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ABSTRACT

In the present work, we investigated the potential of novel semi-interpenetrating 

polymer network (semi-IPN) cryogels, obtained through ultraviolet exposure of 

aqueous mixtures of poly(ethylene glycol) diacrylate and type I collagen, as tunable 

off-the-shelf platforms for 3D cancer cell research. We synthesized semi-IPN 

cryogels with variable collagen amounts (0.1% and 1% w/v) and assessed the effect 

of collagen on key cryogel properties for cell culture, e.g. porosity, degradation rate 

and mechanical stiffness. Then, we investigated the ability of the cryogels to sustain 

the long-term growth of two pancreatic ductal adenocarcinoma (PDAC) cell 

populations, the parenchymal Panc1 cells and their derived cancer stem cells. Results 

revealed that both cell lines efficiently infiltrated, attached and expanded in the 

cryogels over a period of 14 days. However, only when grown in the cryogels with 

the highest collagen concentration, both cell lines reproduced their characteristic 

growth pattern previously observed in collagen-enriched organotypic cultures, 

biomimetic of the highly fibrotic PDAC stroma. Cellular pre-embedding in Matrigel, 

i.e. the classical approach to develop/grow organoids, interfered with an efficient 

intra-scaffold migration and growth. Although preliminary, these findings highlight 

the potential of the proposed cryogels as reproducible and tunable cancer cell research 

platforms.

KEYWORDS

Poly(ethylene glycol) diacrylate, cryogels, porosity, 3D organotypic culture, cancer 

cell research
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1. INTRODUCTION

Interpenetrating polymer networks (IPNs) are composite systems formed by two (or 

more) polymer networks that are independently crosslinked but highly intertwined, 

being one network created in the presence of the other.1 Binary systems where a 

polymer network is formed around un-crosslinked chains of a second polymer are 

defined as semi-IPNs.2-6

With focus on biomedical applications, IPN and semi-IPN hydrogels are highly 

attractive for the design of biocompatible and biomimetic matrices that typically 

combine the advantages of synthetic polymers (e.g. easily tunable properties, high 

mechanical strength) with those of extracellular matrix (ECM) or natural 

macromolecules (e.g. presence of cell-interactive domains, degradability).1-9 Not 

surprisingly, poly(ethylene glycol) (PEG) and its derivatives have emerged as ideal 

platforms for the design of tunable cell-instructive hydrogels. This is due to the 

intrinsic resistance of PEG to protein adsorption, which hinders non-specific cell-

material interactions, as well as the versatility of PEG to be functionalized with 

multiple ECM molecules or moieties.10-14 Therefore, in the last two decades various 

ECM-mimicking PEG-based hydrogels, including peptide-functionalized 

hydrogels,10,11 IPNs7,8,14 and semi-IPNs,2-6 have been proposed to control cell 

behavior and stimulate tissue regeneration, for in vitro and in vivo use.

However, one of the main limitations of hydrogels in tissue engineering is represented 

by their small mesh size (up to a few tens of nanometers15), which may hamper a 

homogeneous cell infiltration in the whole hydrogel volume and/or impede a prompt 

nutrient supply to cells that are located in the inner regions of the hydrogel. 

Macroporous hydrogel networks, suitable for efficient 3D cell infiltration and culture, 

may be obtained by several techniques,16-18 including cryogelation. 

Cryogels are recognized as an important progress for 3D culture systems, due to their 

unique combination of elevated hydration and interconnected macro-porosity with 

high stiffness and toughness.19 Cryogels are indeed obtained by gelation of 

polymer/monomer precursor solutions at sub-zero temperatures, so that the 

crosslinking reaction takes place only in the semi-liquid phases located among ice 

crystals, where the polymer/monomer concentration is locally increased. As such, the 

resulting polymer networks display not only high porosity but also robust pore walls, 

which provide them with enhanced mechanical properties and strong shape memory, 

over both non-porous hydrogels and other types of porous hydrogels.
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Along with their use as scaffolds for tissue regeneration,18,20-22 cryogels are also being 

increasingly explored to develop 3D functional tumor models in vitro.23-26 Since 

cancer cell growth is modulated by the stiffness of the surrounding matrix, with 

cancerous tissues being generally stiffer than non-malignant tissues,23,27 cryogels may 

indeed be useful to mimic the strength and the elasticity of tumors, thus allowing to 

analyze the biomechanical cues involved in cell-matrix interactions and pathogenesis.

While animal tumor models typically show poorly predictive results,28 2D cancer cell 

cultures are insufficient to recapitulate the complex 3D structure of tumors and the 

underlying crosstalk between cancer cells and their ECM, which is known to guide 

cancer progression and metastasis.29,30 Therefore, there is an increasing need to 

develop 3D in vitro tumor niches able to more closely mimic the pathological 

microenvironment in vivo.31 Various 3D culture platforms for cancer cells have been 

proposed so far.32-34 Starting from the hanging drop method, which leads to the 

arrangement of cells in agglomerates (called spheroids) of various composition and 

sizes,35 more accurate, organotypic culture systems have been obtained by culturing 

the cells in hydrogels that mimic the ECM, such as collagen gels or Matrigel.33,36 

Although such 3D systems are much closer to the pathological microenvironment 

than 2D ones, they completely rely on the use of very soft matrices based on animal-

derived biomaterials (e.g. collagen, laminin, etc.), which suffer from large batch-to-

batch variability and need particular handling care, thus making experimental 

reproducibility harder to achieve. In this scenario, PEG-based hydrogels32,37-43 and 

cryogels23,24,26 appear as powerful alternatives to conventional organotypic culture 

models for the production of reproducible tumor tissue equivalents.

In this work, we preliminarily investigated the potential of novel PEG-based semi-

IPN cryogels, based on poly(ethylene glycol) diacrylate (PEGDA) and type I 

collagen, as tunable off-the-shelf platforms for 3D cancer cell research. Being the 

main component of the tumor interstitial ECM, we selected type I collagen as a 

secondary polymer for the creation of the semi-IPNs, so as to enhance the biomimetic 

features of the cryogels. Firstly, we verified the feasibility of synthesizing the semi-

IPN cryogels by means of fast ultraviolet (UV) irradiation. While the synthesis of 

PEGDA cryogels is commonly obtained through the use of the ammonium 

persulfate/tetramethylethylenediamine (APS/TEMED) redox initiating system,23,25,26 

we recently reported the faster synthesis of PEGDA cryogels by means of UV 

exposure, showing that the PEGDA concentration has a significant effect on the 
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cryogel pore size and stiffness.44 Here, we further tested whether the addition of low 

amounts of collagen (up to 1% w/v) to a fixed PEGDA concentration (10% w/v) 

could allow the formation of tunable semi-IPN cryogels. Three cryogel formulations 

(PEG1, PEG2 and PEG3), differing in their collagen content, were prepared and 

characterized to assess the effect of collagen on their pore structure, swelling 

capability, degradation rate and mechanical stiffness.

