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A B S T R A C T   

In cancer microenvironment, aberrant glycosylation events of ECM proteins and cell surface receptors occur. We 
developed a protocol to generate 3D bioprinted models of colorectal cancer (CRC) crosslinking hyaluronic acid 
and gelatin functionalized with three signalling glycans characterized in CRC, 3′-Sialylgalactose, 6′-Sialylga-
lactose and 2′-Fucosylgalactose. The crosslinking, performed exploiting azide functionalized gelatin and hyal-
uronic acid and 4arm-PEG-dibenzocyclooctyne, resulted in biocompatible hydrogels that were 3D bioprinted 
with commercial CRC cells HT-29 and patient derived CRC tumoroids. The glycosylated hydrogels showed good 
3D printability, biocompatibility and stability over the time. SEM and synchrotron radiation SAXS/WAXS 
analysis revealed the influence of glycosylation in the construct morphology, whereas MALDI-MS imaging 
showed that protein profiles of tumoroid cells vary with glycosylation, indicating that sialylation and fucosy-
lation of ECM proteins induce diverse alterations to the proteome of the tumoroid and surrounding cells.   

1. Introduction 

3D tissue models represent an innovative tool to study human pa-
thologies and to develop personalized therapeutic strategies (Sensi et al., 
2020). Nowadays, 3D bioprinting represents a tunable, efficient, 
economical and easy to standardize technique to produce 3D advanced 
tissue model (Langer et al., 2019; Mota et al., 2020). 

To closely mimic the in vivo extracellular matrix (ECM) of a specific 
tissue, synthetic 3D scaffolds need to recapitulate their morphological 
and chemical properties, in particular stiffness and specific signalling 

biomolecules (Chen et al., 2022; Kawai et al., 2020; Nicolas et al., 2020; 
Sbirkov et al., 2021). Indeed, native ECM is a complex network of 
structural proteins, glycoproteins, glycosaminoglycans and pro-
teoglycans, playing an important biochemical and biomechanical role 
inducing different physiological and pathological cell fates (Sampaolesi 
et al., 2019; Wiig et al., 2008). Alterations in glycosylation regulate the 
development and progression of cancer (Jung et al., 2021; Luo et al., 
2021; Pinho & Reis, 2015; Venkitachalam et al., 2016). In colorectal 
cancer (CRC) a differential production of collagen VI and hyaluronic 
acid has been observed (Giussani et al., 2019). Noteworthy, in the tissue 
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surrounding CRC patient derived tumors, the glycosignature has been 
recently characterized showing aberrant 6-sialyllation and decrease in 
fucosylation (Boyaval et al., 2021; Li & Ding, 2019; Peixoto et al., 2019; 
Rodrigues et al., 2021). 

3D bioprinting is a valid technique to develop advanced 3D tissue 
models with a precise, rapid and personalized specificity (Alheib et al., 
2021; Kačarević et al., 2018). 3D CRC models were bioprinted using 
natural biopolymers, such as alginate with tethered RGD (Sbirkov et al., 
2021), or decellularized ECM (Han et al., 2022), with Caco-2 cells which 
aggregate in clusters with malignant histopathological appearance and 
show significant expression of stemness and differentiation markers. 
Other models made by collagen (Chen, Cheng, et al., 2020; Nyga et al., 
2013) or GelMA (Burkholder-Wenger et al., 2022) were 3D printed and 
HCT116 cells were subsequently seeded on top, demonstrating the ad-
vantages of 3D versus 2D cell culture in promoting physiological func-
tions. Considering the role of glycosignature in CRC progression and 
metastatisation, it is important to glycosylate the in vitro model to 
faithfully mimic the in vivo tissue (Magalhães et al., 2017; Peixoto et al., 
2019). 

The hypothesis of this work is that differential ECM glycosignatures 
influence single cell proteome in 3D bioprinted colorectal constructs. 

We developed protocols to generate 3D-printable bioinks function-
alized with different signalling glycans. We exploited them to generate 
in vitro models of CRC, even if the approach is suitable for any other 

tissue model. 
The two major components of ECM, gelatin and hyaluronic acid, 

were selected as starting biomaterials. Gelatin provides cell adhesion 
properties by the RGD sequence (Davidenko et al., 2016; Russo et al., 
2016) whereas hyaluronic acid maintains the water content of the tissue 
and interact with specific cells receptor overexpressed in CRC, such as 
CD44 and RHAMM (Amorim et al., 2021; Lugli et al., 2006). 

