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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Extensive network characterization of 
GelMA hydrogels across varying cross
linking densities and corresponding 
Young’s moduli.

• Identification of densely crosslinked 
aggregates uniquely present in stiff 
GelMA hydrogels.

• GalC7 supramolecular fibre incorpora
tion causes minimal disruption to the 
GelMA hydrogel network.
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A B S T R A C T

Development of highly sophisticated tissue-engineered models capable of eliciting specific health and disease 
states could revolutionise disease treatment. To accomplish this it requires the generation of highly sophisticated 
hydrogel/biomaterial systems, including materials with tuneable properties and multiscale architecture 
composed of structures with different sizes ranges. In developing such systems, it is crucial to quantify any 
structures and interactions in the nano- and micron-scale range, to determine how these systems may affect cell 
phenotype. Small and ultra-small angle neutron scattering were used to quantify the structure of two bio
materials previously used in tissue engineering techniques. Gelatin methacryloyl (GelMA) is a commonly used 
hydrogel for tissue engineering and it has already been established that its Young’s modulus can be tuned by 
controlling the crosslinking density. In this work, neutron scattering showed that there is little difference be
tween the mesh size/fibre spacing (4.7 nm–4.5 nm) in 9.1 % w/v, soft (7.3 kPa ± 2.2 kPa), low crosslinked 
GelMA hydrogels and stiff (30.5 kPa ± 3.5 kPa), highly crosslinked GelMA hydrogels. However, stiff GelMA 
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hydrogels showed the formation of dense highly crosslinked aggregates with a size of 8.0 nm that were not seen 
in the soft GelMA hydrogels. Neutron scattering was also performed on newly developed composite hydrogels 
consisting of GelMA (polymer chain radius 0.7 nm) embedded with significantly larger supramolecular fibres 
made from stacked bilayers of N-heptyl-galactonamides. Previously characterised pure galactonamide fibres 
were confirmed to have a thickness of 128 nm with a repeatable stacking/bilayer thickness of 3.7 nm. Incor
poration of such large galactonamide fibres within the GelMA led to no disruption of the GelMA network.

1. Introduction

Recent advancements in tissue engineering have centred on devel
oping more sophisticated hydrogel-based systems that better represent 
the extracellular matrix (ECM) of native tissue. Hydrogels are a class of 
materials used in tissue engineering that mimic some of the vital prop
erties of ECM, such as being highly hydrated and sometimes made of 
fibrous materials, which are ideal for cell attachment, growth and 
migration in 3D [1–3]. Hydrogels can be made from natural materials 
such as alginate [4], collagen [5] or hyaluronic acid [6] or synthetic 
polymers such as polyethylene glycol [7] or polyacrylamide [8]. The 
development of multi-scale composite hydrogels, with finely tuned 
mechanical properties, could facilitate breakthroughs in regenerative 
medicine and improve our understanding of tissue function in both 
healthy and diseased states [9–11]. Composite gels that provide control 
over local mechanical properties and gel porosity, separately from 
macroscopic mechanical properties are particularly relevant to guide 
and control cell fate within tissue engineering models. The detailed 
structure of such composite hydrogels spans a wide range of size scales, 
from that of individual polymer chains and the size of pores, to that of 
larger incorporated fibres. To understand cell responses to such systems, 
we must first understand the structure of such complex gels.

Small and ultra small-angle neutron scattering (SANS and USANS or 
(U)SANS) are powerful techniques used to study the structure of mate
rials across the relevant length scales for such composite gels, typically 
between 1 nm to 20 μm. During (U)SANS, a beam of neutrons is directed 
at a sample. Neutrons interact with the nuclei of the atoms in the ma
terial, causing them to scatter at a small angle. The angle at which the 
neutrons scatter at can provide information about the structures on the 
nano- and micron-scale [12,13]. In hydrogels, (U)SANS can characterise 
the morphology of specific structures, such as polymer radius and pore 
size/ porosity, as well as the density of connections (i.e. interactions) 
between polymers [14], all of which are known to affect the phenotype 
of cells cultured in such hydrogels [15–17]. Other commonly used 
characterization techniques, such as scanning electron microscopy 
(SEM) [18,19] and cryogenic scanning electron microscopy (Cryo-SEM) 
[20,21], can provide detailed visualisation of the sample surface at the 
nanometre scale. However, such methods require stringent sample 
preparation, such as freeze drying (SEM), or freezing (cryo-SEM), which 
can alter or damage the hydrogel’s microarchitecture. The impact of 
freezing or drying is often underestimated, leading to an overestimation 
of the hydrogel’s pore size [22].

One rising focus has emerged on using modified gelatin polymers as a 
hydrogel for tissue engineering [23–27]. Gelatin itself forms physical 
crosslinks upon cooling, but these crosslinks are not strong enough to 
form stable gels at physiological temperatures. To rectify this, modified 
versions of gelatin that allow for covalent crosslinking are often used. 
One such modified version is gelatin methacryloyl (GelMA), an engi
neered gelatin-based biomaterial obtained by the methacrylation of the 
amino groups, primarily the lysine residues, in the gelatin backbone 
using methacrylic anhydride. The methacrylic groups can form covalent 
bonds through free radical polymerization, forming crosslinks between 
adjacent gelatin strands resulting in a hydrogel that is stable at physi
ological temperatures [28]. GelMA hydrogels are most commonly 
photo-crosslinked using photoiniators sensitive to ultraviolet (UV) or 
visible light, these can include Irgacure 2595 [29], lithium acylphos
phinate (LAP) [30] and eosin Y [23]. Photoinitiators sensitive to visible 

light have been preferred over ones sensitive to UV light as UV light can 
be cytotoxic to cells [31]. One emerging visible light–initiating system 
that has gained traction recently consists of a ruthenium (Ru)-based 
transition metal complex and sodium persulfate (SPS) [27,32]. When 
irradiated with blue light (450 nm wavelength), photolysis of Ru2+ into 
Ru3+ (high oxidation state) occurs, donating electrons to SPS. SPS dis
sociates into sulfate anions and sulfate radicals, which allows meth
acryloyl groups to form covalent bonds [32].