Then, we evaluated the ability of these off-the-shelf cryogels to sustain the long-term 

viability, growth and morphology of two pancreatic ductal adenocarcinoma (PDAC) 

cell populations having different growth properties, i.e. the Panc1 cancer parenchymal 

cells (CPCs) and their derived cancer stem cells (CSCs). The choice of these specific 

cell lines was based on our previously established 2D and 3D organotypic culture 

models, the latter resembling in vivo PDAC growth during malignant progression.45 

The effect of the semi-IPN cryogels on the growth and morphology of the two 

selected PDAC cell lines was evaluated up to 14 days of culture, by performing the 

Resazurin reduction assay along with fluorescence and colorimetric cell staining. 

Experimental results were then compared with those of our previously established 2D 

and 3D organotypic culture models,45 as well as with those obtained by preliminarily 

suspending the cells in Matrigel right before seeding onto the cryogels. Considering 

that Matrigel recapitulates the basement membrane environment of epithelial 

structures46 and affects the growth kinetics of PDAC cells,45 this last set of 

experiments allowed us to evaluate whether the use of Matrigel, together with the 

semi-IPN cryogel platforms, could further boost the cell growth.

2. MATERIALS AND METHODS

2.1 Cryogel synthesis

Cryogels were synthesized from aqueous mixtures of low molecular weight 

poly(ethylene glycol) diacrylate (PEGDA 700 Da, Sigma Aldrich, Milan, Italy) and 

purified, acid soluble type I collagen, derived from calfskin via pepsin extraction 

(Symatese Biomateriaux, Chaponost, France).

As previously reported,47-49 dry collagen flakes (2% w/v) were dispersed in distilled 

water by magnetic stirring for about 6 hours, under refrigerating conditions 

(temperature < 10 °C) in order to avoid collagen denaturation. A whitish, 

homogeneous collagen suspension was obtained. A given amount of the suspension 

was then added to and thoroughly mixed with an aqueous solution of PEGDA and 
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2,2’-Azobis (2-methyl-N-(2-hydroxyethyl) propionamide), commercially known as 

VA-086 (Wako Chemicals Europe, Neuss, Germany). Water-soluble VA-086 was 

used as a photoinitiator (at a concentration of 0.5% w/v) due to its well-known 

cytocompatibility.50 The final PEGDA concentration in the mixture was 10% w/v, 

while the collagen concentration was either 0.1% or 1% w/v (Fig. 1A). Control 

PEGDA solutions devoid of collagen were also prepared.

The mixtures were then degassed via centrifugation (6,000 rpm, 10 min) to remove air 

bubbles, transferred into aluminum dishes (diameter 60 mm) and frozen on the shelf 

of a freeze-dryer (AdVantage Pro, VirTis), by refrigerating from +20 °C to -20 °C in 

1 hour (freezing rate 0.66 °C/min) and then holding at -20 °C for an additional hour, 

to allow for uniform freezing (Fig. 1B). The frozen mixtures were rapidly taken out 

from the freeze-drier and exposed to UV irradiation (365 nm, 2 mW cm-2) for 3 min 

to allow for PEGDA crosslinking (Fig. 1C). The so-obtained cryogels were finally 

thawed for 10-20 min at room temperature and washed in a large amount of distilled 

water overnight, for full swelling and leaching out of unreacted diffusible chemicals 

(Fig. 1D).

For each cryogel formulation, synthesis was performed in triplicate and here will be 

referred to as PEG1, PEG2 and PEG3 for collagen concentrations of 0, 0.1 and 1% 

w/v respectively. From each batch of synthesis, multiple samples were cut by means 

of a biopsy punch (diameter 6 mm) and used for further characterization (Fig. 1E).

2.2 Cryogel characterization

2.2.1 FT-IR spectroscopy 

The chemical composition of the cryogels was assessed using a Perkin Elmer 

Spectrum One IR Spectrometer in ATR mode. Cryogel samples were air-dried in a 

ventilated oven at 30 °C for 3 hours, and then their absorption spectra were collected 

in the range 4000 cm-1 to 400 cm-1 with a resolution of 4 cm-1, averaging over 64 

scans. Air-dried collagen suspension was used as a reference for collagen.

2.2.2 Gelation yield

Immediately after the washing in distilled water, cryogel discs (n=5) were transferred 

to a ventilated oven at 30 °C for 3-4 hours, until a constant, dry weight was obtained 

(Wdry). Known the theoretical quantity of precursors (i.e. PEGDA and collagen) used 

in the reaction mixture to synthesize the different kinds of cryogels (Wprecursor), the 

gelation yield (GY) was calculated as follows51:
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(Equation 1)GY =
Wdry

Wprecursor
× 100

2.2.3 Morphological analyses

The cryogel pore structure was visualized by means of confocal laser scanning 

microscopy (CLSM) and scanning electron microscopy (SEM).

For CLSM, hydrated cryogels were preliminarily grafted with acryloxyethyl 

thiocarbamoyl Rhodamine B (acryl-rhodamine B, Polysciences Europe), in order to 

take advantage of the fluorescent signal emitted by this molecule. In particular, 

cryogel samples were immersed in a solution containing acryl-rhodamine B at a final 

concentration of 0.1% w/v, and VA-086 (0.5% w/v). The cryogels were then exposed 

to UV irradiation for 3 min to graft the acryl-rhodamine B stain on the surface of their 

pore walls. After being abundantly washed with distilled water, hydrated samples 

were observed with a LSM 700 laser scanning confocal microscope (Zeiss). 

For SEM analysis, swollen cryogel samples were preliminarily freeze-dried (to 

preserve their pore structure) and then observed with an EVO 40 scanning electron 

microscope (Zeiss) in a variable pressure mode.

Obtained micrographs from both CLSM and SEM observations were finally analyzed 

through the use of ImageJ software (National Institutes of Health, USA), to estimate 

the average pore size distribution of each cryogel type, over 100 pores.

2.2.4 Macropore volume

For highly porous materials such as cryogels, the water located inside large and 

interconnected pores can move freely, so that it can be removed by physical 

squeezing. The macropore volume (MV) fraction of the cryogels was roughly 

estimated by means of gravimetric measurements, as previously reported51:

(Equation 2)MV =
Wswollen ― Wsqueezed

Wswollen
× 100

In the above equation, Wswollen and Wsqueezed are the weights of cryogels swollen in 

distilled water (n=5), before and after squeezing respectively.

2.2.5 Swelling measurements

Cryogel discs (n=5), weighing Wdry following desiccation in oven, were incubated in 

phosphate buffered saline (PBS, pH 7.4) at room temperature for 24 hours. Hydrated 

samples were then removed from the solution, gently tapped onto filter paper and 

weighed again to determine the fully swollen weight (Wswollen). The swelling 

capability was expressed as the mass swelling ratio (Q), calculated as follows:
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(Equation 3)Q =
Wswollen ― Wdry

Wdry

The swelling kinetics of the cryogels was also assessed by recording their swelling 

over time, in particular after 15, 30, 60, 120 and 300 s of incubation in PBS. The 

swelling ratio at time t (Qt) was calculated as described above, and expressed as 

percentage of the full swelling ratio Q attained after a 24-hour incubation. Kinetic 

results for each cryogel type were averaged over 3 independent measurements.

