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Abstract
Background  Extracellular matrix (ECM) is a three-dimensional (3D) structure found around cells in the tissues of many 
organisms. It is composed mainly of fibrous proteins, such as collagen and elastin, and adhesive glycoproteins, such as 
fibronectin and laminin—as well as proteoglycans, such as hyaluronic acid. The ECM performs several essential functions, 
including structural support of tissues, regulation of cell communication, adhesion, migration, and differentiation by provid-
ing biochemical and biomechanical cues to the cells. Pancreatic β-cells have been previously shown to be responsive to the 
surrounding mechanical stress, impacting their insulin-secreting function.
Purpose  We aimed to derive a physiologically relevant in vitro model of pancreatic tissue by using an innovative synthesised 
porous ECM that mimics the native tissue microenvironment and mechanical properties.
Methods  Here we performed mechanical, physico-chemical and functional characterisation of a synthetic hydrogel ECM, 
composed of hyaluronic acid cross-linked with collagen types I and VI and modified with fibronectin. The hydrogel was 
used as a 3D cell culture scaffold for the MIN6 insulinoma cell line. Cell proliferation, viability, gene expression, and insulin 
secretion in response to glucose stimulus were assessed and contrasted with classic monolayer culture.
Results  The biomaterial exhibited a shear modulus of 815.37 kPa and a distinctive viscoelastic response. MIN6 cells showed 
a higher proliferation and viability rates and maintained insulin secretion in response to glucose stimulus and β-cell identity 
gene expression when cultured in the 3D hydrogel compared to monolayer culture.
Conclusion  Our study demonstrated the potential of this biomimetic hydrogel scaffold as an innovative matrix enabling 
better in vitro models to study disease physiopathology.
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Introduction

Diabetes mellitus, a chronic metabolic disorder character-
ised by hyperglycaemia, affects millions of people world-
wide. While type 1 diabetes (T1D) results from autoimmune 
destruction of pancreatic β-cells, type 2 diabetes (T2D) is 
associated with insulin resistance of peripheral tissues such 
as muscle, liver, adipose tissue, and progressive loss of β-cell 
mass and function [1]. Pancreatic islet transplantation has 
emerged as a promising treatment for T1D [2], which gave 
rise to the development of porous scaffold grafts to enhance 
long-term survival and function of the transplanted islets [3]. 
Moreover, the development of effective therapies for T2D 
requires a better understanding of the mechanisms underly-
ing pancreatic β-cell dysfunction, which can be facilitated 
by advanced in vitro models [4].

The extracellular matrix (ECM) plays a crucial role in 
providing structural support and regulating cellular behav-
iour, growth, and differentiation in living tissues [5, 6]. 
ECM is a complex network of proteins and polysaccharides 
that exhibits viscoelastic mechanical properties, which are 
essential for tissue-specific functions [7–9]. The influence of 
ECM on pancreatic islet cell differentiation, attachment, and 
proliferation has been well-established [10, 11], highlight-
ing the need for incorporating ECM components in three-
dimensional (3D) in vitro models to improve their relevance 
and predictive power.

Current in vitro models of pancreatic islets involve syn-
thetic polymer matrices, such as polyethylene glycol (PEG), 
polylactic acid (PLA), and poly(lactic-co-glycolic acid) 
(PLGA) [12]. These materials often lack the complexity 
and biomechanical cues provided by the native ECM, lead-
ing to limitations in their ability to recapitulate the in vivo 
behaviour of islet cells. Various strategies, such as protein 
hydrogels, scaffolds, and decellularised matrices, have been 
employed to address this issue. For instance, Daoud et al. 
demonstrated that the presence of ECM components, such as 
collagen and laminin, improved the survival and function of 
human islets in vitro. Nagata et al. showed that culturing rat 
islets in an ECM-derived scaffold enhanced insulin secretion 
compared to conventional culture methods [13–18]. How-
ever, there remains a need for a more comprehensive and 
biomimetic approach that combines the key structural and 
functional components of the ECM to enhance the perfor-
mance of in vitro islet models.

In this study, we aimed to bridge the gap between current 
in vitro models and the native islet microenvironment by 
developing a synthesised biomimetic scaffold that serves as 
an extracellular matrix for 3D cell culture. By incorporating 
key ECM components, such as fibrous proteins (collagen 
types I and VI), proteoglycans (hyaluronic acid, HA), and 

adhesive glycoproteins (fibronectin), we sought to provide 
the necessary biomechanical cues and cell–matrix interac-
tions that are essential for maintaining pancreatic β-cell 
function and viability [19, 20]. By fine-tuning the composi-
tion and structure of our synthesised scaffold, we aimed to 
achieve viscoelastic properties that closely mimic the native 
tissue, thus providing an optimal microenvironment for islet 
cell function.

Our work focused on MIN6 cells, a well-established 
mouse pancreatic β-cell line, relatively easy to maintain 
and capable of robust insulin secretion in response to 
glucose stimulus. We used this cell line to validate the 
performance of the synthesised biomimetic scaffold as 
a model for studying glucose-stimulated insulin secre-
tion [21, 22]. By comparing the behaviour of MIN6 cells 
cultured in our 3D scaffold with those in conventional 
two-dimensional (2D) cultures, we aimed to evaluate cell 
metabolic activity and insulin secretion in response to 
glucose stimulation.