GelMA and other crosslinkable hydrogels are particularly useful in 
modelling diseases associated with changes in tissue stiffness, as the 
density of formed crosslinks can be used to finely tune the Young’s 
modulus of the hydrogel. Hydrogels with controlled mechanical prop
erties allow researchers to model diseases, such as cardiac scar forma
tion [44], Alzheimer’s [33], and osteoarthritis [34], all of which are 
associated with changes in tissue stiffness. Several studies demonstrated 
this ability to finely tune the mechanical properties of GelMA hydrogels 
by modulating the light intensity/duration during crosslinking 
[23,25,32,35–40], which, by extension, modulates the crosslink density. 
For example, we have previously demonstrated that the Youngs modulus 
of 10 % w/v GelMA hydrogels could be tuned from 10 kPa to 50 kPa by 
changing the irradiation time during crosslinking for the purpose of 
mimicking the environment of healthy and fibrotic cardiac tissue [23]. 
Studies have also shown that changes in cell mechanotransduction can 
directly result in changes in cell phenotype, such as chondrogenesis 
[16,41–43], and the fibroblast to myofibroblast transition [44–46]. 
However, increased hydrogel stiffness is usually associated with a 
decrease in porosity/pore size in crosslinkable hydrogels. While the ef
fects of porosity and stiffness are challenging to decouple,it has been 
demonstrated that a decrease in porosity resulted in similar changes in 
cell phenotype to that of increased stiffness [16]. It is therefore impor
tant to have detailed studies of commonly used hydrogel systems like 
GelMA that characterises the nano- and micro-structure, as well as the 
mechanical properties.

Hydrogels made of a single material are generally not able to fully 
replicate the complex structure and hierarchical nature of ECM, which 
consists of many different structures/proteins. Collagen is a key protein 
that aids in cell attachment, alignment and tissue development. 
Although gelatin is derived from the hydrolysis of collagen, gelatin is a 
denatured and unstructured protein product and doesn’t recapitulate 
the size and structure of collagen fibres. Composite materials used for 
tissue engineering usually incorporate larger fibrillar structures within a 
smaller mesh to compensate for this discrepancy. Artificial fibres such as 
electrospun poly(ε-caprolactone) (PCL) fibres [47,48] or carbon nano
tubes [49], which can be incorporated into hydrogel scaffolds with good 
control over their structure and anisotropy, can be used. However, 
producing artificial polymer fibres can include the use of toxic solvents 
and may additionally need to be functionalised with cell adhesion sites 
to allow for cell attachment. Composite materials can also be created 
using different biocompatible fibrous proteins such as collagen or fibrin 
[29,30,32] that naturally have cell adhesion sites; however, achieving 
good control over the fibre’s structure and size is much more 
complicated.

Supramolecular self-assembling molecules/low-molecular-weight 
gelators (LMWG) have recently been used in tissue engineering appli
cations to make self-assembling structures which are assembled via non- 
covalent interaction between LMWGs [24,50,51]. Self-assembly usually 
results in the formation of fibres or ribbon-like structures [52], which 
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are referred to as supramolecular fibres, that are quite favourable to cell 
migration [50]. The shape and dimensions of the supramolecular fibre 
can be tuned by using either different LMWGs [53,54], or by changing 
the gelation conditions (temperature, pH, solvent shift) [52]. Supra
molecular fibres have garnered more attention as of late, by being in
tegrated into composite hydrogel scaffolds to mimic larger naturally 
occurring fibres [24,55]. A new supramolecular fibre used the LMWG, 
N-heptyl-galactonamide (GalC7), to form a fibrous network that sup
ported neural cell culture [50]. This has subsequently been incorporated 
into GelMA hydrogels [24] by dissolving the LMWG at high tempera
tures, then upon cooling the molecules self-assembled to form long 
ribbon-like structures within the gel. This was confirmed to be 
biocompatible with cardiac fibroblasts [24].

This paper analyses two different hydrogel-based systems using 
SANS and USANS to understand the microarchitecture and the impact it 
may have on cell biology. Pure GelMA hydrogels at relatively low 
Young’s modulus (<10 kPa) and relatively high Young’s modulus (>30 
kPa) are investigated to see how changes in stiffness affect the structure, 
arrangement and porosity of the hydrogel, at the nano and micron 
length scales. Composite hydrogels are additionally characterised, 
which combine GelMA with GalC7 derived supramolecular fibres. An 
illustration of the composite GelMA GalC7 system is provided in Fig. 1.

2. Experimental section

2.1. Materials

Solutions were prepared using ultrapure water (Type 1) from a Milli- 
Q Direct 8 water purification system, which has a resistivity of 18.2 
MΩ⋅cm. Gelatin, methacrylic anhydride, Ruthenium photoiniator tris 
(2,2-bipyridyl)dichlororuthenium(II) hexahydrate (Ru), sodium 

persulfate (SPS), (3-aminopropyl) triethoxysilane, dichlor
odimethylsilane, D2O (for (U)SANS measurements) and cellulose dial
ysis tubing were obtained from Sigma-Aldrich (Auckland, New 
Zealand). Gibco phosphate-buffered saline (PBS) tablets were purchased 
from Life Technologies (Auckland, New Zealand). N-heptyl-gal
actonamide (GalC7) was provided by softmat lab (Toulouse, France).

2.2. GelMA synthesis

GelMA was synthesized following Loessners et al.’s protocol [26]. 
Gelatin (porcine skin, Type A, gel strength 300) was dissolved at 10 % 
wt/v in PBS for 1 h at 50 ◦C with constant stirring. Methacrylic anhy
dride (0.6 g per gram of gelatin) was added dropwise (10 mL/h) and 
allowed to react under continuous stirring for 3 h at 50 ◦C. The mixture 
was then centrifuged at 2000 RPM to remove unreacted methacrylic 
anhydride, diluted 2× with PBS, and dialyzed (MWCO 12,400 kDa) 
against Milli-Q Type 1 water for 7 days at 40 ◦C. The purified GelMA was 
frozen at − 20 ◦C, freeze-dried for 5 days, and stored at − 20 ◦C until use, 
with regular freeze-drying to prevent water accumulation. This pro
duced lyophilised GelMA with a degree of functionalisation of ~80 % 
and was verified using a ninhydrin assay [23].

2.3. Determination of the degree of functionalization of GelMA

Following the protocol of Zatorski et al. [56], a ninhydrin assay was 
conducted to assess the synthesized GelMA’s degree of functionaliza
tion. A 10 mg/mL gelatin solution was prepared and serially diluted to 
concentrations of 90 %, 80 %, 70 %, 60 %, 50 %, 40 %, 30 %, 20 %, and 
10 % in PBS. Separately, a GelMA solution in PBS was prepared at a 
nominal concentration (Cnom) of 10 g/L. A ninhydrin solution (20 g/L) 
was also prepared in ethanol. The gelatin and GelMA solutions were 

Fig. 1. Illustration of the composite hydrogel system derived from Galc7 supramolecular fibres and GelMA.
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then mixed with the ninhydrin solution at a 1:8 volume ratio (corre
sponding to a final ninhydrin concentration of 2.2 g/L) and heated at 
70 ◦C for 12 min without stirring. Triplicate samples of each solution 
were transferred to a 96-well plate, and their absorbance at 570 nm was 
measured at room temperature (RT). A calibration curve was con
structed by plotting the absorbance of gelatin solutions against their 
respective concentrations, applying a linear fit to the range of 2–8 g/L. 
The “apparent concentration” (Capp) of GelMA, expressed in g/L, was 
determined by mapping the average absorbance of the GelMA solutions 
onto this linear fit. The fraction of available amine groups (f) in GelMA 
was then calculated as: 

f =
Capp

Cnom
(1) 

Finally, the degree of functionalization (DoF) was computed using 
the formula: 

DoF (%) = 100 × (1 − f) (2) 

2.4. Preparation of hydrophobic glass surfaces

Glass was cleaned by sonication in acetone for 15 min and exposed to 
UV ozone for 20 min. Dichlorodimethylsilane was applied to each side of 
the glass and left to react for approximately 2 min. Excess silane was 
wiped off with paper, and the functionalized glass was rinsed with Milli- 
Q Type 1 water.

