical SEM images obtained for noncros-

slinked and crosslinked chitosan/gelatin/hyaluronic acid hybrid

scaffolds prepared using low- and high-MW chitosan. From

these images, no significant difference is observed between the

Figure 1. Typical normalized ATR FTIR spectra obtained for non-

crosslinked and crosslinked chitosan/gelatin/hyaluronic acid scaffolds pre-

pared with low- and high-molecular-weight (MW) chitosan in the wave-

number range of 1800 to 900 cm21.
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porous structures of the non-crosslinked and crosslinked scaf-

folds formulated using high or low MW chitosan. A finer image

analysis on the pore size of the scaffolds was, however, carried

out. Detailed information on the pore sizes are given in Table

II. From this analysis, it is evident that the pore size of cross-

linked chitosan/gelatin/hyaluronic acid scaffolds is larger than

their counterparts, particularly when crosslinked hybrids were

formulated using low-MW chitosan. Scaffolds with significantly

bigger pore sizes can be consequently obtained owing to a syn-

ergistic effect between crosslinking and with the use of low-MW

chitosan.

The EDC/NHS crosslinking agent significantly increases (p<

0.01, t-test) the pore size of the scaffold and the difference is

even more pronounced when the scaffolds are formulated using

low-MW chitosan. Obtaining porous scaffolds with bigger pore

size diameter could be particularly interesting to promote larger

cell aggregates as well as improved cell differentiation.20 It is

likely that the growth of ice crystals during freezing of hybrid

scaffolds containing high-MW chitosan is slower than when for-

mulated using low-MW chitosan, which on freeze-drying form

larger pores in the low-MW chitosan hybrid scaffolds as

reported in Table II. The ice crystal formation may be slowed

down due to the possible higher viscosity of high-MW chitosan

compared to low-MW chitosan. There is, however, no direct

evidence of this in the present study. It is important to highlight

that the morphology of the chitosan/gelatin/hyaluronic acid

scaffold changes upon chemical reaction using EDC/NHS,

affecting not only the molecular structure (producing covalent

Table I. Band assignments from ATR-FTIR spectrum from non-crosslinked and crosslinked chitosan/gelatin/hyaluronic acid scaffolds prepared using low-

and high-molecular-weight chitosan. Sym, asym, m, d refer to symmetric, asymmetric, stretching and bending respectively

Non-crosslinked chitosan/
gelatin/hyaluronic acid Region Position [cm21] Assignment Reference

Amide I 1633 mC@O, mNH 34

Amide II 1540 dNH, mCAN, mCAC 34

1400 sym mCOOA 34

Amide III 1234 mCAN, dNH 34

Saccharide 1149 asym mCAOAC 34

Saccharide 1068 Skeletal mCAO 34

Saccharide 1029 Skeletal mCAO 34

Saccharide 906 dCH b-glycosidic bond 34

Crosslinked chitosan/gelatin/
hyaluronic acid

Amide I 1635 mC@O, mNH 34

Amide II 1546 dNH, mCAN, mCAC 34

1403 sym mCOOA 34

1261 asym mCAN 35

Amide III 1245 mCAN, dNH 34

1218 asym mCAN 35

1198 sym mCAN 35

1120 mCAO 36

1078 mCAO 33

Saccharide 1066 Skeletal mCAO 34

1051 mCAN 37

1034 mCAN 38

Saccharide 906 dCH b-glycosidic bond 34

Figure 2. Typical normalized ATR FTIR spectra obtained for non-

crosslinked and crosslinked chitosan/gelatin/hyaluronic acid scaffolds pre-

pared with low- and high-molecular-weight (MW) chitosan in the wave-

number range of 1300 to 1000 cm21.
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bonding), but also creating a new microstructure with larger

pore sizes. The latter is interesting in the application of these

materials for tissue engineering application. The interaction

between the cells and the scaffold depends on the pore size and

how it changes after the preparation.43

Molecular Mobility and Thermal properties

Figure 5 reports typical DSC traces for non-crosslinked and

crosslinked chitosan/gelatin/hyaluronic acid scaffolds prepared

with low- and high-MW chitosan. For non-crosslinked materi-

als, the glass transition temperature (Tg) is observed at �42 8C

and the endothermic peak at �80 8C. A single Tg can be

observed in all scaffolds, suggesting relatively good miscibility

between the gelatin and chitosan during their preparation and

processing. Thermal properties obtained from DSC measure-

ment are summarized in Table II. Comparing the Tg values for

non-crosslinked and crosslinked chitosan/gelatin/hyaluronic acid

scaffolds, a small but significant shift (p< 0.05) to a higher

temperature is only observed for the crosslinked formulation

containing high-MW chitosan, likely due to reduced mobility

within the scaffold materials owing to chemical crosslinking.