Materials and methods

Hydrogel scaffold fabrication

The hydrogel scaffold was prepared as previously 
described [23]. Briefly, the BIOMIMESYS® Adipose Tis-
sue scaffolds were synthesised in two steps. Initially, HA 
(9067–32-7, Baoding Faithful Industry Co., Ltd, China) 
was completely dissolved in pure water at the concentra-
tion of 4 g/L, followed by the addition of 10 mg of Arg-
Gly-Asp-Ser motif (RGDS, 91,037–65-9, Cayman Chemi-
cals, USA), 7.22 µmol of type I collagen (c-136157, Santa 
Cruz Biotechnology, Inc., USA), and 2 µmol of type VI 
collagen (ab7538, Abcam, UK). The mixture was stirred 
for 1 h until achieving a homogeneous solution. In the sec-
ond step, the hydrazide cross-linker (ADH, TCI Europe, 
Belgium) was dissolved in deionised water at the con-
centration of 18 g/L and incorporated into the solution, 
while the pH was adjusted to 4.75 using 1 M HCl (Fisher 
Scientific, France). The carbodiimide reagent (EDCI, TCI 
Europe, Belgium) was dissolved in deionised water, intro-
duced into the reaction mixture, and allowed to gel for 
2 h under gentle agitation. The resulting hydrogels were 
then dialysed against deionised water to remove unreacted 
ADH and EDCI. The purified hydrogel was cast in 96-well 
plates, frozen, and subsequently lyophilised for 24 h using 
a freeze dryer (Crios, Cryotec, France; performance: 3 kg 
ice/24 h, T = 55 °C). Finally, the hydrogel-loaded plates 
were sterilised through ultraviolet (UV) irradiation over 
the course of 30 min.
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Rheological measurements

Rheological measurements were performed using Discovery 
HR10 from TA Instruments (New Castle, USA), using a Pel-
tier plane and a 25-mm plane geometry, sustained at 37 °C. 
The scaffold was subjected to shear stress with an oscilla-
tion measurement in a logarithmic amplitude sweep from 1 
to 500 Pa at a frequency of 1 Hz. Optimal gap between the 
plates for the samples used in this study was found to be 
100 µm. Shear modulus (G*) was determined as the square 
root of the sum of squares of the shear storage and loss mod-
uli recorded in the linear viscoelastic region (LVR). The loss 
factor was obtained by taking the ratio of loss modulus to 
storage modulus. Young’s modulus (E) was derived using 
the shear modulus and Poisson’s ratio of 0.5 for hydrogels 
[24], using the following equation.

Stress‑relaxation assays

For stress-relaxation experiment, two batches of 6-well 
plate-shaped samples were prepared in two separate syn-
theses, as mentioned above. One plate each of batch 1 and 
batch 2 were evaluated on the day 1 after synthesis. A sepa-
rate plate of batch 2 was stored at 4 °C and used on the day 
30 after synthesis.

The experiment was carried out with the use of 
TA.XTplusC Texture Analyser (Stable Micro Systems, 
UK). A spherical probe of 6 mm diameter was utilised in 
conjunction with a 5-g load cell. The experiment involved a 
close to instantaneous application of mechanical stress with 
a solid probe onto the biomaterial fixed between two parallel 
plates, sustained for 60 s and released after, during which 
the reaction force exerted by the biomaterial onto the probe 
was measured.

The time-series data was analysed by a home-made 
Python program that used Statsmodels, SciPy, and scikit-
learn libraries for model fitting and assessment [25–27] as 
well as Pandas, NumPy, and Matplotlib libraries for data 
processing and visualisation [28–30]. The signal was filtered 
using lowess smoothing and then used to fit a two-exponent 
model using nonlinear least squares curve fitting. The good-
ness of the fit was assessed by R2 value and mean square 
error of the residuals. The models were then normalised 
around the maximum value.

Raman spectroscopy

Raman spectra of the scaffold and its constituents—HA, 
RGDS, and collagen types I and VI—were recorded in the 
range of 380–3800 cm−1 with HR Evolution spectroscope 

E = 2(1 + 0.5)G ∗

by Horiba Scientific (Horiba, Japan). HA and RGDS were 
examined in powder form, while collagen samples were pro-
duced by freeze-drying 2 mL of collagen I and VI at -50 °C 
for 24 h. Scaffold samples were prepared as described above. 
For HA, RGDS, and collagen type I, a 632.8-nm laser was 
used as an excitation source with a 100 × objective lens 
focusing 15 mW at the sample in air interface at ambient 
conditions, resulting in an approximately 1 µm2 laser spot. 
The spectrometer was equipped with diffraction grating 
of 300 grooves/mm which gave rise to the spatial resolu-
tion of 2 wavenumber per pixel. Prior to data collection, 
the instrument was calibrated with Raman line of silicon at 
520.7 cm−1. During the recording, single spectral acquisi-
tions of 120 s duration were performed for each sample. 
Collagen type VI spectra were collected using 785-nm laser 
with double spectral acquisitions, 100 s long. Data process-
ing was performed in LabSpec 5 software (Horiba Jobyn 
Yvon). An 8-degree polynomial baseline correction was 
applied to remove any fluorescence noise. Average spectra 
were produced for three specimens of each chemical.

Scanning electron microscopy

Scaffolds were imaged with a scanning electron microscope 
(SEM) ULTRA 55 (Carl Zeiss Microscopy GmbH, Ger-
many) at 10 keV, working distance around 12 mm. Pores 
were measured using ImageJ software. Pore identification 
was achieved by applying ‘Band Pass Filter’ smoothing tool 
followed by pixel intensity histogram thresholding with ‘Li 
Thresholding’ tool [31] to separate the foreground, repre-
sented by fibres, and background, represented by pores. 
After this, the resulting binary image was quantified using 
the ‘Analyze Particles’ tool. The porosity was assessed by 
taking the ratio of cumulative area of all openings against the 
total observed area of the SEM image, given as a percentage.