2.5. Preparation of pure GelMA hydrogels

Freeze-dried GelMA was dissolved in PBS at a concentration of 11 % 
wt/v at 37 ◦C and vortexed intermittently until homogenized. Photo
initiators were prepared the day before by dissolving Ru and SPS in 
milli-Q water separately at concentrations of 8 mM and 40 mM, 
respectively, and kept wrapped in tinfoil at room temperature. The pre- 
gel solution was prepared by mixing 1.9 mL of 11 % wt/v GelMA so
lution with 100 μL of Ru solution and 100 μL of SPS solution. The final 
concentrations of GelMA, Ru, and SPS were 9.1 % wt/v, 0.38 mM, and 
1.9 mM, respectively. 1.6 mL of the pre-gel solution was pipetted into a 
circular mould on a hydrophobic glass petri dish; the mould had a 
thickness of 1 mm each and a radius of 30 mm. This was covered with a 
hydrophobic coverslip and crosslinked at room temperature (RT) under 
a white-light LED lamp (76.9 W/m2) over the wavelength range of 
400–650 nm, (Mitre 10, New Zealand) for the appropriate time: 4 min 
(stiff) and 1 min (soft). For SANS and USANS measurements Samples 
were dried for shipping at room temperature over 3 days in a dark 
environment, then rehydrated in D2O PBS with 0.025 % NaN3 for 24 h 
before scattering, to increase contrast between the GelMA and solvent 
(see Table 1 for neutron scattering length densities). Samples were cut to 
size for SANS experiments with a radius of 20 mm to load into SANS 
demountable cells.

2.6. Preparation of pure GalC7 fibres

Pure GalC7 samples were prepared at the Australian Nuclear Science 
and Technology Organization (ANSTO) in Lucas Heights because they 
tend to undergo synaeresis (water-gel demixing) if they are shaken 
during transportation. N-heptyl-galactosamine was added to D2O PBS at 
a concentration of 0.45 % wt/v in a sealed glass vial and heated at 

105 ◦C in a block heater until complete dissolution of the powder (<10 
min). The solution was pipetted directly into the SANS demountable 
holder and cooled at room temperature or in an oven at 100 ◦C, which 
was then set to 37 ◦C and cooled over roughly 30 min. The scattering 
length densities (SLD) of D2O, H2O, GelMA and GalC7 are listed in 
Table 1 and were calculated using the online SLD calculator 
(https://www.ncnr.nist.gov-/resources/activation/).

2.7. Preparation of composite hydrogels

A 0.45 % wt/v GalC7 solution was prepared in PBS as described 
above. Once the GalC7 powder was fully dissolved, the appropriate 
amount of freeze-dried GelMA was added to the GalC7 solution to make 
an 11 % wt/v solution of GelMA in the GalC7 solution and left at 105 ◦C 
in the block heater for 3 min to ensure complete dissolution of the 
GelMA. The glass vial was then transferred to an oven set at 100 ◦C for 5 
min before the temperature was set to 37 ◦C to allow gradual cooling. 
Upon reaching 37 ◦C (approximately 3 h), 1.9 mL of the GalC7-GelMA 
solution was carefully pipetted (using a cut pipette tip to enlarge the 
opening) and mixed with 100 μL of 8 mM Ru solution in milli-Q water 
and 100 μL of SPS solution in milli-Q water. The solution was homog
enized by gentle aspiration using a cut pipette tip. 1.6 mL of the pre-gel 
solution was pipetted into circular moulds, 1 mm thickness x 30 mm 
diameter for USANS samples, and 800 μL into moulds, 2 mm thickness x 
20 mm diameter for SANS samples, moulds were placed on a hydro
phobic glass petri dish. This was covered with a hydrophobic coverslip 
and crosslinked at room temperature (RT) under a white-light LED lamp 
(76.9 W/m2, 400–650 nm) for 4 min. Samples were dried for shipping at 
room temperature over 3 days in a dark environment. Samples were 
rehydrated with D2O PBS, to increase contrast between scattering of the 
hydrogels and the solvent (with 0.025 % NaN3) for 1 h before scattering. 
Samples were rehydrated for only 1 h to prevent any dissolution of the 
GalC7 fibres within the gel [24].

2.8. Swelling ratio

To calculate the swelling ratio of pure GelMA hydrogels, gels were 
made measuring 40 mm diameter by 1 mm thickness (1.6 mL) at 4-min 
(stiff) and 1-min (soft) crosslinking durations. Gels were dried at room 
temperature for 3 days in a dark environment and then weighed. Gels 
were then submerged in 5 mL of PBS with 0.025 % NaN3 and left for 24 
h. Any surface water was wiped off prior to weighing. The apparent 
GelMA concentration was calculated using the formula (3): 

Swelling ratio =
mwet − mdry

mdry
(3) 

2.9. Force indentation with atomic force microscopy

Measurements were performed using an MFP-3D Origin AFM 
(Asylum Research, Santa Barbara, USA) in a liquid environment at room 
temperature to calculate the stiffness of the stiff and soft pure GelMA 
hydrogels. Pre-calibrated silicon nitride cantilevers with spring con
stants ranging from 0.07 to 0.08 N/m and a 5 μm glass bead at the tip 
(Novascan, USA) were used. To calibrate the DefInvols of the tip, force- 
indentation curves were recorded on a clean glass slide. Force maps 
were generated by performing 100 force indentations on the surface 
over an area of 90 μm × 90 μm and a tip velocity of 2 μm/s, and a trigger 
force of 5.0 nN. Force maps were analyzed using Asylum Research 
Software AR16 (version 16.10.211) in Igor Pro (version 6.38, Wave
Metrics, USA), and the approach curve was fitted with the Hertz model 
[57]. The applied force (Fapp) was fitted using the equation (4): 

Fapp =
4
3

Es

1 − θ2
s

̅̅̅̅̅̅̅̅
Rd3

√
(4) 

where Fapp is the applied force (N), Es the Young’s modulus (Pa), θs the 

Table 1 
Neutron scattering length densities.