This means that the crosslinked scaffolds formulated using

high-MW chitosan have a reduced mobility compared to cross-

linked scaffolds formulated using low-MW chitosan. This is

supported by DSC data where a small but significant increase of

Tg (p< 0.05) was measured for crosslinked scaffold materials

formulated with high-MW chitosan. Another contribution to

this may arise from possible higher level of hydrogen bonding

interactions between gelatin and high-MW chitosan compared

to with low-MW chitosan. This highlights a synergistic effect on

the scaffold molecular mobility when it is both crosslinked and

formulated using high-MW chitosan. This synergistic effect may

originate from enhanced level of hydrogen bonding interaction

between gelatin and high-MW chitosan.23

Small but significant changes in Tm (p< 0.05), probably mostly

originating from the gelatin fraction, were also observed

between non-crosslinked and crosslinked scaffold materials. The

presence of an enthalpy of melting is indicative of the presence

of crystalline fractions in the hybrid scaffold materials. Even in

the presence of crosslinks, an enthalpy of melting could still be

observed although its value was significantly lower than for the

non-crosslinked scaffolds. Due to crosslinking, the Tm and

enthalpy of melting of crosslinked hybrid scaffold materials

were significantly lower than for the non-crosslinked materials.

This may be directly related to the presence of crosslinks that

possibly restricts both the formation of the triple-helix configu-

ration in the gelatin fraction on cooling and possibly of the

crystalline fraction of chitosan. This is because the presence of

both crystalline fractions is proportional to the enthalpy of

melting. This observation has never been reported before for

chitosan/gelatin/hyaluronic acid scaffolds and provides new

insights in the amorphous/crystalline structure of these scaffold

materials.

Figure 3. Schematic representation of the formation of covalent bonds between gelatin, chitosan and hyaluronic acid in the presence of EDC and NHS.

Reproduced with modification from.33
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Scaffold/Water Interaction

Figures 6(a,b) report typical water sorption curves obtained for

non-crosslinked and crosslinked chitosan/gelatin/hyaluronic acid

scaffolds prepared with low- and high-MW chitosan respective-

ly. All sorption curves show typical sigmoidal shape (isotherm

type II) belonging to multilayer molecular adsorption pheno-

menon in porous surfaces, with a characteristic pattern for

polymer-based matrices holding small amount of water at low

relative humidity and large amounts at high relative humidity

levels.44 Conversely, both plots show a decrease in moisture con-

tent when the scaffold sample is crosslinked. This suggests that

linkages between the polymer chains result in less available

polar sites for bonding water. Significant decrease in moisture

was observed in a relative humidity range of 30–90% in

Figure 4. Typical scanning electron micrographs obtained for non-crosslinked and crosslinked chitosan/gelatin/hyaluronic acid scaffolds prepared with

low- and high-molecular-weight (MW) chitosan. The bar size is the same for all images.

Table II. Scaffold physical and thermal properties: Pore size, glass transition temperature (Tg), melting temperature (Tm), enthalpy of melting (DHm),

monolayer value (m0), energy associated with the interaction between water molecules and the matrix primary interaction sites or monolayer (C) and

temperature-dependent parameter related to the heat of sorption at the multilayer (K) of non-crosslinked and crosslinked chitosan/gelatin/hyaluronic

acid scaffolds prepared with low- and high-molecular-weight chitosan

High-MW Low-MW

Non-crosslinked Crosslinked Non-crosslinked Crosslinked

Pore size [mm] 94.8 6 1.7 107.7 6 2.6 99.3 6 1.7 123.4 6 2.7

Tg (8C) 41.6 6 0.3 46.0 6 1.7 41.6 6 0.01 42.1 6 1.4

Tm (8C) 78.7 6 2.5 61.7 6 0.6 79.4 6 1.9 63.9 6 0.5

DHm [J/g] 16.6 6 0.3 7.3 6 0.9 17.2 6 0.5 8.8 6 0.3

m0 [%] 9.7 6 0.9 6.9 6 1.8 9.5 6 1.3 7.9 6 2.3

C 4.0 5.2 6.1 4.2

K 0.8 0.9 0.8 0.9
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scaffolds prepared with high-MW chitosan, and in a relative

humidity range of 10–60% in scaffolds with low-MW chitosan.

Small but significant differences between non-crosslinked chito-

san/gelatin/hyaluronic acid scaffolds and crosslinked chitosan/

gelatin/hyaluronic acid scaffolds prepared using low-MW chito-

san are, however, observed. The use of low or high-MW chito-

san when formulating non-crosslinked hybrid scaffold materials

was not sufficient to induce significant reduction in moisture

content. A similar conclusion can be drawn for the crosslinked

scaffold materials, formulated using low-MW chitosan. The

combination of crosslinking and the use of high-MW chitosan,

however, resulted in significant reduction in moisture content

of the scaffolds materials, over the whole equilibrated relative

humidity range of 0–90%. This synergistic effect on the mois-

ture content was found to be even stronger in the relative

humidity range of 70 to 90%. This result is relevant to limit the

plasticizing effect of water which can affect the mechanical

properties of the scaffolds and so the proliferation and differen-

tiation of cells.18 This reduced sorption capacity is also relevant

to provide improved dimensional stability to the scaffolds when

exposed to body fluids.