Cell culture, glucose‑stimulated insulin secretion, 
and insulin quantification

MIN6 cells (RRID:CVCL_0431, AddexBio, USA) were 
cultivated in complete MIN6 medium, which comprised 
DMEM medium with a glucose concentration of 4.5 g/L 
(31,966–021, Gibco, USA). The medium was supple-
mented with 15% foetal bovine serum, 100 µg/ml penicil-
lin–streptomycin, and 55 µM β-mercaptoethanol (M6250, 
Sigma-Aldrich, USA). The cells were cultured at a tem-
perature of 37 °C with a CO2 concentration of 5%. At the 
day 0 of the experiment, the cells were detached from 
a T75 flask with trypsin and seeded on a 96-well plate 
(353,072, Corning, USA) in the concentration 100 × 103 
cells/well. For the 3D condition, the 96-well plates con-
tained the matrix in each well. The plates were incubated 
in the same conditions, as described above for 7 days. 
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Media changes took place every 2 days. Glucose-stimu-
lated insulin secretion (GSIS) was performed on the days 
3 and 7 of culture. MIN6 cells underwent a 1-h starva-
tion period using Krebs–Ringer bicarbonate buffer (KRB) 
supplemented with 0.5% Bovine Serum Albumin (BSA, 
A7030, Sigma-Aldrich, USA) and 2.8 mM glucose (G8769, 
Sigma-Aldrich, USA). Subsequently, cells were treated 
with 2.8 mM glucose KRB for 1 h, followed by 20 mM 
glucose KRB treatment for 1 h. Insulin content was deter-
mined after cell lysis with 180 mM HCl and 75% ethanol, 
followed by neutralisation with 1 M Na2CO3. After each 
treatment stage and lysis, supernatant was sampled from 
the wells to a sampling plate. Secreted and content insulin 
concentrations were evaluated using enzyme-linked immu-
nosorbent assay (ELISA, mouse ELISA insulin kit, Mer-
codia). Results were expressed as a percentage of insulin 
content. The experiment was repeated twice.

Metabolic activity and viability measurements

The metabolic activity of the MIN6 cells was evaluated on 
the days 0, 3, and 7 with resazurin reduction assay. Resa-
zurin sodium salt (B21187, Fisher Scientific, France) was 
dissolved in deionised water to make a 1 mM working solu-
tion. The solution was sterilised with a 0.22-µm syringe fil-
ter. MIN6 cells were seeded as described above. Prior to the 
assay, fresh media were added to each well. Next, a total 
of 100 µl of working solution was added to each well and 
samples were incubated for 4 h at 37 °C, 5% CO2. One hun-
dred microliters of media was collected to a sampling plate 
(353,072, Corning, USA), which was read with Infinite 200 
PRO microplate reader (Tecan Group Ltd., Switzerland). 
Fluorescence signal was recorded using 550/9 nm excitation 
and 590/20 nm emission monochromators. A standard curve 
was produced and was used to determine the cell number 
based on the fluorescence value, arising from the overall 
metabolic activity of the cells in the sampled wells. For this, 
the assay was performed for a range of varied cell densities 
(0, 10, 20, 40, 100, 200, 400 × 103 cells per well) on the 
day 0, after complete cell attachment on the bottom of the 
well was observed. Cell viability was measured using MTT 
assay. Measurements were performed on the days 3 and 5 of 
culture. At each time point, 20 µL of MTT (475,989, Sigma-
Aldrich, USA) solution (5 mg/mL in PBS) was added to 
each well of a 96-well plate containing either 2D or 3D cul-
tures. The plate was incubated for 4 h at 37 °C, 5% CO2 in 
the dark. After incubation, the supernatant was removed, 
and 150 µL of dimethyl sulfoxide (DMSO) was added and 
the plates were incubated for 20 min at room temperature. 
Absorbance was measured at 540 nm. Each experimental 
set consisted of 6 data points, including 1 control and 5 cell-
cultured samples. The data was given as a percentage viabil-
ity relative to the day 3.

Immunostaining and fluorescence imaging

For fluorescence imaging, after 7 days of culture, the cell-
loaded scaffold wells and chamber slides (Lab-Tek™ II 
CC2™ Chamber Slide, 154,941, Thermo Fisher Scientific, 
France) were filled with a fixing solution of paraformalde-
hyde (4%) in PBS and kept at room temperature for 20 min. 
Following fixation, blocking was performed using a block-
ing buffer of 1% BSA. Guinea pig anti-insulin primary anti-
bodies (IR00261-2, Agilent Technologies, USA) were then 
applied and incubated overnight at 4 °C. Subsequently, cells 
were washed with PBS and incubated with anti-guinea pig 
647 nm secondary antibodies (A21450, Invitrogen, USA) 
for 1 h at room temperature to visualise intracellular insulin. 
Lastly, nuclear staining was achieved using 4′,6-diamidino-
2-phenylindole (DAPI) for 15 min, followed by thorough 
washing with PBS. Confocal imaging was conducted using 
Zeiss Axio Observer Z1 inverted microscope (Carl Zeiss 
Microscopy GmbH, Germany) equipped with CSU-X1 
spinning-disc unit (Yokogawa Electric Corporation, Japan) 
and a sCMOS PRIME 95B camera (Teledyne Photometrics, 
USA). 2D slides were imaged with 40 × objective lens. For 
three-dimensional scaffold samples, a z-stack was obtained 
containing 100–200 images focused at a range of equally 
spaced planes across the z-axis with a 63 × objective lens. 
Image processing was performed using ZEN Microscopy 
Software (Carl Zeiss Microscopy GmbH, Germany). A sin-
gle 2D-projection image was compiled from the z-stack, 
based on the maximum intensity of the pixels for each x–y 
coordinate, thus producing a pseudo-3D image as viewed 
from the top. Additionally, 3D reconstruction images were 
obtained from the z-stacks. Control experiments excluding 
primary antibodies were performed to assess the specificity 
of staining.