2.2.6 Degradation analysis

The cryogel degradation due to prolonged incubation at physiological conditions was 

assessed gravimetrically. Briefly, dehydrated cryogel specimens of known weight 

were submerged in PBS and placed in an incubator at 37 °C and 5% CO2 humidified 

air, to mimic in vitro culture conditions. After 7, 14, 21 and 28 days, cryogels (n=5 

for each time point) were transferred to a ventilated oven at 30 °C for complete 

drying. The ratio between the sample weight at time t and its initial weight was then 

used to evaluate the weight loss percentage at a given time interval.

2.2.7 Mechanical measurements

The mechanical properties of the cryogels were investigated by means of unconfined 

compression tests. Cryogel discs (n=3) were preliminarily hydrated in PBS at room 

temperature for 24 h. The matrices were then mounted on a Z1.0 TH testing machine 

(Zwick Roell), equipped with a 10 N load cell and a bath chamber. Swollen samples 

were compressed at room temperature at a displacement rate of 0.01 mm/s, until 50% 

of their initial height. The slope of the linear elastic region detected in the stress-strain 

curves at low strain values (in the range 0-2%) was then calculated to estimate the 

compressive modulus (at time 0).

Further compression tests were then performed following prolonged incubation of the 

cryogels in PBS at 37 °C (i.e. after 7, 14, 21 and 28 days), in order to evaluate the 

potential decrease of mechanical stiffness resulting from degradation under in vitro 

conditions. The compressive modulus measured at time t (n=3 for each time point) 

was compared with that measured at time 0.

2.3 3D cancer cell culture

2.3.1 Cell lines

The human pancreatic adenocarcinoma cell line Panc1 (parenchymal cells, CPCs) 

were grown in adherent conditions in RPMI 1640 supplemented with 10% FBS, 2 
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mM glutamine, and 50 µg/ml gentamicin sulfate (Gibco, Life Technologies) at 37 °C 

with 5% CO2. CSCs were selected from Panc1 (the Parental line) as previously 

described52 and identified by their ability to form anchorage independent colonies and 

by their overexpression of common CSC markers.52 CSCs were cultured in DMEM/F-

12 without glucose (US Biological Life Sciences) supplemented with 1g/l glucose, 

B27 serum substitute (Gibco, Life Technologies), 1 µg/ml Fungizone (Gibco, Life 

Technologies), 1% penicillin/streptomycin (Gibco, Life Technologies), 5 µg/ml 

heparin (Sigma Aldrich), 20 ng/ml EGF (epidermal growth factor, Peprotech), and 20 

ng/ml FGF (fibroblast growth factor, Peprotech) at 37  °C with 5% CO2. 

2.3.2 3D culture and growth of Panc1 CPCs and CSCs on cryogels 

For cell culture cryogels, preliminarily sterilized by immersion in ethanol (70% v/v) 

for 2 hours, were placed into the wells of a 24-well plate. Cells were washed once 

with 1×PBS, detached with 0.25% Trypsin – 0.53 mM EDTA solution, counted by 

using a Neubauer hemocytometer chamber and 15 X 103 cells of each cell line were 

re-suspended in 20 μl of the corresponding growth medium (prepared as described 

above), either in the absence or presence of 4mg/ml Matrigel. Each 20 μl drop of cell 

suspension was deposited on the upper surface of each of the three types of cryogels 

(n=3 for each cryogel type). Scaffolds with cells were incubated at 37 °C and 5% CO2 

for 30 min to let the drop be absorbed and to allow the cells to adhere on and within 

the scaffold. After which, 200 μl of cell growth medium was added to each well to 

completely cover the scaffold. Cells were cultured for two weeks by refreshing the 

growth medium every 2-3 days. In order to measure cell viability over time, 

Resazurin (Immunological Sciences) reduction assay was performed at several time 

points (0, 5, 7, 12 and 14 days) by directly incubating the scaffolds with 10 µl stock 

Resazurin (44µM) in 200 µl medium and measuring fluorescence (Ex=560 nm, 

Em=590 nm) with the Cary Eclipse Plate Reader (Varian) after 3 hours. A sample of 

each cryogel type (PEG1, PEG2, PEG3) without cells and having injected or not with 

only Matrigel was used as a negative control.

2.3.3 F-actin staining analysis

At the 14th day of growth, cell colonization inside the 3D cryogels was evaluated by 

staining F-actin of embedded cells with TRITC-conjugated Phalloidin. Cryogels were 

washed 2X with cold PBS and fixed with 3.7% ice-cold paraformaldehyde/PBS for 30 

min. Fixed cryogels were washed with ice-cold PBS, permeabilized with 0.1% 
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TRITON X-100 for 30 min, rinsed with PBS and incubated with Phalloidin-TRITC 

(Molecular Probes) 1:5000 in PBS for 45 min. Scaffolds were mounted onto glass 

slides and fluorescence was visualized with a Nikon TE 2000S epifluorescence 

microscope equipped with a MicroMax 512BFT CCD camera (Princeton Instruments) 

using a Nikon lamp shutter with a mercury short arc photo optic HBO 103 W/2 lamp 

for excitation (OSRAM).

2.3.4 Histological analysis

Samples were embedded in Technovit 8100 kit (Electron Microscopy Sciences). First, 

they were fixed in a 4% paraformaldehyde solution in 0.1 M PBS pH 7.4 at 4 °C for 3 

h. After rinsing in PBS, pieces were incubated overnight, at 4 °C, in PBS with 6.8% 

added sucrose, and then dehydrated with increasing acetone, also at 4 °C. Samples 

were subsequently subjected to infiltration by incubating them in a Technovit 8100 

monomer for 6 h at 4 °C. Finally, samples were embedded with an ice-cold solution 

of 15:1 infiltrating solution. Polymerization was performed on an ice bed for 3 h. 

Semi-thin sections (2-mm thick) were cut with glass knives using an LKB Ultratome 

and mounted on microscope slides, coated with polylysine. Semi-thin sections were 

stained with toluidine blue to assess the general morphology of the cells.

2.4 Statistical analysis

All data were expressed as mean ± standard error (SE), unless otherwise noted. 

Statistical significance was determined by using ANOVA and Fisher’s PLSD tests, 

and differences were considered to be statistically significant when p value < 0.05.

3. RESULTS

3.1 Synthesis of PEGDA/collagen semi-IPN cryogels by means of UV irradiation

Semi-IPN cryogels based on PEGDA and type I collagen were synthesized via UV 

irradiation of frozen aqueous mixtures of the two polymers. In particular, three 

polymer mixtures, namely PEG1, PEG2 and PEG3 having a collagen concentration of 

0, 0.1 and 1% w/v respectively, were prepared. PEG1 formulation, devoid of 

collagen, was used as a reference, while composite PEG2 and PEG3 formulations 

allowed to assess the feasibility of the semi-IPN cryogels and to verify the potential 

effect of the collagen concentration on the cryogel properties.

FTIR analysis was first utilized to verify the presence of collagen in the blended 

cryogel formulations. As well known, protein marker bands are amides I, II and III, 
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which are respectively ascribable to the C=O stretching mode (Amide I, 1670-1620 

cm-1), the N-H stretching mode (Amide II, 1570-1530 cm-1) and the C-N stretching 

mode (Amide III, 1270-1230 cm-1) of the peptide bonds.53 The collagen spectrum (in 

the wavenumber range 1850-700 cm-1) was dominated by the amide I, II and III 

bands, respectively found at about 1631 cm-1, 1545 cm-1 and 1236 cm-1 (Fig. 2A). 