The fact that non-crosslinked scaffolds showed higher moisture

sorption is well supported by GAB parameters as reported in

Table II. The monolayer moisture content (m0, %) of non-

crosslinked scaffolds is higher than crosslinked scaffold (9.5%

and 9.7% for low- and high-MW chitosan, respectively) sup-

porting the idea of reduced polar site availability for association

with water in the crosslinked scaffolds. With respect to the K

value (a temperature-dependent parameter related to the heat

of sorption at the multilayer), and increase in the GAB constant

tending to 1 (0.9 in both crosslinked scaffolds), suggests a

smaller difference between the energy associated with the heat

of sorption of the multilayer and the heat of condensation of

pure water. The increase in this value indicates a reduction in

sorption energy of the multilayer as demonstrated before for

mixtures of starch and glycerol.27 In the present study, this is

probably mostly due to the crosslinking process and possibly

due to an increased level of hydrogen bonding formation

between gelatin and high-MW chitosan. This is in agreement

with lower m0 value obtained from those samples. The C value

(constant related to the energy associated with the interaction

between water molecules and the matrix primary interaction

sites or monolayer), however, does not follow a clear trend.

The lower moisture contents of crosslinked scaffolds as shown

by sorption curves and GAB parameters are in agreement with

the presence of bands of FTIR spectra indicating covalent reac-

tion of hyaluronic acid with gelatin and chitosan as well as

crosslinking between gelatin and chitosan, as previously dis-

cussed. Similar conclusion can be drawn with respect to thermal

properties, where lower values of melting enthalpy could be

reflecting less ability of gelatin chains to fold and recover their

triple-helix configuration due to crosslinking, promoting

reduced interaction with water and hence lower moisture con-

tent. Interestingly, these results suggest that water-scaffold

Figure 5. Typical first heating curves obtained by differential scanning calo-

rimetry for non-crosslinked and crosslinked chitosan/gelatin/hyaluronic acid

scaffolds prepared with low- and high-molecular-weight (MW) chitosan.

Figure 6. Typical sorption curves obtained by dynamic vapor sorption for non-crosslinked and crosslinked chitosan/gelatin/hyaluronic acid scaffolds pre-

pared with high- (a) and low- (b) molecular-weight (MW) chitosan. ERH stands for equilibrium relative humidity. Solid lines correspond to GAB fitting

at 20 8C.
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interaction is not driven by the microstructure morphology.

This is because in both crosslinked hybrids formulated using

low- and high-MW chitosan the samples, having bigger pore

size, showed lower moisture content probably due to their lower

surface area, which decreases the scaffold/water interaction. It is

expected that a more opened microstructure would lead to an

increased interaction between water vapor pressure at the con-

trolled relative humidity and the scaffold microstructure and so

to higher moisture content. Presumably under our experimental

conditions the water-scaffold interaction is rather controlled by

crosslinking, chitosan MW and possibly due to enhanced

hydrogen-bonding interaction between gelatin and high-MW

chitosan compared to gelatin and low-MW chitosan rather than

by the microstructure of the hybrid scaffolds.

CONCLUSIONS

In this work, synergistic effects of crosslinking and chitosan

molecular weight on the microstructure, molecular mobility, ther-

mal and sorption properties of non-crosslinked and crosslinked

chitosan/gelatin/hyaluronic acid scaffolds were investigated.

FTIR confirmed the successful crosslinking of chitosan/gelatin/

hyaluronic acid scaffolds using EDC/NHS. Detailed pore size

analysis of SEM images suggested a synergistic effect when com-

bining crosslinking and the use of low-MW chitosan to obtain

porous chitosan/gelatin/hyaluronic acid hybrid scaffolds with

relatively large pores. DSC demonstrated that crosslinking of

the hybrid scaffold materials along with the use of high-MW

chitosan induced a significant increase in Tg. This suggests a

reduction in molecular mobility owing to a synergistic effect

between crosslinking and the use of high-MW chitosan.

DVS showed that crosslinked chitosan/gelatin/hyaluronic acid

scaffolds formulated using high-MW chitosan were found to

have reduced moisture contents compared to all hybrid scaffold

formulations, showing stronger effect on decreasing moisture

content. This means that these scaffolds, when crosslinked and

formulated using high-MW chitosan, have low hygroscopic

capacity opening interesting characteristic to design packaging

for storage processes. In addition, this reduced moisture content

effect is highly relevant to provide improved dimensional stabil-

ity to the scaffolds, which could lead to improved cell behavior

including proliferation and differentiation. Future work will

focus on studying cell behavior in these scaffolds.
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