RNA extraction and qRT‑PCR analysis

RNA samples were extracted using TRIzol agent 
(15,596,026, Invitrogen, USA). Prior to extraction, hydro-
scaffolds were transferred into an Eppendorf tube with Tri-
zol agent and homogenised using a 1-mL syringe fitted with 
a 19G needle to ensure efficient disruption of the scaffolds. 
After homogenisation, 200 µL of chloroform was added, 
and samples were vigorously shaken for 10 s, followed by 
incubation at room temperature for 3 min. Centrifugation 
was performed at 12,000 g for 15 min at 4 °C to separate 
the phases. The aqueous phase was transferred to a new tube 
and 500 µL of isopropanol was added to precipitate RNA. 
Samples were incubated at room temperature for 15 min, fol-
lowed by centrifugation at 12,000 g for 10 min at 4 °C. The 
RNA pellet was washed twice with 1 mL of 75% ethanol, 
air dried, and resuspended in 10–20 µL of RNase-free water. 
mRNA expression was measured after reverse transcription 
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by quantitative RT-PCR (qRT-PCR) as previously described 
[32] with FastStart SYBR Green master mix (Roche, Swit-
zerland) using a LC480 instrument (Roche, Switzerland). 
qRT-PCR results were normalised to endogenous cyclo-
philin reference mRNA levels. Results are expressed as the 
relative mRNA levels of a specific gene expression using the 
formula 2 − ΔCt. The complete list of primers is presented 
in Supplemental Table 1.

Statistical analysis

Data are presented as mean ± s.d. or s.e.m. Two-sided 
Grubbs test was systematically performed to identify 
outliers, using Prism 10.0 (GraphPad software). Statisti-
cal analyses were performed using a two-tailed unpaired 
Mann–Whitney U test or two-way ANOVA with Fisher’s 
LSD tests. Differences were considered statistically signifi-
cant at p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001).

Results

Mechanical characterisation of the scaffold

Rheological analysis was first performed to evaluate the 
shear mechanical properties of the matrix. BIOMIMESYS® 
scaffold, transformed in its hydrogel form by adding MIN6 
culture medium, was subjected to harmonically varying 
loading to evaluate the shear property of the material. Stor-
age modulus (G') and the loss modulus (G'') are presented 
as plots against deformation (γ) in Fig. 1a. The dynamics 
of these moduli under oscillatory loading characterised the 
contribution of solid and liquid phase to the mechanical 
properties of the scaffold, reflected in G' and G'', respec-
tively. Notably, the storage modulus exceeded the loss 
modulus, indicating that the scaffold exhibited gel-like 
behaviour of a viscoelastic solid. Within the range of low 
deformations (< 10%), both G' and G'' remained constant, 
indicating an undisturbed scaffold structure. This region is 

Fig. 1   Mechanical characterisation of the hydrogel scaffold. Scaf-
fold’s mechanical properties were evaluated in rheological shear 
oscillation test (a) and stress-relaxation test (b–f). In rheological 
evaluation, an oscillatory shear stress was applied from 1 to 500 Pa 
at a frequency of 1 Hz, 37 °C and storage (G') and loss (G'') moduli 
were recorded. In stress-relaxation experiment, samples were fixed 
between two parallel plates with an opening and subjected to a con-
stant loading applied for 60  s through a spherical probe (b). The 

stress-relaxation curves were filtered and fitted a 2-exponent Maxwell 
model, normalised against the maximum value. Averages and stand-
ard deviations of the curves for batch 1 (n = 6) and batch 2 (n = 4) on 
the 1st day after synthesis and batch 2 1 month after synthesis (n = 6) 
are presented in c. Two time constants and steady-state force were 
extracted from the 2-exponent model parameters and compared in c, 
d, and e, respectively
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called linear viscoelastic region (LVR). Consequently, the 
moduli began to decrease, signifying structural perturbation. 
The backward sweep curves (i.e. decreasing deformation) 
demonstrated the reversibility of the scaffold’s structure, 
characterised by a return close to the original values of G' 
and G''. The plateau values observed for G' and G'' within 
the LVR related to the scaffold’s mechanical properties, 
such as rigidity or elasticity. The shear modulus G* was 
found to be 815.37 ± 165.08 Pa and the average loss factor 
tan(δ) = 0.187. Young’s modulus E, or elastic modulus, was 
calculated using Poisson’s equation, producing the value of 
2446.1 ± 495.23 Pa.