Three glycans characterized in CRC ECM, 3′-Sialylgalactose, 6′-Sia-
lylgalactose and 2′-Fucosylgalactose (Boyaval et al., 2021; Wang et al., 
2022), were covalently attached to the lysine residues of gelatin by a 
reductive amination in which the glucose terminus loses the pyranosidic 
structure and acts as linker for conjugation (see Scheme 1). 

To generate 3D-printed construct with tailorable properties, the 
crosslinking between gelatin and hyaluronic acid must be controlled. We 
functionalised both with an azido group and performed the crosslinking 
exploiting 4arm-PEG-DBCO (Fig. 1). Different formulations were tested 
changing the hydrogel components ratio. The constructs were charac-
terized for their bioprintability, morphological and structural proper-
ties. The biocompatibility and bioresponsiveness were determined by 
LIVE/DEAD assay with human colon cancer cells HT29. Subsequently 
the hydrogels were bioprinted with CRC patient–derived tumoroids. 

Scheme 1. Schematic structures of 1A) gelatin functionalized with azide group (Gel–N3), 2A) gelatin functionalized with azide group and 3′-Sialylgalactose (GelN3- 
3′-SialGal), 3A) gelatin functionalized with azide group and 6′-Sialylgalactose (GelN3-6′-SialGal), 4A) gelatin functionalized with azide group and 2′-Fucosylgalactose 
(GelN3-2′-FucGal); B) final hydrogel structure obtained crosslinking glyconjugate-azide-gelatin derivatives and azide-conjugate hyaluronic acid with 4arm- 
PEG-DBCO. 
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2. Materials and method 

2.1. Materials 

Gelatin from porcine skin type A (G2500, Sigma Aldrich) (Magli 
et al., 2021), N-hydroxysuccinimide (NHS), phosphate buffered saline 
(PBS), N3-PEG4-COOH, 4arm-PEG-DBCO, NaBH3CN, N3-PEGNH2, Hy-
aluronidase from bovine testes (Type I–S), ninhydrin, hematoxylin, 
eosin, McCoy's 5A medium, L-glutamine, Fetal Bovine Serum, penicillin, 
streptomycin, live/dead Cell viability Assay kit (CBA415) were pur-
chased from Sigma-Aldrich. 1-Ethyl-3-(3-dimethylaminopropyl)carbo-
diimide (EDC), 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl) (DMTMM) were 
purchased from TCI; Alexa Fluor 647 Phalloidin, 4′,6-diamidino-2- 
phenylindole (DAPI) from Thermo Fisher Scientific; CD133/1 (AC133) 
pure human from Miltenyi Biotec; Human LGR5/GPR49 Antibody 
(MAB8078) was purchased from Bio-techne brand; Intesticult medium 
from Stem cell technologies; Buffer solution pH 6.0 (20 ◦C) citric acid / 
sodium hydroxyde solution with fungicide from Fisher Scientific; Hy-
aluronic acid (YH05852 average MW 1.0–2.0 million Da) from Carbo-
synth Ltd.; Human colon cancer cells HT29 from LGC Standards S.r.L. 2′- 
fucosyllactose, 3′-sialyllactose, 6′-sialyllactose were kindly provided by 
Chr Hansen A/S (Hørsholm, Denmark). 

2.2. Azide functionalized gelatin (GelN3) 

N3-PEG4-COOH (50 mg, 0.171 mmol) was dissolved in PBS 5.5 (5 
mL) in a bottom round flask at rt. Then, EDC (66 mg, 0.342 mmol) and 
NHS (40 mg, 0.342 mmol) were added under gentle stirring. Meanwhile, 
gelatin type A (250 mg, 0.085 mmol) was dissolved in PBS 5.5 (15 mL) in 
a falcon. After 45 min, the gelatin solution was added dropwise into the 
PEG solution. The reaction was stirred overnight at 37 ◦C. Further EDC 
(66 mg, 0.342 mmol) and NHS (40 mg, 0.342 mmol) were added and the 
mixture was stirring for 4 h, then dialyzed with a 14 kDa cellulose 
membrane against NaCl 0.1 M for 1 day and then against milli-Q water 
for 2 days. The obtained azidated gelatin (GelN3) was lyophilized and 
stored at − 20 ◦C before use. 