Conversely, the pure PEGDA cryogel (PEG1) showed characteristic absorption bands 

at 1730 cm-1 and 1096 cm-1, attributable to C=O and C-O-C vibrational modes, 

respectively (Fig. 2A).9,25

When analyzing the spectra of PEG2 and PEG3 (Fig. 2B), amide I and II bands were 

clearly visible for both samples, together with the typical peaks of the PEGDA 

cryogel at 1730 and 1096 cm-1. This confirmed the presence of both components in 

the blended formulations. Compared to PEG1, PEG2 and PEG3 cryogels also showed 

a more pronounced absorption band at about 1243-1283 cm-1, likely due to the 

overlapped IR signals of the C-O asymmetric bending of PEG19,25 and the amide III 

band of collagen. Additional signal overlapping in the amide I region, due to the C=O 

stretching of both the PEGDA network (at 1629-1648 cm-1, PEG1)25 and the protein, 

likely contributed to the shift of the amide I band position (from about 1631 to 1654 

cm-1) found for PEG2 and PEG3 samples, with respect to pure collagen. However, 

this shift may also indicate some changes in the secondary structure of the protein, 

due to the different amide I contributions ascribed to triple helical (at 1631 cm-1) and 

α-helical structures (at 1658 cm-1).49 In this regard, it is also interesting to observe 

that, in spite of having a higher collagen concentration, PEG3 sample showed a lower 

and more symmetric amide I band compared to PEG2, as well as a reduced amide II 

band. In general, changes in the amide I absorption might be ascribed to different 

protein chain conformations, also in relation to the supramolecular organization, with 

a higher band intensity attributed to increased structural order.54 On the contrary, a 

lower intensity of the amide II band may be due to hydrogen abstraction or structural 

scission of N-H bonds, which occur in the presence of free radicals.55,56 Based on the 

FTIR spectra, we thus inferred that the cryogel synthesis could induce a certain 

damage of the collagen structure, which was more evident at higher protein amounts, 

as a result of: a) structural deformations, taking place upon the physical 

interpenetration with the PEGDA network in the cryo-concentrated regions, with the 

cryo-concentration being enhanced at higher protein amounts; b) photochemical 

scissions, ascribed to the free radical exposure during UV crosslinking and favored by 
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the locally increased cryo-concentration. Additional structural alterations of collagen 

during the freeze-thaw cycle, particularly due to the expansion of the intra-fibrillar 

space by ice formation,57 may also occur in PEG2 and PEG3 samples and contribute 

to the shape and intensity of the respective amide I bands, compared to pure collagen. 

Overall, qualitative FTIR analysis demonstrated that, although not taking part to the 

chemical crosslinking reaction, collagen was successfully retained in the PEGDA 

network, thus leading to the formation of semi-IPN cryogels. However, the analysis 

also suggested that partial collagen degradation could be concurrently achieved, 

especially at higher protein contents.

The gelation yield (GY) was then evaluated to assess the efficiency of the UV-

induced cryo-gelation process (Table 1). Notably, the GY was found to increase for 

increasing collagen content (p<0.0001), being about 82%, 88% and 90% for PEG1, 

PEG2 and PEG3 cryogels, respectively. The additional presence of collagen in the 

blended samples thus favored the gelation process, likely due to the enhanced cryo-

concentration effect.

3.2 Effect of collagen concentration on the cryogel properties

With the ultimate aim of using the proposed PEGDA/collagen semi-IPN cryogels as 

potential matrices for 3D cancer cell research, we assessed whether the collagen 

concentration could affect some key properties of the cryogels important for cell 

culture, respectively the porosity, the hydration capability, the degradation rate and 

the mechanical stiffness.

Confocal (Fig. 3A) and SEM (Fig. 3B) microscopy, performed on hydrated and 

freeze-dried samples respectively, confirmed that the cryogels had a highly 

homogeneous porous structure with interconnecting pores and smooth pore walls. 

Notably, quantitative image analysis highlighted that the average pore size and the 

pore size distribution tended to decrease and get narrow as the collagen concentration 

was increased (Fig. 3C, 3D, 3E). Average pore dimensions of 58 ± 17 µm, 37 ± 11 

µm and 24 ± 8 µm (mean ± SD) were estimated for PEG1, PEG2 and PEG3 cryogels, 

respectively. Such an effect of collagen on the pore size was likely ascribed to the 

increased viscosity of the polymer mixtures yielded for increasing amounts of 

collagen, which are expected to limit the diffusion of water molecules during 

freezing, thus hampering ice crystal growth and, consequently, the achievable pore 
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size.58 However, all cryogels showed an average pore size suitable for cell culture 

applications.

Consistently with the pore dimensions, the macropore volume (MV) of the cryogels 

was also significantly affected by the collagen concentration (Table 1; p<0.0001). The 

MV, which was about 70% for both PEG1 and PEG2 cryogels (p=0.22), was 

significantly reduced down to 60% for the PEG3 specimens (PEG1 vs. PEG3 and 

PEG2 vs. PEG3, p<0.0001).

The porous and highly interconnected structure of the cryogels was also demonstrated 

by their swelling/hydration kinetics (Supplementary Fig. S1). As expected, all of the 

samples displayed a very fast hydration, with PEG1, PEG2 and PEG3 reaching 

approximately the 99%, 94% and 75% of their full swelling within 1 min. In 

accordance with the effect of collagen concentration on the pore size, the swelling 

rate tended to decrease as the collagen content was increased.

With regard to the full swelling (Table 1), it is worth noting that the amount of water 

uptake generally depends on both physical (e.g. porosity) and chemical (e.g. crosslink 

density) structural parameters.59,60 While porosity tends to enhance the swelling by 

capillary water retention, with higher retention achieved by smaller pore sizes, the 

crosslink density strongly limits the swelling, due to the elastic retraction exerted by 

the crosslinking nodes on the polymer chains.59,60 Here, we found that the full 

swelling of the cryogels decreased as the collagen amount was increased (p<0.0001). 

This result was thus likely attributable to a higher crosslink density of the cryogels 

attained in the presence of collagen, due to the enhanced cryo-concentration.

Upon prolonged incubation in PBS at 37 °C, we then found that all of the cryogels 

denoted a modest although significant (p<0.0001) weight loss, which reached, over 28 

days, values of about 10%, 20% and 25% for PEG1, PEG2 and PEG3 samples, 

respectively (Fig. 4A). It is well known that PEG-based networks, such as PEG1 

cryogels, undergo a slow degradation at physiological conditions, due to hydrolysis.61 

The additional presence of collagen to form semi-IPN cryogels appeared to accelerate 

the overall weight loss, especially in the first 1-2 weeks of PBS incubation. In 

particular, at day 7 PEG3 samples displayed a significantly higher degradation 

compared to PEG1 and PEG2 ones (PEG1 vs. PEG3, p=0.0077; PEG2 vs. PEG3, 

p=0.02), both of which showed, at the same time point, comparable weight losses 

(PEG1 vs. PEG2, p=0.70). However, starting from day 14, detected differences 

between PEG2 and PEG3 were no longer relevant. Notably, these findings were 
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consistent with those of the FTIR analysis, which indicated a higher extent of 

collagen degradation achieved in PEG3 cryogels, compared to PEG2 ones. It is thus 

conceivable that the more extensively degraded collagen in PEG3 samples could be 

released more rapidly under physiological conditions, leading to a faster weight loss 

in the first 7 days.