Name Scattering length density (×10− 6 Å− 2)

D2O 6.35
H2O − 0.55
GelMA 3.25
GalC7 0.524
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sample’s Poisson ratio (0.33) [58], R the bead radius (m), and d the 
indentation depth (m). Histograms of Young’s modulus were generated 
for each force map, with a Gaussian fit providing the mean modulus and 
standard deviation.

2.10. Small angle neutron scattering

SANS experiments were conducted using the Quokka SANS instru
ment at ANSTO [59]. Sample to detector distances of 2 m, 12 m, and 20 
m (with lens optic) with neutron wavelengths of 5 Å (for 2 and 12 m 
detector distance) and 8.1 Å (for 20 m lens optic) were used to measure I 
(q) over a q-range of 0.0007 Å− 1 to 0.53 Å− 1. A 12.5 mm sample aper
ture was used for all configurations. Scattering was measured at constant 
temperatures of 37 ◦C. Samples were loaded into the Demountable 
Quokka cells (20 mm diameter, either 1 mm or 2 mm path length), and 
cells were topped up with degassed D2O PBS. SANS data were reduced 
using NCNR macros (modified for Quokka) in Igor software, corrected 
for empty cell scattering, instrument background and transmission, and 
transformed to absolute scale using attenuated direct beam transmission 
[60]. Buffer background were subtracted using PRIMUS [61].

2.11. Ultra-small angle neutron scattering

USANS experiments were performed using the Kookaburra instru
ment at ANSTO with a neutron wavelength of 4.74 Å [62]. Swollen 

hydrogel was loaded into demountable Kookaburra cells (39 mm 
diameter and 1 mm path length) topped up with degassed D2O PBS. 
Measurements were conducted at 37 ◦C with a 29 mm sample aperture, 
covering a q-range of 3.5 × 10− 5 Å− 1 to 2.1 × 10− 3 Å− 1. Data were 
reduced using Python scripts in Gumtree based on standard procedures 
[41] and de-smeared with the Lake algorithm via NIST USANS macros 
before merging with SANS data [60]. Structural parameters were 
determined by fitting the data to models using SasView (http://www.sas 
view.org/). Models were fitted by minimising the normalised error 
(ypred-y)/y.

2.12. Attenuated total reflection Fourier transform infrared (ATR-FTIR) 
spectroscopy

Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) 
spectroscopy (Elmer-Perkin) was performed on the GalC7 powder, dried 
‘stiff’ GelMA gel and the corresponding dried composite gel containing 
self-assembled GalC7 fibres. Both gels were dried for 48 h at room 
temperature. The scans were produced at a resolution of 4 cm− 1 between 
4000 cm− 1 and 400 cm− 1.

Fig. 2. (A) Young’s modulus and (B) Swelling ratio of soft and stiff GelMA hydrogels. The data is displayed as the average from 9 gels per group and 100 force curves 
per gel. The error bars represent the standard deviation between the gels. Statistical analysis was performed by Welch’s t-test, with significance indicated by *** for p 
< 0.001, (C) Full range SANS data for a single soft and stiff GelMA hydrogel with fitting models used for each Q-range indicated.
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3. Results and discussion

3.1. Scattering of pure GelMA hydrogels

AFM was performed on GelMA hydrogels (78 % DOF), crosslinked 
for different amounts of time, to determine their mechanical properties. 
Force indentation curves performed at the surface of the gels measured 
the average Young’s modulus at 30.5 kPa ± 3.5 kPa for the stiff (4 min 
crosslinked) gels, and 7.3 kPa ± 2.2 kPa for the soft (1 min crosslinked) 
(Fig. 2A). This Young’s modulus matches that of physiologically soft 
(<10 kPa) and stiff (>30 kPa) tissue, which has relevance to specific 
healthy and diseased states of some soft tissues [63]. For example, tissue 
stiffness increases from ~10 kPa to >50 kPa during cardiac scar for
mation [22], and 5 kPa to 20–30 kPa during lung cancer [64]. The 
measured modulus is also in accordance with other reported studies 
with similar GelMA concentrations [23,65]. The difference in Young’s 
modulus is due to the number of crosslinks formed between adjacent 
gelatin chains. Gels that are crosslinked for longer periods form a greater 
amount of crosslinks, resulting in a more rigid and constricted network 
and, therefore, a greater Young’s modulus. The more constricted and 
rigid matrix also affects the gel’s ability to absorb water, as the more 
rigid network prevents the hydrogel from expanding and swelling. The 
4-min crosslinked gels had a significantly lower swelling ratio of 7.4 ±
0.6 compared to that of 1-min crosslinked gels, 9.6 ± 0.7 (Fig. 2B).

SANS and USANS data can be used to probe the structure and 
arrangement of the gel at different length scales by examining the 

scattering of the gel across a wide q range. At very low-q (<0.002 Å− 1) 
the data provides insight into the overall larger-structural organization 
of the polymer network. At mid q (0.002 Å− 1 > q > 0.1 Å− 1), we start to 
probe scattering at the local network structure, mesh size and interac
tion between adjacent polymer strands. At high q values q (>0.1 Å− 1), 
we start to probe the scattering due to the polymer chains themselves, 
yielding information about the radius of gyration (average distance of all 
segments from the centre of mass), these different scattering aspects are 
summarised in Fig. 2C.

To investigate how the nano and micron structure of the gel changes 
in relation to crosslinking time/crosslinking density, we interrogated the 
data as Kratky plots, which provide a measure of a polymer’s deviation 
from an ideal Gaussian coil. When a polymer deviates from the ideal 
Gaussian behaviour, it is seen as a peak in the Kratky plot [66–68]. Such 
a peak can be used to identify specific correlation lengths. The collected 
data for the stiff GelMA hydrogel is compared to the theoretical scat
tering from an ideal polymer chain in a dilute solution with a radius of 
gyration of 0.7 nm [69] (supplementary Figs. S1A and B). The differ
ences between the observed scattering of the GelMA hydrogel and the 
ideal scattering (Debye function) are a direct result of the mesh network 
and interactions between fibres.