2.3. One step glyco- and azide functionalization of gelatin (GelN3-2′- 
FucGal, GelN3-3′-SialGal and GelN3-6′-SialGal) 

To a solution of N3-PEG4-COOH (50 mg, 0.171 mmol) in PBS 5.5 (5 
mL), EDC (66 mg, 0.342 mmol) and NHS (40 mg, 0.342 mmol) were 
added. After 45 min under stirring gelatin type A (250 mg, 0.085 mmol) 
dissolved in PBS 5.5 (15 mL) was added dropwise. The reaction was 
stirred overnight at 37 ◦C, then further 0.342 mmol of EDC and 0.0342 
mmol of NHS were added and the mixture was stirring at 37 ◦C for 4 h. 
The reductive amination was then performed under stirring at 37 ◦C 
overnight with 8.5 mmol of 2′-fucosyllactose, 3′-sialyllactose, and 6′- 
sialyllactose, one for each batch, by adding NaBH3CN (293 mg, 4.25 
mmol). Dialysis with a 14 kDa cellulose membrane against NaCl 0.1 M 
for 1 day, and then against milli-Q water for 2 days, and lyophilization 
provide GelN3-3′-SialGal, GelN3-6′-SialGal and GelN3-2′-FucGal which 
were characterized by FT-IR analysis and NMR analysis. 

2.4. Azide functionalization of hyaluronic acid (HAN3) 

DMTMM (146 mg, 0.572 mmol) was added to a stirred solution of 
hyaluronic acid (100 mg, 0.264 mmol) in MES buffer pH 5.5 (20 mL), 
after 40 min N3-PEG-NH2 (115 mg, 0.572 mmol) was added and the 
solution was stirred overnight, dialyzed with a 14 kDa cellulose mem-
brane against NaCl 0.1 M for 2 days and then against milli-Q water for 2 
days. The obtained HAN3 was lyophilized and stored at − 20 ◦C before 
use. 

2.5. Analytical instruments, FT-IR and NMR 

FT-IR were performed after freeze drying using a Nicolet iS20, 
Thermo Scientific; 1H NMR were performed using a Varian Mercury 400 
M Hz, dissolving the sample in D2O with 0.05 % (wt%) TMSP at a 
concentration of 7 mg/mL. 

2.6. Ninhydrin assay 

The gelatin glyco-functionalization degree was determined quanti-
fying the unreacted lysine residues with ninhydrin assay. 250 μL of a 

Fig. 1. Schematic structure of hybrid hydrogel.  
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solution of each gelatin sample (2 mg/mL in citricacid/sodium hy-
droxide buffer at pH 6.0) were mixed with 125 μL of a freshly prepared 
solution of ninidrin (2 % w/V in 95 % ethanol) and left into boiling water 
for 10 min. Then 125 μL of ethanol were added and 100 μL of each final 
solution were posed into 96-microwell plates and the absorbance values 
(570 nm) measured with UV–Vis SPECTROstar Nano BMG LABTECH. 
Three replicates were analyzed and results compared to a standard curve 
based on glycine. Buffer solution pH 6.0 (20 ◦C) (citric acid/sodium 
hydroxide solution) was used as blank. 

2.7. Inks and bioinks formation 

2.7.1. Hyaluronic acid – Gelatin inks 
GelN3, GelN3-2′-FucGal, GelN3-3′-SialGal and GelN3-6′-SialGal (28 

mg) separately dissolved in filtered PBS 7.4 (0.3 mL) at 37 ◦C was mixed 
to a solution of HAN3 (2 mg) in PBS 7.4 (0.4 mL). Then 4armPEG-DBCO 
(10 mg) dissolved in sterile PBS 7.4 (0.3 mL) was added and the solution 
was vortex for 1 min at 1600 rpm until complete gelation occurred. In 
this way the bioinks defined as HA-Gel (1), HA-Gel-2′-FucGal (2), HA- 
Gel-3′-SialGal (3) and HA-Gel-6′-SialGal (4) were obtained. 