In parallel to degradation experiments, mechanical compression tests were also 

performed on the hydrated cryogels to evaluate their stiffness along the 28-day 

incubation period. Following compression down to 50% deformation without 

breaking, cryogels could indeed rapidly recover their original size, so that their 

stiffness could be monitored over time. As shown in Fig. 4B, the average compressive 

elastic modulus of the cryogels was initially about 51, 49 and 62 kPa for PEG1, PEG2 

and PEG3 samples, respectively. Although the differences were not significant, this 

trend appeared in rough agreement with the swelling results, thus further suggesting a 

higher crosslink density attained in the presence of collagen. Interestingly, the average 

modulus of the cryogels did not decrease significantly along the study. A slight 

reduction of the stiffness was only found for the collagen-containing samples (PEG2 

and PEG3), while PEG1 cryogels were highly stable.

3.3 Growth of Panc1 CPC and CSC cells in the cryogels 

In order to verify the potential of the semi-IPN cryogels as tunable platforms for 

cancer cell research, we investigated their ability to entrap and permit the growth of a 

highly aggressive parenchymal PDAC cell line (CPC), Panc1, and their derived 

CSCs. We decided to study PDAC as a tumor model, as its high malignancy is mainly 

due to the presence of a highly fibrotic, collagen I-rich stroma that creates a tumor-

supportive environment promoting tumor growth, early invasion and therapy 

resistance.45,62,63 In this respect, we have already established standard PDAC 

organotypic cultures of Panc1 parenchymal cells (CPCs) and CSC cells growing on 

different ECMs (from a Matrigel-rich ECM to an ever more collagen I-rich ECM) that 

recapitulate the malignant stromal activation observed in the in vivo disease.45,64,65 By 

using this organotypic platforms we have demonstrated that: (1) Resazurin, a soluble 

dye that is reduced to highly fluorescent Resorufin in proportion to cell metabolic 

activity, is a reliable indicator of CPC and CSC cell numbers and growth within the 

3D ECM45; (2) CPCs and CSCs have completely different 3D growth kinetics which 

are, depending on the ECM substrate, completely reversed compared to those 
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observed in 2D45,52; (3) the growth matrix composition affects PDAC cell growth 

morphology and kinetics.45 Indeed, on Matrigel-rich ECM, the CSCs grew almost 

four-fold faster than CPCs but as ECMs became ever more enriched of type I 

collagen, the CPCs’ and CSCs’ growth rate slowed down and became approximately 

equal, with only a slight gain of growth of the CPCs over the CSCs.45

To verify whether the CPCs and CSCs could colonize the three types of cryogels, 

eventually expanding into tumor masses, and to characterize their growth dynamics, 

we embedded the two cell lines into the three types of cryogels and monitored cell 

viability over time up to 14 days, by using the Resazurin-based growth assay (Fig. 5). 

We found that CPCs grew significantly faster than CSCs for up to 14 days in both 

PEG1 (with no collagen) and PEG2 (1 mg/ml, 0.1%). This accelerated growth of the 

CPCs compared to CSCs reproduces the typical CPC and CSC kinetic growth found 

in 2D.52 However, the growth rates of CPCs and CSCs were comparable when cells 

were cultured in PEG3, which had increased collagen concentration (10 mg/ml, 1%) 

and restricted pore sizes. Indeed, we found that, when grown in PEG3, CSCs grew 

significantly faster than in PEG1 and PEG2 and expanded with the same growth 

kinetic as CPCs (Fig. 5A).

We hypothesized that the higher CSC growth in PEG3, compared to PEG1 and PEG2, 

could be due either to pro-adhesion signals provided by the presence of collagen I into 

PEG3 or to the restricted pore sizes of PEG3. However, when CSCs and CPCs were 

seeded into porous scaffolds entirely based on collagen I (30 mg/ml)47,48 and having a 

similar pore size as PEG1 (i.e. about 60-70 μm) (Supplementary Methods and Fig. 

S2), we found that the two cell lines reproduced the same growth dynamics as 

observed when they were grown in PEG3 (RFU for CPCs 474.28 ± 57.74 vs. CSCs 

504.19 ± 18.20 at 5 days) (Supplementary Fig. S3). This suggests that indeed it is the 

presence of a sufficiently high quantity of collagen that is responsible for the 

increased CSC growth. Moreover, the growth pattern exhibited by the CPCs and 

CSCs expanding in PEG3 reproduces the growth kinetics detected for CPCs and 

CSCs cultured on collagen I-enriched organotypic cultures45 indicating that, among 

the three cryogel types, PEG3 is the most suitable to mimic the CSC and CPC growth 

rates as in vivo and permit the analysis of the cell behavior.

The growth dynamics of the two tumor cell lines within the different cryogel types 

were also confirmed by immunofluorescence experiments, in which we visualized cell 

growth and morphology by staining their F-actin cytoskeleton with Rhodamine 
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Phalloidine after 14 days of cell growth. As shown in Fig. 5B, we found that both 

CPCs and CSCs colonized the scaffolds and expanded after two weeks as already 

shown by the Resazurin test. No qualitative changes in morphology and/or 

organization for the two cell lines seeded within the different cryogels were detected. 

Cell infiltration and growth in the bulk of the scaffolds at 14 days were also 

confirmed by histological analysis, which showed cells uniformly distributed in both 

the outer (external) and the inner scaffold layers (Fig. 5C).

As Matrigel is widely used in cancer culture models to simulate the environment of a 

basement membrane of epithelial structures46 and we reported that CSCs grow faster 

than CPCs on Matrigel-rich organotypic cultures,45 we additionally explored the 

potential contribution of Matrigel on the CPCs and the CSCs long-term growth ability 

in the different cryogel types. For this, CPC and CSC growth rates were monitored 

with the Resazurin-based growth assay at 5, 7, 12 and 14 days after having seeded 

cells, pre-embedded in Matrigel drops, inside each type of cryogel (Fig. 6A).

We found that Matrigel pre-embedding favored CSCs over CPCs growth in the 

different cryogel types, but only up to 7 days as, surprisingly, after a week of culture 

both cell lines stopped growing. We also found that cell pre-inclusion in Matrigel 

drops per se strongly hindered cell growth of both cell lines in the cryogels, compared 

to the same cell growth observed without Matrigel pre-inclusion (Fig. 5A). This 

hampered growth ability was also confirmed by immunofluorescence microscopy of 

Phalloidin-stained cells at the end of each experiment (Fig. 6B) and suggests that 

Matrigel pre-embedding could have a negative effect on either the initial infiltration 

of the seeded cells inside the cryogels, or on their migration throughout the cryogels 

and/or on their subsequent long-term cellular expansion.