During the stress-relaxation experiment, the scaffold was 
subjected to a constant loading by applying a fixed deforma-
tion and sustaining it for 60 s, while the stress was recorded. 
The setup is shown in Supplemental Fig. 1. The response 
of the material was a dynamic nonlinear relaxation to a 
steady state from an initial value. A transient response was 
observed with an initial steep negative gradient converg-
ing to zero over time. This provided further insight into the 
viscoelastic characteristic of the complex material. A gen-
eralised Maxwell model [33] was used in order to describe 
the behaviour of the scaffold with spring-dashpot elements 
connected in parallel (details are provided in Supplemental 
Fig. 2). Springs represent the elastic property of the scaffold 
while dashpots viscous. It was found that the second-order 
model with two parallel elements was sufficient to represent 
the observed relaxation response:

where σ is the stress, η1 and η2 are the viscosity coefficients 
of the corresponding dashpot element, and E1 and E2 are the 
corresponding spring coefficients. An exponential solution 
to this model consisted of two exponential elements and was 
expressed as:

where F(t = 0) is the initial reaction force, Fss is the steady 
state force and C is the parametric coefficient, and T1 and 
T2 are the time constants, describing the speed of relaxa-
tion of the biomaterial. These time constants were related 
to the differential form parameters as the ratio η/E. The 
experimental data was fit to the model (2) and the average 
fits are presented in Fig. 1b. The model parameters were 
shown to be repeatable between samples, giving aggressive 
T1 = 36.43 ± 3.10 and a steadier T2 = 1.49 ± 0.36, with the 
reaction force converging to Fss = 0.8850 ± 0.0076 (nor-
malised against the initial force). This behaviour was also 
shown to be consistent between batches and repeatable after 
1 month of storage at 4 °C, as presented in Fig. 1c, d, and e.
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Physico‑chemical characterisation of the scaffold

Raman spectroscopy was performed on the scaffold and 
the major chemicals in its composition: HA, collagen 
types I and VI, and RGDS. The average spectra of three 
specimens each are presented in Fig. 2. Collagen type VI 
spectrum is given in the range of 380–2800 cm−1, due to 
poor sensitivity of the sensor at higher wavenumber for the 
laser configuration used. The spectral patterns of both col-
lagen types appeared alike, since they were similar in their 
chemical composition. The presence of the amide bands 
was observed in the spectra of HA, RGDS, collagens, and 
the scaffold. For instance, amide I band is observed in 
1630–1690 cm−1 region, arising from the C = O stretch-
ing vibration. While it occurs at higher wavenumber for 
HA, RGDS, and collagen samples, the peak is downshifted 
to 1640 cm−1 in the scaffold suggesting a conformational 
change from β-sheet to α-helix [34]. As well as this, amide 
III peaks at 1238  cm−1 and 1266  cm−1 are observed in 
all spectra, arising from C-N stretching and N–H bend-
ing. N–H in-plane deformations were also observed in 
the scaffold spectrum at 1426 cm−1, the same as in col-
lagens’ and RGDS spectra. The peaks in the 890  cm−1 
and 938 cm−1 bands appear in the scaffold spectrum and 
relate to breathing of proline ring and C–C stretching of 
collagen and RGDS backbone, respectively. At the same 
time, together with the 1125 cm−1 peak, they can also be 
associated with stretching of C–O–C glycosidic bond, 
forming the polysaccharide backbone of the HA. Further-
more, the 1049 cm−1 peak is both manifested in HA and 
as a shoulder on the scaffold spectrum, assigned to C-O 
stretching vibration of the alcoholic group (-OH). Similar 
vibrations are inherited by the scaffold from RGDS, visible 
at 1078 cm−1. The 1374 cm−1 peak arising from C-H and 
CH2 out of plane deformations can be observed in both HA 
and scaffold’s spectra, as well as the CH stretching peak at 
2907 cm−1. In addition to this, the scaffold inherits the CH3 
and CH2 deformation peaks at 1450 cm−1 and 2937 cm−1 
regions from collagen. A pronounced peak at 1156 cm−1 
corresponding to C-N stretching signifies new cross-links 
formed between the carbonyl and amine groups of HA and 
collagen. A notable peak in 1296 cm−1 in the scaffold’s 
spectrum has resulted from the CH2 methylene twisting 
of the cross-linking agent ADH. As well as this, a group 
of high-intensity peaks in 3150–3350 cm−1 wavenumber 
region in the spectrum of the scaffold can be associated 
with N–H stretching arising from EDCI/NHS urea link-
ages formed between the polysaccharide chains during the 
synthesis [35–37].

Physical structure of cell-free scaffolds was then exam-
ined under the SEM (Fig. 3a). The biomaterial can be char-
acterised as a mesh of interlinked thin non-uniform irregular 
concave-shaped structures of varied sizes, arising from the 
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cross-linked HA-collagen fibres. A homogeneous network 
of highly open and interconnected pores formed between 
the fibres. The pores appear evenly distributed across the 
entire volume of the scaffold, as evident from top (Fig. 3b), 
cross-section (Fig. 3c), and bottom (Fig. 3d) images. The 
average porosity was determined as 47.76 ± 4.48% with 
pore diameter ranging from 1.82 to 135.07 µm, providing 
enough volume for structural support of biological cells. The 
scaffold was thus demonstrated to exhibit both the expected 
chemical and structural composition.