2.7.2. Hyaluronic acid – Gelatin bioinks 
The solutions of HAN3 (2 mg in 0.3 mL PBS 7.4), GelN3, GelN3–2′- 

FucGal, GelN3–3′-SialGal and GelN3-6′-SialGal (28 mg in 0.3 mL PBS 
7.4), were sterilized under UV light for 30 min., maintained at 37 ◦C and 
mixed for bioprinting adding 4.5 * 106 HT29 cells suspended in 0.1 mL 
McCoy's 5A complete medium. Finally 4arm-PEG-DBCO (10 mg) dis-
solved in sterile PBS 7.4 was added and the mixtures were loaded in the 
bioprinter syringe and bioprinted after 2 min at 25–40 kPa with 21G 
conical bioprinter nozzle with Cellink INKREDIBLE 3D bioprinter. 

2.8. Hydrogel characterization 

2.8.1. Swelling 
The swelling behaviors were evaluated in three replicates by 

immersing 0.5 mL of the hydrogel in 1 mL of PBS (containing 0,02 % w/ 
V NaN3) with pH 5.5 and 7.4 at 37 ◦C, and weighing at different time 
intervals. 

Experimentally, the swelling ratio Mexp at time t was calculated as: 

Mexp(t) =
Wd(t) − Wi

Wi
(1)  

where Wd(t) is the weight of the swollen hydrogel at time t and Wi is the 
initial weight of the hydrogel. 

The swelling is evaluated at equilibrium, that is at the end of the 
swelling process (when water adsorption is complete). The long-time 
dynamics of PBS uptake is mathematically described by means of the 
exponential law: 

Mt(t) = M∞
(
1 − exp

(
− atb) ) (2)  

where Mt(t) represents the swelling ratio at time t, M∞ is the equilibrium 
swelling capacity (resulting Mt →

t→∞
M∞), and a and b are two model pa-

rameters (respectively, of units s− b and dimensionless). Experimental 
data Mexp(t) in Eq. (1) on the absorbed PBS are fitted by means of Eq. (2), 
thus obtaining the equilibrium swelling capacity M∞ for different 
combinations of external conditions (e.g., pH) and polymer character-
istics (e.g., functionalizations). The value of M∞ gives an indirect mea-
sure of the available “open space” within the hydrogel network. 
Moreover, the short-time swelling dynamics Mst(t) was described in 
terms of a power-law rule (depending on the power parameter n) and 
fitted towards the first 20 % of the absorbed PBS data (see Supple-
mentary Information 1.3). Starting from Mst(t), Fickian versus non- 
Fickian mechanisms could be evaluated, resulting n ≈ 0.5 for the 
former and 0.5 < n < 1 for the latter. This assessment gives an indirect 

information on the predominant swelling mechanism: either water 
diffusion within polymer pores alone (Fick-type) or in combination with 
macromolecular relaxation in the polymer network (non-Fick-type). 
From the ratio Mst(t)/M∞, the diffusion coefficient parameter D of PBS 
sorption could be also obtained (see Supplementary Information 1.3. 
Collectively, the afore-introduced quantities gave a comprehensive 
assessment of the features that can affect transport-driven processes in 
hydrogels, such as diffusion of nutrients and metabolites or migration 
and proliferation of cells. 

2.8.2. Degradation test 
The hydrogels degradation was tested with a solution of hyaluroni-

dase (2,5 U/mL) (0,02 % w/V sodium azide was added as antibacteric). 
Briefly 0,3 mL of hydrogel was incubated at 37 ◦C with 1 mL of enzyme 
solution. At different time point the hydrogel was weighted and the mass 
loss calculated. 

2.8.3. Rheological analysis 
Rheological characterization was performed with a Modular 

Compact Rheometer MCR 92 (Anton Paar, GmbH, Graz, Austria) 
equipped with PP plane plate (50 mm). About 1,5 mL of each hydrogel 
was tested with viscosity test, amplitude sweep and frequency sweep at 
37 ◦C, 0.1 mm gap. Viscosity measurement was performed in rotation 
mode, with shear rate in the range of 0.1–100 s− 1 and least ten points per 
decade were acquired. Data were elaborated with RheoCompass™ 
software. 