To determine if cell pre-inclusion in Matrigel could, indeed, affect cell seeding 

efficiency or cell infiltration, distribution and growth into the deeper layers of the 

cryogels, the cryogels were fixed at 24 hours after cell seeding, sectioned and stained 

with toluidine blue. The individual stained sections were imaged and the densities and 

distributions of cells within the individual sections were then analyzed. As shown in 

Fig. 6C, a limited amount of either CPCs or CSCs infiltrated the three types of 

cryogels, with most cells appearing along the seeding edge on the external cryogels’ 

layers, and very low cell densities occurred with increasing depth into the center of 

the cryogels (inner layers). This poor cell infiltration demonstrates that, while 

cryogels represent a powerful and reproducible tool for hosting CPCs and CSCs, 
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permitting their expansion and monitoring over long time periods (with PEG3 likely 

being the most suitable for cell growth), cells pre-embedding in animal derived-

matrices such as Matrigel, before their seeding into the scaffolds, interferes with their 

efficient inclusion into the scaffolds and the possibility to derive 3D spheroids and 

eventually organoids.

4. DISCUSSION

In this work, we prepared PEGDA/collagen semi-IPN cryogels by means of UV 

irradiation and tested their potential as tunable and reproducible platforms for cancer 

cell research. As a proof of concept, we assessed their ability to host the long-term 

growth of two PDAC cell lines and to allow the monitoring of the cell behavior over 

time.

Firstly, we started by investigating the feasibility of the synthesis of the 

PEGDA/collagen semi-IPN cryogels. The strong hydrophilic nature of PEG (and its 

derivatives) is known to induce the precipitation of various proteins in solution, 

including collagen.66 With reference to the synthesis of blended systems made of 

PEGDA and type I collagen, several studies have reported the preliminary 

modification of collagen or its gelatin derivative with (meth)acrylated groups, in order 

to obtain, upon cross-linking, a hybrid polymer network composed of PEGDA and 

protein.25,67 The use of cell-adhesive peptides, instead of the entire proteins, is another 

widely explored method to develop hybrid PEGDA networks.10,11 A further approach 

involves the sequential synthesis of IPNs, where a PEGDA hydrogel is crosslinked in 

the presence of a previously formed collagen network.7 Very few studies have then 

been reported on the possibility to form PEGDA/collagen semi-IPNs, where these are 

obtained by directly crosslinking PEGDA by UV exposure, in the presence of un-

crosslinked collagen molecules.3-5 In particular, a quite low weight ratio between 

collagen and PEGDA in the initial mixture (which appears translucent or whitish 

opaque) is reported to lead, upon UV crosslinking, to homogeneous semi-IPN 

hydrogels with cell-adhesive properties.3-5

In this work, we investigated whether UV irradiation could be used to produce 

PEGDA/collagen semi-IPN cryogels as well. UV and high-energy irradiation have 

been commonly reported for the synthesis of cryogels based on various 

polysaccharides, such as cellulose, dextran and alginate.21,68,69 Recently, we have 

shown that pure PEGDA cryogels can also be obtained via UV irradiation, as a faster 
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alternative to the classical APS/TEMED activated cryo-crosslinking.44 In that study, 

we found that the PEGDA concentration significantly affects the swelling, the 

stiffness and the porosity of the UV-irradiated cryogels.44 Here, we used a fixed 

PEGDA concentration, equal to 10% w/v,5 and then incorporated the PEGDA 

solution with variable amounts of collagen, to assess the yet unexplored effect of 

collagen on the cryogel properties. Blended PEG2 and PEG3 formulations had 

collagen/PEGDA weight ratios equal to 1/100 and 1/10, respectively, in accordance 

with those previously reported for the preparation of semi-IPN hydrogels.3-5

Although local changes in the polymer and protein distributions were likely to occur 

upon freezing, we expected that the low collagen amount (compared to the PEGDA) 

could be physically entrapped within the PEGDA network upon UV crosslinking. 

Moreover, we hypothesized that the presence of collagen in the semi-liquid zones 

among ice crystals, in addition to the PEGDA, could lead to a higher cryo-

concentration effect, thus increasing the effectiveness of gelation/crosslinking, for a 

given UV exposure time. As expected, FTIR analysis (Fig. 2A and 2B) confirmed that 

collagen was retained in the semi-IPN cryogels, while the enhanced gelation yield 

(Table 1) attained for higher collagen contents suggested a higher 

gelation/crosslinking of the semi-IPNs. In this respect, collagen may not only lead to 

an increased cryo-concentration effect, but also establish physical entanglements or 

other types of physical interactions with the PEGDA network, thus contributing to the 

overall crosslinking of the semi-IPNs. However, as suggested by FTIR spectra, the 

interpenetration with the PEGDA network upon UV cryo-crosslinking, especially at 

higher protein amounts, could also cause partial protein damage, likely ascribable to 

concurrent structural/mechanical deformations of the collagen fibrils as well as 

photochemical degradation. Therefore, our results indicate that the synthesis of 

PEGDA/collagen semi-IPN cryogels can be performed via UV irradiation, provided 

that sufficiently low protein amounts are used, both to avoid inhomogeneous protein 

distributions in the starting blend and to limit the extent of collagen damage upon 

cryo-gelation. 

We then assessed the effect of collagen on important cryogel properties, starting from 

their porosity. Especially for 3D cell culture, cryogel macropores are advantageous to 

enhance the size of the bio-constructs that can be generated in vitro. The modulation 

of the cryogel porosity, achieved by controlling the freezing and the gelation 

processes, also allows tuning other macroscopic properties of the cryogels (e.g. 
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density of cell-interactive sites, water uptake, degradation rate) that may regulate the 

cellular behavior. Notably, the presence of collagen was found to affect significantly 

the pore size distribution of the cryogels. Smaller pore sizes were indeed obtained for 

increasing collagen amounts (Fig. 3). This was likely ascribed to the formation of 

smaller ice crystal upon freezing, due to the increased viscosity of the 

PEGDA/collagen liquid blends. Consequently, the macropore volume was also 

reduced with the collagen content (Table 1).

Swelling data, with diminished water uptakes for increasing collagen amounts, 

seemed to further confirm what suggested by the gelation yield, i.e. the crosslinking 

tended to improve as the collagen concentration was increased (Table 1). However, 

prolonged incubation of the cryogels at physiological conditions (Fig. 4A) evidenced 

an accelerated gravimetric degradation of the semi-IPN samples over the pure 

PEGDA ones, especially in the first 7-14 days. This provided hints that the enhanced 

crosslinking achieved for the semi-IPN cryogels was likely attributable to a higher 

number of physically crosslinked molecules, which were then released in the 

incubating medium after several days. Moreover, the partial degradation of collagen 

within the blended cryogels (as suggested by the FTIR spectra) could also explain the 

faster weight loss of these samples. In this regard, PEG3 cryogels were the ones 

showing the most rapid degradation in the first 7 days, in agreement with the presence 

in PEG3 of a more extensively degraded collagen. 