MIN6 proliferation, viability, gene expression, 
and insulin secretion in 2D versus 3D culture

MIN6 cell line was used to assess the functionality of the 
scaffold as a 3D pancreatic in vitro model in the context of 
cell proliferation and insulin secretion in response to glu-
cose stimulation. The proliferation and viability of MIN6 
cells was evaluated during 5 to 7 days of incubation and 
assessed by measuring metabolic activity using resazurin 
and MTT assays, respectively, as shown in Fig. 4a and b. 
The growth rates followed a similar pattern for both two- 
and three-dimensional cultures. There was a rapid increase 
in metabolic activity at the day 3, compared to the day 0, 
followed by a more gradual growth until day 7. Nonetheless, 

the proliferation rate at both days 3 and 7 appeared faster 
in the 3D culture compared to 2D culture. Scaffold-seeded 
cells reached 400% by the day 3 and 550% by the day 7, 
compared to the steadier 260% and 320% proliferation in 
the classic culture on the corresponding days, relative to 
the day 0 metabolic activity. This can be accounted for by 
the observation that confluence is reached in the 2D condi-
tion. In MTT assays, we observed that cells in 2D had the 
same viability at day 3 and day 5 in 2D (Fig. 4b). However, 
viability of MIN6 cells was much more improved at day 5 
compared to day 3 in 3D, suggesting that 3D culture could 
improve viability of MIN6 cells with time.

After 7 days of culture, MIN6 cells cultured on the clas-
sic plastic 2D surface reached confluence, spreading flat 
over the entire available surface (Fig. 4c). On the other 
hand, z-stack immunofluorescent imaging of the 3D cul-
ture, presented in Fig. 4d, e, and f, revealed the organisa-
tion of MIN6 cells into clustered spheroid structures that 
express insulin at the protein level. The clusters of 20–40 
cells were observed to have been scattered across the entire 
volume of the scaffold. The shape of the clusters was rather 
asymmetrical in x- and y-directions and oblate in z-direc-
tion, with width ranging from 40 to 120 µm and thickness 
from 20 to 40 µm. These observations suggested that the 
cells have migrated, adhered, and divided within the pores 

Fig. 2   Chemical characterisa-
tion of scaffold and its con-
stituents. Raman spectroscopy 
curves of scaffold (yellow), 
hyaluronic acid (green), col-
lagen type I (red), collagen type 
VI (blue), and RGDS (purple). 
The highlighted regions are 
C–C and C–O–C stretching 
bands (A), amide I band (B), 
and N–H stretching bands (C). 
Three samples were prepared 
for each material and spectra 
were collected in dry conditions 
at ambient temperature. Fluo-
rescence noise was removed 
with polynomial baseline 
correction and average curve 
for each chemical is presented 
(n = 3). For collagen type VI, 
a longer wavelength laser was 
used to avoid autofluorescence. 
Hence, only 380–2800 cm−1 
range is presented due to limited 
sensitivity of the spectrometer 
in this laser configuration
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of the scaffold, self-distributing over the available space 
in 3D during the 7-day culture. To evaluate whether 2D 
or 3D culture could modify gene expression, we assessed 
mRNA expression levels of key β-cell identity genes (Ins1, 
Ins2, Slc2a2, Pcsk1, Glp1r, Ucn3, Pdx1, Mafa, Nkx6.1) and 
other pancreatic islet genes (Gcg, Sst) through qRT-PCR. 
Although most of the gene expression were found similar 
in MIN6 cells cultivated in 2D and 3D for 3 and 7 days, 
we observed that the expression of the transcription factor 
Nkx6.1, a key gene involved in insulin secretion and β-cell 
identity, was increased in 3D condition at day 3 compared 
to 2D (Fig. 4g). These data suggest that 2D or 3D cultures 
may have biological effects in modifying the transcriptome 
of MIN6 cells.

The regulation of insulin secretion by the MIN6 cells 
in response to variation of glucose concentration in GSIS 
experiment was then measured as presented in Supple-
mental Fig. 3 and Fig. 5. The increase of secreted insu-
lin in 20 mM glucose conditions was maintained for both 
conditions on the days 3 and 7 (Fig. 5a and b, respec-
tively). Despite the increased cell number, insulin content 
was not significantly different in MIN6 cells maintained 
in 2D or 3D at day 3 (Fig. 5b) and day 7 (Fig. 5d). When 
normalised against total insulin content, the percentage of 
secreted insulin was maintained after 7 days of culture in 
2D, although the amplitude of the response was decreased. 
In the 3D condition, MIN6 cells were still responding to 
a 20 mM glucose stimulation, yet again the response was 

diminished compared to day 3. Overall, the data suggest 
that the secretory activity of MIN6 was analogous for 
2D and 3D cultures in short-term conditions, confirming 
the maintained functionality of the cells seeded on the 
scaffold.

Discussion

The results presented in this study demonstrate the success-
ful synthesis of a biomimetic scaffold that mimics the pan-
creatic ECM for application with a 3D cell culture of MIN6 
cells. The scaffold’s viscoelastic properties, porous structure, 
and incorporation of key ECM components provide a more 
physiologically relevant environment for cell growth and 
function compared to traditional 2D culture systems.

Current literature lacks sufficient data on the mechanical 
properties of pancreatic tissue. The elastography approaches 
have previously demonstrated shear stiffness of human 
pancreas to range from 0.72 to 1.54 kPa at 40 Hz [38, 39], 
whereas Wex et al. reported 0.64 to 1.17 kPa in rheological 
experiments with tan(δ) between 0.3 and 0.4 [40]. Therefore, 
the shear stress attributes of the synthesised ECM scaffolds 
are comparable with the existing data on the pancreatic tissue.