In the Kratky plot (Fig. 3A), peaks appear at 0.016 Å− 1 and 0.06 Å− 1 

for the stiff GelMA hydrogel, although the peak at 0.06 Å− 1 is partially 
hidden by the larger peak at 0.016 Å− 1. In the soft GelMA hydrogel, only 
one peak appears at 0.06 Å− 1. Because of the presence of these two peaks 
in the stiff GelMA hydrogel, the SANS spectra for the soft and stiff GelMA 

Fig. 3. (A) Kratky plot for a single soft and stiff GelMA hydrogel. (B) SANS data with correlation length model overlaid (Eq. 5) for a single soft and stiff GelMA 
hydrogel. (C) Dimensionless Kratky plot for a single soft GelMA hydrogel scaled by 4.7 nm and a stiff GelMA hydrogel scaled by 4.5 nm and 8.0 nm. (D) SANS data 
with Guinier model overlaid (Eq. (6)).

H. Porritt et al.                                                                                                                                                                                                                                  Journal of Colloid And Interface Science 700 (2025) 138443 

6 



hydrogels were fitted using the power-law + correlation length model 
with two different correlation length terms in the range of 0.0018 Å− 1 to 
0.12 Å− 1 (350 nm to 5.2 nm) (Fig. 3B). The correlation length model is 
particularly useful for characterising hydrogels as it describes the 
polymer concentration/density in the network and can provide insights 
into the network porosity/mesh size or any clustering effects [70]. The 
scattering intensity I(q) for the correlation length model is calculated as: 

I(q) =
A
qn +

B1

1 + (q ξL1)
m1 +

B2

1 + (q ξL2)
m1 bkg (5) 

Where q is the scattering vector, and bkg is the incoherent background 
scattering. The first term (power law) dominates the fit in the lower 
region of the mid-q domain and describes the power law scattering/ 
fractal structure of the network at this size scale. The second and third 
terms are from the Lorentzian function/correlation length model and are 
used to fit scattering in the higher end of the mid-q range, as indicated in 
Fig. 3B [70]. ξ is the correlation length, and in most cases, for a polymer 
network, the correlation length is an indication of the network mesh 
size/ separation distance between polymers or the size of formed ag
gregates. A and B are scaling factors for the power law and Lorentzian 
terms, respectively. Fitting values are summarised in Table 2, and re
siduals are provided in Supplementary Fig. S1C.

The correlation lengths for the stiff hydrogel were found to be 4.5 nm 
and 8.0 nm, which represents the two peaks seen in the Kratky plot at 
0.016 Å− 1 and 0.06 Å− 1. For the soft hydrogel, the correlation lengths 
were found to be 4.7 nm and 0 nm, which essentially simplifies the 
model down to only having one correlation length term, which is 
confirmed by the single peak in the Kratky plot. The dimensionless 
Kratky plot is scaled by both the correlation length and I(0), the zero- 
scattering intensity (q = 0). I(0) is obtained by plotting the pair inver
sion function. This plot (Fig. 3C) provides further information on the 
shape of the scattering structure. Dense aggregates will exert a peak in 
the dimensionless Kratky plot at q.ξL < 1.73 (√3), which fits the first 
peak in the stiff hydrogel, when scaled by ξL = 8.0 nm. This suggests that 
this peak can be attributed to the formation of small, dense aggregates 
that are tightly crosslinked. This feature is not present in the soft GelMA 
scattering data. Mesh size/network features appear as a peak in the 
dimensionless Kratky plot when q.ξL is greater than 2, as is the case for 
the peak present in the soft GelMA data, and the second peak in the stiff 
GelMA data, when they are scaled by 4.7 nm and 4.5 nm respectively 
(both peaks sit at approximately q.ξL = 2.2).

This interpretation indicates minimal difference between the pore 
sizes in the soft and stiff hydrogels, with a polymer chain separation in 
both gels of approximately 4.7 nm and 4.5 nm, respectively. Instead, 
tightly crosslinked regions are evident within the stiff hydrogel, which 
appear as aggregates with an approximate size of 8.0 nm. The cross- 
linking process is a chain polymerization reaction, that occurs without 
stirring, and it is very likely that it will favour polymerization on a small 
length scale, leading to small clusters. These cross-linked clusters are 
assumed to be responsible for the increase in stiffness and a decrease in 
the overall swelling ratio of the stiff GelMA, without significantly 

decreasing the size of pores outside the tightly cross-linked areas.
Contrast matching would need to be done to more accurately 

determine the exact position of the minor peak (0.06 Å− 1) in the stiff 
hydrogel, to determine whether there is a significant increase or 
decrease in the pore size. GelMA is considered relatively homogenous 
[71], but the introduction of tightly crosslinked areas could cause the 
stiffness to differ spatially on the nanometre scale, that is too small to be 
resolved by colloidal AFM. These larger structures and potential spatial 
inhomogeneities in stiffness could cause differences in cell responses 
depending on whether or not a cell is bound to the highly crosslinked 
aggregates.

Extending the correlation length model + power law over the entire 
SANS spectra results in significantly larger residuals in both the high-q 
and low-q domains (Supplementary Fig. S1C), necessitating the use of 
other models to describe these length scales. Deviation from the corre
lation length model in the high-q range is due to scattering of the indi
vidual fibres themselves [80]. The Guinier’s approximation [81] can be 
used to measure the core radius of the polymer chains, and was used to 
fit the data above 0.12 Å− 1. The Guinier model is as follows: 

I(q) = I(0)exp

(

−
q2R2

g

3

)

(6) 

where Rg is the radius of gyration of the polymer, which represents the 
effective size of the scattering “particle”, and I(0) is the intensity at zero 
scattering (q = 0). Rg of the stiff and soft hydrogels are calculated as 0.52 
nm and 0.51 nm, respectively (the fit is shown in Fig. 3D), residuals for 
the Guinier approximation are given in Supplementary Fig. S1D. This 
translates to a fibre thickness of 0.73 nm and 0.72 nm (core radius RC =

√2.Rg [82]), for the stiff and soft hydrogels, respectively.
The fit deviates from the correlation model in the low-q region due to 

scattering of the continuous network as a whole [83]. A power law can 
reveal information on the compactness of the polymer segments and the 
fractal dimension of the gel. To determine this, a power law approxi
mation was fitted to the USANS data (fit and residuals are given in 
Supplementary Fig. S1E and F) as follows: 

I(q) =
A
qd + bkg (7) 

where d is the power law exponent and A is a scaling factor. The power 
law exponent (d) in the low-q (<1.8 × 10− 3 Å− 1/>350 nm) domain 
describes the arrangement of the mesh network at a larger scale. Stiff 
hydrogels have an exponent of 3.07 ± 0.05, while soft gels have an 
exponent of 2.65 ± 0.06. This indicates that, at larger scales, the stiff 
hydrogel has a sharper interface, exhibiting fractal scattering surface 
with a rough surface, which would indicate that the stiff gels have more 
branched connections and a denser network compared with the soft 
hydrogel, which scatters as a mass fractal but with collapsed polymer 
chains [84]. Fits and residuals are provided in Supplementary Figs. S1E 
and F.