Interestingly, the compressive stiffness of the cryogels, which was not significantly 

affected by the collagen content (at least for the values under investigation), was 

practically unchanged over the entire 28-day incubation period (Fig. 4B). In general, 

the rigidity of substrates used for 3D cancer cell culture plays a key role in regulating 

the growth and invasiveness of cancer cells,43,70,71 as well as the tumor resistance to 

chemotherapeutics.27 It is worth noting that the average stiffness of the cryogels 

described in this work (≈50 kPa) is roughly comparable with the optimal values 

recently suggested for the culture of bone (≈50 kPa)70 and prostate cancer tissues (≈75 

kPa).23 The achieved stiffness values were also consistent with those obtained in our 

previous work on UV-irradiated PEGDA cryogels having the same PEGDA 

concentration (10% w/v).44 In that study, we showed that the compressive modulus of 

the cryogels is significantly tuned by the PEGDA concentration, with values down to 

10 kPa and up to 150 kPa, for a PEGDA concentration of 5% w/v and 15% w/v, 

respectively.44 Therefore, while the collagen concentration does not seem to affect the 
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cryogel stiffness, we envisage the intriguing possibility to modulate the stiffness of 

the semi-IPN cryogels by changing the PEGDA concentration. This would allow 

optimizing the cryogel platforms, by tailoring their mechanical properties to those of 

the specific cancer tissue(s) being addressed.

Finally, to verify ‘tout court’ the suitability of the cryogels as substrates for cancer 

cell research, we tested their ability to host the growth of two PDAC cell lines, i.e. the 

highly aggressive parenchymal Panc1 CPCs and their derived CSCs. While several 

studies have recently reported the use of in situ forming PEG-based hydrogels to 

study the PDAC cell fate in 3D,41-43 to the best of our knowledge this is the first study 

attempting to use off-the-shelf PEGDA-based cryogels for PDAC cell culture.

In spite of the simplicity of our semi-IPN cryogel platforms, we interestingly found 

that all of the cryogels supported CPCs and CSCs infiltration and expansion, up to 14 

days of culture (Fig. 5). Moreover, the cellular growth rate was significantly affected 

by the collagen content. In particular, when grown in PEG1 cryogels (devoid of 

collagen), both CPCs and CSCs reproduced their growth pattern previously observed 

in 2D culture conditions. Conversely, PEG3 cryogels (i.e. those having the highest 

collagen concentration, 1% w/v) allowed the proliferation of both cell lines with 

growth kinetics similar to those previously reported in collagen I-enriched 

organotypic 3D cultures.45 Furthermore, although Matrigel is known to facilitate the 

growth of several tumor cells, including PDAC cells,45,46 we found here that the 

cellular pre-embedding in Matrigel, before their seeding into the cryogels, hindered an 

efficient cell infiltration and proliferation. This limitation, together with problems 

related to cost, inhomogeneity and low reproducibility of Matrigel-like matrices, 

indicates that the proposed semi-IPN cryogel platforms (especially PEG3) hold 

potential to be used as tunable and reproducible alternatives to organotypic cultures 

based on ECM-derived matrices. However, since the ECM contains various 

components useful to recapitulate the tumor microenvironment, we envisage that the 

additional functionalization of the semi-IPN cryogels with physiomimetic ECM-

derived peptides, along with a proper tuning of their mechanical properties, might be 

the most promising approach to create optimized bioengineered platforms for 3D 

cancer cell research. 

5. CONCLUSION
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Novel semi-IPN cryogels based on PEGDA and type I collagen, having variable 

collagen content (0, 0.1 and 1% w/v for PEG1, PEG2 and PEG3 cryogels, 

respectively), were produced by means of UV irradiation. Experimental findings 

suggested that higher collagen amounts induced the formation of cryogels with 

enhanced crosslink density, although partial collagen degradation might be 

concurrently achieved. Collagen was found to have a deep impact on the cryogel 

porosity, with smaller pore sizes attained for increasing protein amounts. All of the 

cryogels showed a modest weight loss up to 28 days of incubation in PBS at 37 °C, 

while being mechanically stable over the entire incubation period. The potential of the 

semi-IPN cryogels to be used as tunable, off-the-shelf platforms for 3D cancer cell 

culture was then explored by analyzing the growth of two PDAC cell lines within 

them. Interestingly, the growth kinetics of PDAC parenchymal cells and CSCs 

growing either in the PEG1 cryogels (without collagen) or in the PEG3 cryogels (with 

1% w/v collagen) reproduced the growth pattern previously observed when the two 

cell lines were cultured respectively in 2D conditions (i.e. without collagen) or in 

collagen I-enriched organotypic 3D cultures. Moreover, our results also showed that 

cellular pre-embedding in Matrigel, right before seeding into the cryogels, interferes 

with an efficient cell infiltration and migration into the center of the cryogels, while 

also hindering the long-term cell proliferation. Considering that Matrigel provides key 

signaling molecules to cancer cells, this finding suggests that the best protocol to 

increase the ECM-mimicking properties of the cryogels would likely require their 

functionalization with ECM-derived peptides. These engineered PEGDA/collagen 

semi-IPN cryogels could thus represent standardized, ready-to-use matrices, 

alternative to less reproducible organotypic cultures.
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CAPTIONS TO TABLES AND FIGURES

Table 1. Gelation yield (GY), macropore volume (MV) and swelling ratio (Q) of the 
cryogels. Reported data were averaged over 5 measurements and expressed as mean ± 
standard error (SE). aSignificant difference from PEG1; bSignificant difference from 
PEG2

Figure 1. Schematic representation of cryogel synthesis. (A) Aqueous polymer 
mixtures having 10% w/v PEGDA, different concentrations of collagen and 0.5% w/v 
VA-086 are prepared and degassed; (B) mixtures are frozen from +20 °C to -20 °C in 
1 hour and then kept 1 hour at -20 °C to permit ice crystal formation; (C) frozen 
mixtures are immediately exposed to UV irradiation (365 nm, 2 mW/cm2) for 3 min; 
(D) crosslinked cryogels are thawed for 10-20 min at room temperature and then 
abundantly washed in distilled water. A photogragh of a cryogel sample in the 
hydrated state is reported in (E).

Figure 2. Cryogel composition by means of FTIR analysis. (A) Comparison between 
the spectra of pure collagen and pure PEGDA cryogel (PEG1), with the highlight of 
their characteristic peaks; (B) comparison among the spectra of collagen and the 
tested cryogels (PEG1, PEG2 and PEG3), showing the presence of both collagen and 
PEG in the blended formulations (PEG2 and PEG3).

Figure 3. Cryogel microstructure and quantitative analysis of pore size. (A) Confocal 
microscopy images showing hydrated cryogels stained with acryl-rhodamine B (scale 
bar 100 µm) and (B) SEM micrographs of freeze-dried cryogels (500X, scale bar 15 
µm). Pore diameter distribution of PEG1 (C), PEG2 (D) and PEG3 (E) cryogels 
estimated by means of ImageJ, and their average pore size (F). Error bars in (F) 
represent the standard error (SE).

Figure 4. Cryogel degradation and stiffness upon prolonged incubation in PBS at 
37 °C. (A) Weight loss of PEG1 (blue), PEG2 (red) and PEG3 (green) cryogels (n=5) 
and (B) corresponding compressive elastic modulus (n=3). Error bars represent the 
standard error (SE).