The production and storage of the scaffold are demon-
strated here to have little to no effect on the response to 
loading, thus confirming the reproducibility of the fabrica-
tion method. The double-exponent stress-relaxation model 

Fig. 3   Surface characterisa-
tion of the hydrogel scaffold. 
SEM images, as explained on 
the schematic a, showing the 
microstructure of the top (b), 
section (c), and bottom (d) of 
the scaffold. The scaffolds were 
freeze dried prior to imaging. 
No sputter coating was required, 
as fibres were detectable at 
10 kV with minimal charging 
effect. Porosity of the scaffold 
was assessed by observing the 
open areas between the fibres
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presented here highlights the complexity of the time-depend-
ent viscoelastic behaviour of the material. Thus, the dynamics 
between the two time constants, where T2 is significantly less 
than T1 and steady state at 88.5% of the initial force, suggest 
pronounced elastic characteristics. The latter implies strong 
dominance of the solid phase of the material, in line with 
the rheological observations. Conversely, a single exponent 
model has been found to be a better fit for the experimental 

results of human pancreas viscous relaxation in the study of 
Rubiano et al. [41]. As well as this, the relaxation to lower 
steady-state force is often observed over a longer time frame 
[42]. Thus, despite shear properties closely resembling those 
of pancreas, the time-transient dynamic of the scaffold falls 
short of the biological tissue. That said, the available lit-
erature on the mechanical properties of pancreatic tissue is 
scarce and this topic could be further explored.

Fig. 4   MIN6 proliferation, viability, confocal imaging, and gene 
expression analysis of MIN6 cells in 2D and 3D culture. a MIN6 
cells were cultivated on classic 2D plastic surface and in 3D culture 
on scaffolds in 96-well plates for 7  days at the concentration 10−5 
cells/well. Proliferation was assessed with resazurin assay performed 
on days 3 and 7. Standard curve was produced to relate the fluo-
rescence to cell number by assessing the activity of cells seeded at 
various concentrations and resazurin assay taken on day 0 after cell 
sedimentation. Obtained cell number data is presented as averages 
with standard deviations in a (n = 3). b Viability assays using MTT 
was performed on day 3 and day 7 of MIN6 cells cultured in 2D and 
3D. Data are presented as percentage over 2D at day 3 (n = 3–5). c–f) 
Immunofluorescence confocal images of MIN6 cells demonstrate 
high level of confluence in 2D and cluster formation in 3D after 

7 days of culture. Cells were fixed and stained for nuclei (cyan) and 
insulin (red). The images of 2D samples were obtained from a sin-
gle focal plane (c). Scale bar = 20 µm. For 3D samples, confocal spin 
disc microscope was used to take a stack of images at 100–200 focal 
planes in z-direction, separated by 0.2  µm. d Maximum intensity 
projection image of z-stack, depicting an example of β-cell cluster. 
Scale bar = 20  µm. e–f 3D reconstructions of z-stack confocal fluo-
rescent images showing two MIN6 spheroids in the spatial domain. 
g mRNA expression levels of key β-cell identity genes (Ins1, Ins2, 
Slc2a2, Pcsk1, Glp1r, Ucn3, Pdx1, Mafa, Nkx6.1) and other pancre-
atic islet genes (Gcg, Sst) in MIN6 cells cultivated in 2D and 3D for 
3 and 7 days. Results in a, b, and g are displayed as means ± SEM. 
*p < 0.05, ****p < 0.0001. ns, not significant
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Raman spectroscopy confirmed the presence of key 
ECM components in the scaffold. The appearance of 
amide bands, indicative of peptide bonds, as well as cor-
relation of specific vibrations suggests successful incorpo-
ration and cross-linking of HA and type I collagen through 
amide chemistry. Furthermore, the observed conforma-
tional changes of these components within the scaffold 
may have implications for cell attachment and growth, 
presenting niches for integrin binding. As well as this, 
urea cross-links formed between the polysaccharide chains 
enhance the stability and structural integrity of the scaf-
fold. These findings are consistent with previous studies 
that have demonstrated the importance of ECM composi-
tion in regulating cell behaviour and function [43, 44].

Our metabolic activity experiments involving MIN6 cells 
demonstrate an initial adaptation phase followed by a more 
gradual growth phase. During the latter stage, the spatial 
capacity provided by the pores within the scaffold allows 
cells to continue proliferating without reaching confluence 
as quickly as in the 2D culture. This is achieved as a result of 
the scaffold mimicking the native extracellular matrix more 
closely and providing a favourable microenvironment for 
cell growth and survival [45].

‘Pseudoislet’ generation methods with MIN6 cells have 
been previously employed to improve the insulin secreting 
function compared to simple monolayer cultures thanks to 
increased cell-to-cell contact [46–49]. Using our ECM-mim-
icking scaffold, we demonstrate the formation of multiple 

Fig. 5   Insulin secretion in response to glucose in 2D and 3D cul-
tivated-MIN6 cells. GSIS assay was performed on days 3 and 7. 
Secreted insulin concentration values after stimulation with 2.8 and 
20  mM glucose (a–b) were normalised against total insulin content 

(c–d) in each well and given as percentage of content (e–f). Average 
and standard deviation values of insulin secretion and content are pre-
sented (n = 6). *p < 0.05, ***p < 0.001, and ****p < 0.0001
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MIN6 spheroids in 3D, closer resembling the islets of 
Langerhans in native tissue. We have shown that MIN6 insu-
lin secretion functionality was maintained over the course of 
1 week culture in 3D, consistent with classic culture. Despite 
the higher proliferation rate and viability in 3D compared to 
the 2D culture, the total insulin content values, Ins1 and Ins2 
gene expression were similar in both conditions. Klochend-
ler et al. had reported that cell cycle progression in β-cells, 
isolated from a transgenic mouse model (Ins-rtTA; TET-
DTA), was associated with reduced expression of β-cell-
specific genes [50]. Similarly, it has been shown by Puri 
et al. that INS-1 cell line had deregulated insulin secretion 
and production linked genes and showed diminished GSIS as 
the cells were entering the cell cycle [51]. In addition to this, 
the studies on human β-cell lines EndoC-βH reported that 
GSIS efficiency could be improved by removing proliferat-
ing properties [52]. Such phenomenon could be explained by 
partial β-cell de-differentiation observed during high prolif-
erative activity, since both processes (i.e. insulin production 
and cell proliferation) have high energy demand and require 
to shut down one or the other. In our model, both processes 
are operating at the same time, suggesting that in 3D, MIN6 
cells are capable of maintaining β-cell identity gene levels 
while proliferating. Further studies are required to better 
understand this observation.