Taken together, our SANS and USANS data demonstrate a GelMA 
network, where the overall pore size does not appear to change much 
with crosslinking density, but where tightly crosslinked aggregates 
appear for the stiff gels, with higher crosslinking density. Fig. 4 illus
trates the possible polymer network structure, based on the scattering 
data from the soft and stiff GelMA hydrogels.

The GelMA network structure at different Young’s moduli has pre
viously been characterised using SEM, leading to vast overestimation of 
the pore size, reported as 24 μm(4.5 kPa) [72], 26 μm (27 kPa) [73], and 
as high as 190 μm [74]. It has also been reported using SEM that the pore 
size of the GelMA hydrogels decreased as the Young’s modulus/cross
linking density increases, 77 μm at 5.2 kPa to 26 μm at 27 kPa [73]. 
There are no previous reports of the tightly crosslinked aggregates that 
we report here, in stiff GelMA hydrogels. This may be due to the strin
gent sample preparation (freezing or freeze-drying) required for SEM or 

Table 2 
Fitting parameters for soft and stiff pure GelMA hydrogels, determined from 2 
separate samples for stiff hydrogels and a single soft hydrogel (apart from the 
USANS d exponent, which is derived from data from 2 samples for both soft and 
stiff gels).

Sample RC (nm) ξ1 (nm) m1 B1 ξ2 (nm)

Stiff 0.73 ± 0.01 4.5 ± 0.1 2.84 ± 0.1 1.5 8.0 ± 0.2
Soft 0.72 4.7 2.27 0.9 0

m2 B2 n d (low-q USANS)

Stiff 3.1 ± 0.05 17.3 ± 0.2 2.8 ± 0.1 3.07 ± 0.05
Soft 0 0 2.3 2.65 ± 0.06
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cryo-SEM, which causes significant changes to the GelMA structure. This 
highlights the benefit of performing SANS on polymer hydrogels to 
characterise the network structure. SANS and USANS have previously 
been used to characterise how the network structure changes as the 
hydrogels’ Young’s modulus increases for different hydrogel systems. 
For example, alginate hydrogels have been previously studied with 
SANS [75–77]. Alginate gels enriched with glucose showed an increase 

in inhomogeneities/aggregates with the addition of glucose, up to an 
aggregate size of 46.5 nm at 45 wt% glucose from 32.0 nm when no 
glucose was added [76]. This was accompanied by an increase in 
compressive modulus as the glucose concentration increased [76]. 
Conversely, SANS showed that increasing crosslinking density of hyal
uronic acid-based hydrogels resulted in a reduction in the mesh size 
from 223 nm to 93 nm [78]. In crosslinked poly(ethylene glycol) (PEG) 

Fig. 4. Illustration/interpretation of the polymer network for stiff and soft GelMA hydrogels based on SANS scattering data.

Fig. 5. Illustration of GalC7 fibres with dimensions based on SANS data and SAXS data from [56].
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hydrogels, higher molecular weight PEGs formed more homogenous 
networks while lower molecular weight PEG led to the formation of 
aggregates [79]. Whether the pore size decreases or the formation of 
aggregates occurs as the crosslinking density increases may depend on 
the concentration and polymer used.

3.2. Scattering of GalC7 gels

GalC7 are amphiphilic molecules that readily self-assemble into fi
bres, which create hydrogels [24]. The supramolecular fibres are made 
up of repeating bilayers of GalC7, stacked on top of each other, these 
fibres are depicted in Fig. 5. Scattering from the GalC7 fibres can give 
information about the shape and dimensions associated with the size 
and stacking of the fibres.

Neutron scattering data (Fig. 6) from pure GalC7 gels were fitted to 
the Gunier-Porod model (<0.12 Å− 1/>5.2 nm), to determine the radius 
of gyration of the fibre. The Guinier-Porod model used is as follows [82]. 

I(Q) =
G
qs exp

(
− q2R2

g

3 − s

)

for q ≤ q1 (8) 

I(Q) =
D
qd q ≥ q1 (9) 

where Rg is the radius of gyration, d is the Porod exponent, G and D are 
scaling factors, q1 is the q-value at which the model switches from Eq. 
(8) to Eq. (9) and s is the shape form factor, which helps model 
nonspherical objects. For globular objects, such as spheres, s has a value 
of 0, for rods s = 1, and for lamellae or platelets s = 2. Applying con
tinuity of the Guinier and Porod functions and their derivatives yields: 

q1 =
1
Rg

[
(d − s)(3 − s)

2

]1
2

(10) 

D = Gexp

(

−
q2

1R2
g

3 − s

)

qd− s
1 (11) 

Scattering data presented in Fig. 6 can be fitted with a Porod expo
nent (d) of 4.0 in the mid q region (q = 0.05–0.03 Å− 1), which represents 
a sharp smooth interface with good phase separation between the fibres 
and the solvent. The shape form factor has a value of 2, representing a 
lamella structure. Rg has a value of 371 Å, which translates to a fibre 
thickness of 130 nm (Thickness = √12.Rg [82]), which is comparable to 

another study which measured the thickness using SEM [24]. Fitting 
values are summarised in Table 3.

The theoretical size of a single GalC7 molecule can be estimated to 
1.65 nm, assuming the bond between carbon atoms amounts to 1.5 Å, 
the galactose head 5 Å and the amide group 2 Å. There is a sharp peak at 
0.40 Å− 1/1.6 nm, which can be seen in both the scattering intensity plot 
(Fig. 6) and the Kratky plot (Supplementary Fig. S2A). This peak is most 
likely due to scattering from individual GalC7 molecular leaflets (half a 
bilayer). The pronounced peak at 0.17 Å− 1 /3.7 nm, in turn, can be 
attributed to scattering originating from the GalC7 bilayers that stack 
together to make up GalC7 fibres. The prominence/sharpness of this 
peak at 3.7 nm shows the predictable and repeatable nature of the 
bilayer formation. Residuals from the fitted Gunier-Porod model are 
provided in supplementary Fig. S2B.

Small-angle X-ray scattering (SAXS), which often has a higher reso
lution than SANS at smaller length scales [85], has previously been 
performed on GalC7 fibres [50]. The data showed peaks at 3.8 nm, 1.8 
nm, and 0.92 nm. This correlates with peaks in our dataset of a single 
GalC7 bilayer thickness (3.7 nm) and the size of a single molecule/ 
thickness of half a single lamellar (1.8 nm). The additional peak not seen 
in our SANS data, due to restrictions in the maximum q value attainable, 
at 0.92 nm, was not identified by the authors but may be attributed to 
the spacing between stacked lamellae. In the study by Chalard et al. 
[24], the fibre thickness was also measured by cryo-SEM and SAXS, and 
was found to be 150 nm ± 100 nm, and 230 nm ± 50 nm, for cryo-SEM 
and SAXS, respectively. The discrepancy in the measured SAXS value for 
fibre thickness may be in part due to the limitations of SAXS at higher 
length scales. Optical microscopy has previously revealed that formed 
GalC7 fibres can extend beyond 500 μm in length [50].