Figure 5. Growth of Panc1 CPC and CSC cells in the cryogels. (A) Cell viability of 
CPCs and CSCs growing in PEG1, PEG2 and PEG3 for 14 days. Fold change in cell 
growth was calculated by measuring CPC and CSC cell viability with the Resazurin 
assay. CPC and CSC growth values were normalized to their respective 5-day growth 
in PEG1. Data are mean ± SE of 4 independent experiments, *p<0.05 refers to CPC 
growth compared to CSC growth into each cryogel, #p<0.05 and ##p<0.01 refers to 
CSC growth among the different cryogels. (B) Immunofluorescence images of cells 
growing in PEG1, PEG2 and PEG3 after 14 days. The cells were stained for actin by 
using phalloidin-TRITC and imaged with a epifluorescence microscope with a 10X 
objective. (C) Cell images and distribution of PEG1, PEG2 and PEG3 seeded with 
CPCs and CSC, sectioned and stained with Toluidine Blue. The inner layers of the 
scaffolds show a similar cell density and distribution to that of the more external 
layers (bar 100μm).

Figure 6. Growth of Matrigel-embedded Panc1 CPC and CSC cells in the cryogels. 
(A) Cell viability of Matrigel-embedded CPCs and CSCs in PEG1, PEG2 and PEG3 
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for 14 days. Cell pre-inclusion in Matrigel (4mg/ml) favored CSC growth compared 
to CPCs only up to one week of culture, after which cell growth for both cell lines 
diminished in all cryogels. Data are mean ± SE of 5 independent experiments. 
*p<0.05 and  **p<0.01 refer to CPC growth compared to CSC growth into the same 
cryogel type. (B) Immunofluorescence analysis of CPCs and CSCs pre-embedded in 
Matrigel drops before their seeding into the cryogels. Seeded cells were imaged by 
staining their F-actin with Phalloidin-Rhodamine at 14 growth day (bar 100μm). (C) 
Cell images and distribution of CPCs and CSCs pre-embedded in Matrigel drops, 
seeded into the cryogels and stained with Toluidine Blue. The external layers of the 
cryogels show a high cell density along the seeded edge of the scaffolds while the 
inner layers of the cryogels show minimal cell presence (bar 100μm).
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Table 1. Gelation yield (GY), macropore volume (MV) and swelling ratio (Q) of the cryogels. 

Reported data were averaged over 5 measurements and expressed as mean ± standard error (SE).

Sample GY
(%)

MV
(%)

Q
(g/g)

PEG1 82.0 ± 0.8 70.3 ± 0.9 10.3 ± 0.1

PEG2 88.5 ± 0.4a 71.7 ± 1.0 9.8 ± 0.3

PEG3 90.9 ± 0.5a,b 59.7 ± 0.4a,b 8.5 ± 0.1a,b

aSignificant difference from PEG1; bSignificant difference from PEG2

Page 29 of 35

John Wiley & Sons, Inc.

Journal of Biomedical Materials Research: Part B - Applied Biomaterials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 

Figure 1. Schematic representation of cryogel synthesis. (A) Aqueous polymer mixtures having 10% w/v 
PEGDA, different concentrations of collagen and 0.5% w/v VA-086 are prepared and degassed; (B) mixtures 
are frozen from +20 °C to -20 °C in 1 hour and then kept 1 hour at -20 °C to permit ice crystal formation; 

(C) frozen mixtures are immediately exposed to UV irradiation (365 nm, 2 mW/cm2) for 3 min; (D) 
crosslinked cryogels are thawed for 10-20 min at room temperature and then abundantly washed in distilled 

water. A photogragh of a cryogel sample in the hydrated state is reported in (E). 
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Figure 2. Cryogel composition by means of FTIR analysis. (A) Comparison between the spectra of pure 
collagen and pure PEGDA cryogel (PEG1), with the highlight of their characteristic peaks; (B) comparison 
among the spectra of collagen and the tested cryogels (PEG1, PEG2 and PEG3), showing the presence of 

both collagen and PEG in the blended formulations (PEG2 and PEG3). 
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Cryogel microstructure and quantitative analysis of pore size. (A) Confocal microscopy images showing 
hydrated cryogels stained with acryl-rhodamine B (scale bar 100 µm) and (B) SEM micrographs of freeze-
dried cryogels (500X, scale bar 15 µm). Pore diameter distribution of PEG1 (C), PEG2 (D) and PEG3 (E) 
cryogels estimated by means of ImageJ, and their average pore size (F). Error bars in (F) represent the 

standard error (SE). 
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Figure 4. Cryogel degradation and stiffness upon prolonged incubation in PBS at 37 °C. (A) Weight loss of 
PEG1 (blue), PEG2 (red) and PEG3 (green) cryogels (n=5) and (B) corresponding compressive elastic 

modulus (n=3). Error bars represent the standard error (SE). 
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Figure 5. Growth of Panc1 CPC and CSC cells in the cryogels. (A) Cell viability of CPCs and CSCs growing in 
PEG1, PEG2 and PEG3 for 14 days. Fold change in cell growth was calculated by measuring CPC and CSC cell 

viability with the Resazurin assay. CPC and CSC growth values were normalized to their respective 5-day 
growth in PEG1. Data are mean ± SE of 4 independent experiments, *p<0.05 refers to CPC growth 

compared to CSC growth into each cryogel, #p<0.05 and ##p<0.01 refers to CSC growth among the 
different cryogels. (B) Immunofluorescence images of cells growing in PEG1, PEG2 and PEG3 after 14 days. 

The cells were stained for actin by using phalloidin-TRITC and imaged with a epifluorescence microscope 
with a 10X objective. (C) Cell images and distribution of PEG1, PEG2 and PEG3 seeded with CPCs and CSC, 
sectioned and stained with Toluidine Blue. The inner layers of the scaffolds show a similar cell density and 

distribution to that of the more external layers (bar 100μm). 
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Figure 6. Growth of Matrigel-embedded Panc1 CPC and CSC cells in the cryogels. (A) Cell viability of 
Matrigel-embedded CPCs and CSCs in PEG1, PEG2 and PEG3 for 14 days. Cell pre-inclusion in Matrigel 

(4mg/ml) favored CSC growth compared to CPCs only up to one week of culture, after which cell growth for 
both cell lines diminished in all cryogels. Data are mean ± SE of 5 independent experiments. *p<0.05 and 

 **p<0.01 refer to CPC growth compared to CSC growth into the same cryogel type. (B) 
Immunofluorescence analysis of CPCs and CSCs pre-embedded in Matrigel drops before their seeding into 

the cryogels. Seeded cells were imaged by staining their F-actin with Phalloidin-Rhodamine at 14 growth day 
(bar 100μm). (C) Cell images and distribution of CPCs and CSCs pre-embedded in Matrigel drops, seeded 

into the cryogels and stained with Toluidine Blue. The external layers of the cryogels show a high cell 
density along the seeded edge of the scaffolds while the inner layers of the cryogels show minimal cell 

presence (bar 100μm). 
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