β-cell survival, differentiation, and metabolism have 
been linked to mechanotransduction mechanisms acting on 
cell nuclei and mitochondria [53, 54]. Furthermore, MIN6 
cells have been shown before to have an increased glucose 
sensitivity when exposed to lower stiffness biomaterials 
as opposed to the plastic surface of classic culture. Thus, 
Nyitray et al. have reported improved response to glucose 
stimulation in cells cultured on 0.1 kPa scaffolds, by access-
ing β-catenin signalling pathways [55]. On the other hand, 
Zhang et al. demonstrated increased insulin production and 
comparable secretion, utilising hydrogels as stiff as 40 and 
70 kPa [56]. By targeting the mechanical properties of native 
tissue, we aimed to achieve a significant improvement of 
function; however, this was not observed. Pseudoislet size 
has also been reported to affect the insulin secreting capa-
bilities of β-cells. For instance, Mendelsohn et al. have found 
that increasing the size of 832/13 insulinoma cell clusters 
from 40 to 60 and 120 µm had resulted in a dramatic rise of 
insulin index [57]. In our study, smaller spheroids were more 
prevalent, which could negatively impact the contrast in 
insulin secretion between low and high glucose conditions. 
We hypothesise that further fine-tuning the mechanical prop-
erties and pore size of our scaffold as well as longer incu-
bation period of MIN6 could positively affect cell survival 
and maturation, at the same time producing larger clusters 
and developing higher number of cell-to-cell contacts, which 
in turn could further improve the insulin secreting function 
during high glucose exposure.

While the current study demonstrates the potential of 
the synthesised biomimetic scaffold in improving in vitro 
models of pancreatic islets, there are several limitations and 
future directions to consider. First, the use of MIN6 cells, 
while providing a convenient and well-established model 
as well as decreasing animal experimentation to satisfy the 
3Rs initiative (Reduce, Replace, Refine) [58], may not fully 
recapitulate the behaviour of primary human islets [22]. 
MIN6 cell line was the most reliable model on our hands, 
which allowed high experimental throughput thanks to its 
lower maintenance requirements, compared to other cell 
lines, such as INS 823/13 or EndoC-BH1. Nonetheless, the 
immortalised properties and the mouse origin of MIN6 have 
diminished the translational relevance to human pancreas 
biology. At the same time, primary human islets availa-
bility is highly limited worldwide [59, 60]. Future studies 
should validate these findings using primary human islets 
or induced pluripotent stem cells (iPSC)-derived β-cells to 
improve the scaffold’s relevance to human biology. iPSC 
strategies have already demonstrated their potential to be 
utilised in 3D models of pancreas [17, 61, 62].

Second, the long-term effects of the scaffold on cell via-
bility, function, and differentiation should be investigated. 
While the current study demonstrates promising results over 
a 7-day period, longer-term experiments are necessary to 
evaluate the scaffold’s ability to maintain cell function and 
phenotype over extended periods [18].

Third, the mechanical properties of the scaffold, such as 
stiffness and stress-relaxation rate, may require further opti-
misation to more closely mimic the native pancreatic ECM. 
The incorporation of additional ECM components, such as 
laminin [14] and heparan sulphate [63], or the modulation 
of cross-linking density could be explored to fine-tune the 
scaffold’s properties and enhance its biological relevance.

Finally, further in vitro studies are necessary to assess 
the scaffold’s performance in a more complex environment. 
Thanks to its high porosity, the scaffold has a potential to be 
utilised in a microfluidic organ-on-chip setting with dynamic 
fluid supply applied across the seeded matrix. Such applica-
tion has already been demonstrated with a similarly synthe-
sised matrix, mimicking the ECM of liver [64]. Additionally, 
vascularisation strategies or co-culture experiments with 
immune cells or adipose tissue could be explored in such 
setting as an improved model for the tissue function and/or 
to better understand T1D and T2D physiopathology.

Conclusion

The synthesised biomimetic scaffold presented in this study 
represents a promising platform for improving in vitro mod-
els of pancreatic islet studies and β-cell function. Interest-
ingly, the scaffold’s viscoelastic properties, porous structure, 
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and incorporation of key ECM components provide a more 
physiologically relevant environment for MIN6 cell growth 
and function. The enhanced proliferation and formation of 
islet-like structures in the scaffold highlight its potential for 
advancing the understanding of islet biology and facilitating 
the development of novel cell-based therapies for diabetes. 
Our findings suggest that the relationship between scaffold 
properties and cell behaviour is more complex than initially 
anticipated, highlighting the need for further optimisation 
of the scaffold design. Future studies should focus on the 
optimisation of scaffold properties and validation of these 
findings using human cells to fully realise its potential for 
drug screening or diagnostic applications.
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