2.8.4. SEM analysis 
The morphology and microstructure were evaluated using scanning 

electron microscopy using a ZEISS Gemini 500 field emission HR-SEM at 
voltage of 5 kV. Hydrogels were frozen in liquid nitrogen and then freeze 
dried. The samples were fixed with conductive adhesive on aluminum 
supports, and then coated with grafite. 

2.8.5. Synchrotron radiation SAXS/WAXS 
The samples printed as described in 2.7.1 and GelN3 as control, were 

fixed with 4 % of paraformaldehyde (PFA) for 15 min. Then washed 
three times with PBS pH 7.4 and stored in PBS pH 7.4 with 0.02 % w/V of 
NaN3. WAXS and SAXS scanning microscopies were performed, and data 
collected at cSAXS beamline of the Swiss Light Source in Villigen, 
Switzerland. The set-up is composed of liquid N2 cooled fixed-exit Si 
(111) monochromator with a bendable second crystal for horizontal 
focusing, a bendable mirror for the rejection of higher X-ray energies 
and vertical focusing, a sample holder on a motorized 2D translation 
stage, a 7 m long evacuated flight tube between the sample and the 
detector for SAXS measurement, and a Pilatus 2 M detector downstream 
the scattered X-ray beam for data collection (Henrich et al., 2009). SAXS 
and WAXS measurements were performed using a monochromatic X-ray 
beam (λ = 0.09537 nm, E = 14.6 keV) focused down to about 10 μm 
(vertical) and 30 μm (horizontal) in size. Samples were studied in 
ultralene sachets sterilized in ethanol 70 % (v/v) and washed in 
phosphate-buffered saline (PBS) to remove ethanol. Each sample was 
placed into a sachet filled with a drop of 0.02 % w/V NaN3 to avoid 
contaminations during analysis. The data collection was performed in 
continuous lines with 50 μm distance between lines. SAXS data were 
collected with the detector positioned 7098 mm downstream of the 
sample, while, for WAXS acquisition the flight tube was removed and 
data were collected with the detector positioned 210 mm downstream of 
the sample. The acquired SAXS and WAXS data were analyzed using 
multi-modal and segmentation approaches (Bunk et al., 2009; Lutz- 
Bueno et al., 2018) to find the most representative profiles for each 
investigated sample. Experimental data were calibrated based on stan-
dard measurements of silver behenate (SAXS) and Si, LaB6 (WAXS) 
samples, and folded into 1D profiles, after azimuthal integration. 
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2.9. Cell culture 

2.9.1. HT29 
Human colon cancer cells were cultured in McCoy's 5A complete 

medium supplemented with 10 % fetal bovine serum, 100 units/mL 
penicillin, and 100 mg/mL streptomycin. Cells were grown to 90 % 
confluence, trypsinized, plated in 75 cm2 culture dishes at a density of 2 
* 106 cells and incubated at 37 ◦C in a humidified atmosphere containing 
5 % CO2. The media was changed every two-three days. 

2.9.2. Patient derived CRC tumoroids 
Patient derived CRC tumoroids were derivated after tissue smashing 

using Gentle Cell Dissociation Reagent (Stemcell Technologies®). 
Fragment of tumor cryptes were cultured in Matrigel® Matrix (Corning 
®) without phenol red, surrounded by IntestiCult™ medium. Tumoroids 
were cultured for at least 14 days to ensure adequate physiological 
growth. 

2.10. 3D bioprinting 

2.10.1. HT29 bioprinting 
HA-Gel, HA-Gel-3′-SialGal, HA-Gel-6′-SialGal and HA-Gel-2′-FucGal 

with encapsuled HT29 were bioprinted in filled cylinder shape in 24 well 
plate at 25–40 kPa with 21G conical bioprinter nozzle with Cellink® 
INKREDIBLE+ 3D bioprinter. Next, the hydrogels were rinsed with 
media and cultured for 14 days. Samples were fixed with 4 % (v/v) 
paraformaldehyde and stained. Three replicates were prepared for each 
glyco-hydrogel. 