It was not possible to extract length or width dimensions of the GalC7 
fibres from our SANS or USANS data (section 2.3), despite the existence 
of three or four Guinier region models that have been established to 
quantify the width and length of lamellar structures [82]. This can be 
due to both the width and length exceeding the size range of SANS/ 
USANS, or the scattering resulting from interaction/separation between 

Fig. 6. SANS scattering data for a gel of pure GalC7 fibres with Gunier-Porod model overlaid (Eq. 8 and 9) for values <0.1 Å− 1/>6.3 nm.

Table 3 
Fitting values for GalC7 fibres. All presented parameters are average values with 
standard deviation from fitting scattering data from three independent samples.

Sample Rg (nm) d s

GalC7 37.1 ± 0.2 4.0 ± 0.1 2 ± 0.05
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fibres hides the scattering due to the length or the width.

3.3. Scattering of composite hydrogels

Combining GelMA with the much larger supramolecular fibres cre
ates composite gels where the supramolecular fibres reinforce the 
GelMA gels, and where they can act as initial guidance to cells. Over 
time, the fibres have been found to disassemble, leaving pores within the 
GelMA for cells to interact with [24]. While we have previously shown 
that these composite gels can be fabricated [24], it is important to 
characterise any interaction between the GelMA and the GalC7 fibres, 
and whether the GalC7 fibres disrupt the GelMA network, which can be 
probed using neutron scattering.

To understand if there are any interactions between the GelMA and 
the GalC7 fibres, the scattering of the composite (GelMA + GalC7) 
hydrogels was compared with the individual GalC7 fibre and the GelMA 
scattering curves (Fig. 7A and B). The composite gel scattering was also 
compared to the summation of the GalC7 and GelMA scattering data 
(Fig. 7C and D), which is produced by adding the scattering intensity of 
the individual stiff GelMA and GalC7 fibres scattering data.

From Fig. 7A and B, it is seen that the scattering of the composite 
hydrogels is dominated by the large GalC7 fibres in the low-q range 
(<0.007 Å− 1), while GelMA scattering dominates in the high-q range 
(>0.007 Å). In the high-q range, GelMA appears to significantly suppress 
the peak at 0.17 Å− 1 seen in the GalC7 curve (A and B), although it is still 
faintly present in the composite curve. This suppression could be due to 
poor contrast between the GelMA and the GalC7 layers. It is also 

important to note that while the pure GalC7 fibres were produced in 
D2O, GelMA and the composite gels were made in H2O, dried and 
swollen in D2O. It is therefore possible that there is residual H2O asso
ciated with the hydrophilic GalC7 heads in the composite gels, which 
would reduce the contrast further. The scattering length density of H2O 
(− 0.55 × 10− 6 Å− 2) is much closer to that of the GalC7 molecules (0.54 
× 10− 6 Å− 2) than that of D2O (6.35 × 10− 6 Å− 2).

Some differences are seen in the Kratky plot (Fig. 7D) between the 
summation of the GalC7 and GelMA curves and the composite gels. The 
composite gels have a slight increase in intensity between 0.1 Å− 1 to 
0.007 Å− 1, which would indicate some increase in the concentration of 
pores and formed aggregates. Though GelMA concentration remains the 
same between the composite and pure GelMA gels, there may be a slight 
decrease in swelling ratio due to the presence of the fibres or improper 
swelling, due to the shorter time spent hydrated before scattering. Since 
there is no shift of the curves to higher or lower q-values, only a small 
change in scattering intensity, it would indicate there is minimal 
disruption of the GelMA network from the GalC7 fibres. It was also 
previously shown that these composite hydrogels did not show any 
difference in Young’s modulus compared with pure GelMA hydrogels at 
the same crosslinking time when measured by AFM [24]. Due to the 
small indentation depth of AFM, it would only measure the local prop
erties of the surface GelMA, which would further support the interpre
tation that the stiffness and network properties don’t change due to the 
presence of the GalC7 fibres.

There are also small differences in the composite and GelMA + GalC7 
summation curves, when q is less than 0.007 Å− 1, where the GalC7 fibres 

Fig. 7. (A) SANS data and (B) Kratky plot, of pure GelMA, pure GalC7 and composite hydrogels (C) SANS data and (D) Kratky plot, of Composite hydrogel and the 
Stiff 1 + GalC7 which is the summation of the two curves Pure GelMA and GalC7 in A and B.
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dominate. The scattering curve of the composite hydrogels is slightly 
shifted towards lower q values in this region, which may indicate that 
the composite gels have slightly thicker fibres. Such small differences 
may be due to using different cooling rates during sample preparation, 
for composite and GalC7 samples (3 h for composites compared to 20 
min for GalC7 fibres), which is known to cause differences in fibre 
growth, with shorter and thinner fibres produced at higher cooling rates 
[24]. These inconsistencies occurred as the pure GalC7 gels do not 
tolerate drying and were prepared using D2O onsite at ANSTO, while the 
composite gels were prepared using H2O at the University of Auckland. 
Also, the self-assembly, like crystallization, is sensitive to the local 
concentration and diffusion of the GalC7 free molecules around the 
formed fibres, which could be rather different in the presence or absence 
of the GelMA in the solution.

FTIR was performed on the GalC7 powder, dried ‘stiff’ GelMA gel 
and the corresponding dried composite gel containing self-assembled 
GalC7 fibres (supplementary Fig. S3). The composite gel FTIR is 
almost identical to the GelMA spectra, due to the low concentration of 
GalC7 in the gel (22 times more GelMA weight compared to GalC7). The 
near identical FTIR confirms that the GalC7 fibres do not alter the 
chemical structure of the GelMA gel.

USANS was also performed on the composite hydrogels after being 
swelled for 1 h, data is given in supplementary fig. S2D and was fitted to 
the power law equation (Eq. 7) (supplementary Fig. S4). Composite gels 
had a power law exponent of 2.8 ± 0.1, which indicates the GalC7 fibres 
scatter as a mass fractal within the gel.

4. Conclusion

This work provides a detailed analysis of two different GelMA-based 
hydrogel systems, pure GelMA with the same polymer concentration but 
different crosslinking, and composite GelMA/GalC7 gels. The data from 
pure GelMA hydrogels demonstrated that an increase in Young’s 
modulus did not significantly decrease the size of the majority of pores/ 
separation between fibres. Stiffer hydrogels were, however, observed to 
have areas of tightly crosslinked particle-like bundles, which results in 
the matrix being more constrained, explaining the higher Young’s 
modulus and lower swelling ratio. This study furthermore provides in
sights into the structural details of supramolecular GalC7 fibre gels and 
the composite GalC7-GelMA hydrogels. The data confirms expected 
fibre dimensions and bilayer structure of GalC7 fibres and adds insight 
that these GalC7 fibres have very little interaction with the surrounding 
GelMA hydrogel, which highlights the fact that the supramolecular as
sembly of GalC7, which follows the same mechanism as a crystallization 
phenomenon, is not really disturbed by the presence of GelMA as a so
lute. Characterising structures and interaction of highly used materials 
in the field of tissue engineering may facilitate understanding of cell 
interaction and phenotype and help drive advancements in tissue 
engineering.
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[75] A. Forgács, et al., Mechanism of hydration and hydration induced structural 
changes of calcium alginate aerogel, ACS Appl. Mater. Interfaces 13 (2) (2021) 
2997–3010, https://doi.org/10.1021/acsami.0c17012.

[76] P. Lopez-Sanchez, A. Assifaoui, F. Cousin, J. Moser, M.R. Bonilla, A. Ström, Impact 
of glucose on the nanostructure and mechanical properties of calcium-alginate 
hydrogels, Gels 8 (2) (2022) 71, https://doi.org/10.3390/gels8020071.

[77] P.N. Depta, et al., DEM-based approach for the modeling of gelation and its 
application to alginate, J. Chem. Inf. Model. 62 (1) (2022) 49–70, https://doi.org/ 
10.1021/acs.jcim.1c01076.

[78] A. Borzacchiello, L. Russo, B.M. Malle, K. Schwach-Abdellaoui, L. Ambrosio, 
Hyaluronic acid based hydrogels for regenerative medicine applications, Biomed. 
Res. Int. 2015 (2015) 871218, https://doi.org/10.1155/2015/871218.

[79] E.M. Saffer, M.A. Lackey, D.M. Griffin, S. Kishore, G.N. Tew, S.R. Bhatia, SANS 
study of highly resilient poly(ethylene glycol) hydrogels, Soft Matter 10 (12) 
(2014) 1905, https://doi.org/10.1039/c3sm52395k.

[80] R. Chen, Z. Li, J. He, Determination of upper limit of Guinier approximation on 
dilute polydisperse system in SAXS, Nucl. Instrum. Methods Phys. Res., Sect. B 552 
(2024) 165377, https://doi.org/10.1016/j.nimb.2024.165377.

[81] D. McDowall, D.J. Adams, A.M. Seddon, Using small angle scattering to understand 
low molecular weight gels, Soft Matter 18 (8) (2022) 1577–1590, https://doi.org/ 
10.1039/D1SM01707A.

[82] B. Hammouda, A new Guinier–Porod model, J. Appl. Cryst. 43 (4) (2010) 716–719, 
https://doi.org/10.1107/S0021889810015773.

[83] M. Shibayama, Small-angle neutron scattering on polymer gels: phase behavior, 
inhomogeneities and deformation mechanisms, Polym. J. 43 (1) (2011) 18–34, 
https://doi.org/10.1038/pj.2010.110.

[84] Y. Gombert, F. Roncoroni, A. Sánchez-Ferrer, N.D. Spencer, The hierarchical bulk 
molecular structure of poly(acrylamide) hydrogels: beyond the fishing net, Soft 
Matter 16 (42) (2020) 9789–9798, https://doi.org/10.1039/D0SM01536A.

[85] C. Neylon, Small angle neutron and X-ray scattering in structural biology: recent 
examples from the literature, Eur. Biophys. J. 37 (5) (2008) 531–541, https://doi. 
org/10.1007/s00249-008-0259-2.

H. Porritt et al.                                                                                                                                                                                                                                  Journal of Colloid And Interface Science 700 (2025) 138443 

13 

https://doi.org/10.1038/s44161-021-00007-3
https://doi.org/10.1038/s44161-021-00007-3
https://doi.org/10.1016/j.bbrc.2017.12.115
https://doi.org/10.1016/j.bbrc.2017.12.115
https://doi.org/10.3389/fbioe.2024.1363525
https://doi.org/10.3389/fbioe.2024.1363525
https://doi.org/10.1295/polymj.37.324
https://doi.org/10.2174/138920312799277901
https://doi.org/10.2174/138920312799277901
https://doi.org/10.1038/srep29040
https://doi.org/10.1038/srep29040
https://doi.org/10.1021/ma0626113
https://doi.org/10.1021/ma0626113
https://doi.org/10.1021/ma049623d
https://doi.org/10.1021/ma049623d
https://doi.org/10.1080/17452759.2024.2378003
https://doi.org/10.1080/17452759.2024.2378003
https://doi.org/10.1002/adfm.201101662
https://doi.org/10.1039/C7BM00110J
https://doi.org/10.1039/C7BM00110J
https://doi.org/10.3390/ijms20205061
https://doi.org/10.1021/acsami.0c17012
https://doi.org/10.3390/gels8020071
https://doi.org/10.1021/acs.jcim.1c01076
https://doi.org/10.1021/acs.jcim.1c01076
https://doi.org/10.1155/2015/871218
https://doi.org/10.1039/c3sm52395k
https://doi.org/10.1016/j.nimb.2024.165377
https://doi.org/10.1039/D1SM01707A
https://doi.org/10.1039/D1SM01707A
https://doi.org/10.1107/S0021889810015773
https://doi.org/10.1038/pj.2010.110
https://doi.org/10.1039/D0SM01536A
https://doi.org/10.1007/s00249-008-0259-2
https://doi.org/10.1007/s00249-008-0259-2

	Small and ultra small angle neutron scattering on pure and supramolecular composite GelMA hydrogels
	1 Introduction
	2 Experimental section
	2.1 Materials
	2.2 GelMA synthesis
	2.3 Determination of the degree of functionalization of GelMA
	2.4 Preparation of hydrophobic glass surfaces
	2.5 Preparation of pure GelMA hydrogels
	2.6 Preparation of pure GalC7 fibres
	2.7 Preparation of composite hydrogels
	2.8 Swelling ratio
	2.9 Force indentation with atomic force microscopy
	2.10 Small angle neutron scattering
	2.11 Ultra-small angle neutron scattering
	2.12 Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy

	3 Results and discussion
	3.1 Scattering of pure GelMA hydrogels
	3.2 Scattering of GalC7 gels
	3.3 Scattering of composite hydrogels

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Generative AI and AI-assisted technologies in the writing process
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