2.10.2. CRC tumoroids bioprinting 
HAN3 (1,2 mg in 0.2 mL PBS 7.4), GelN3 and GelN3-6′-SialGal (16,8 

mg in 0.15 mL PBS 7.4), and 4arm-PEG-DBCO (6 mg in powder) were 
sterilized under UV light for 30 min. Right before the bioprinting step 
each gelatin solution was mixed with HAN3. 3 wells at confluence of 
CRC tumoroids were suspended in 0.1 mL IntestiCult™ medium and 
added to each gelatin solution. Finally 4arm-PEG-DBCO dissolved in 
0,15 mL sterile PBS 7.4 was added and the mixture was loaded in the 
bioprinter syringe and bioprinted after 2 min at 25–40 kPa with 0.41 
mm (inner diameter) conical bioprinter nozzle with pneumatic pressure 
of extrusion Cellink® INKREDIBLE+ 3D bioprinter. Hydrogels were 
printed in filled cylinder shape The hydrogels were rinsed with media 
and cultured for 14 and 21 days. Samples were fixed with 4 % (v/v) 
paraformaldehyde and stained. 

2.11. Live/dead assay 

The cytotoxicity of 3D cell-laden hydrogels was investigated with 
live/dead Cell viability Assay kit (CBA415-Merck Life Science). HT29 
cell laden hydrogels were bioprinted in cylinder shape in 24 well plate. 
At 1, 3 and 7 days HT29 were stained with red-fluorescent ethidium 
homodimer-1 to indicate loss of plasma membrane integrity and green- 
fluorescent calcein-AM to indicate intracellular esterase activity for 20 
min (37 ◦C, 5 % CO2). Fluorescence images were collected with CELE-
NA®S, Logos Biosystems. 

2.12. Confocal analysis 

The 3D custructs both with HT29 and CRC patient derived tumoroids 
after fixation with 4 % PFA were washed three times with PBS and then 
included in Tissue freezing medium and frozen at − 80 ◦C. Finally the 
samples were cut with cryostat in slices of 20 μm. The slices were per-
meabilized with 0.5 % (w/v) Triton X solution, then stained with 0.66 
μg/mL of Phalloidin and 0.4 μg/mL of DAPI. Images were acquired using 
a confocal microscope (Nikon A1R), where the blue and red colors 
indicated the nuclei and actin cytoskeleton respectively. For CD133 and 
LGR5 analyses of expression, slices were fixed with 4 % of PAF for 15, 

permeabilized with 0,1 % of Triton-X 100 and then incubated overnight 
with anti-LGR5 and anti-CD133 antibodies (1:100 dilution). After 3 
washes in PBS, samples were incubated with second fluorescent anti-
bodies for 1 h and then stained with 0.4 μg/mL of DAPI for 15 min. After 
mounting, samples were acquired with Thunder tissue instrument 
(Leica). 

2.13. H&E staining 

The 3D constructs with CRC patient derived tumoroids after fixation 
with 4 % v/V PFA were included in Tissue freezing medium and frozen at 
− 80 ◦C. Finally the samples were cut with cryostat in slices of 20 μm. 
The slices were stained with hematoxylin for 5 min, washed running 
current water for 5 min, stained with eosin for 5 min and washed again 
with running water for 5 min. Then the samples were dihydrated with 20 
immersion in progressively increasing (50 %, 70 % 80 % 95 % 100 %) 
EtOH acqueous solution. Finally samples were washed 3 min in Histo-
clear solution and Samples analyzed with Nano zoomer hamamatsu 
using Eukitt mounting medium. 

2.14. MALDI-MS imaging analysis 

Seven-micron-thick slices of each sample were cryosectioned and 
mounted onto conductive indium tin oxide glasses. Rehydration was 
performed with consecutive washes in 100 % ethanol (1 × 3 min), 70 % 
ethanol (1 × 3 min), and H2O (2 × 2 min). A citric acid antigen retrieval 
(CAAR) was performed in a bath of citrate buffer (pH 5.9, 10 mM) at 97 
◦C for 45 min before being washed in H2O (2 min) prior to enzyme 
application. Trypsin deposition (100 ng/μL) was performed using an 
iMatrixSpray automated spraying system and left in a humidity chamber 
overnight at 40 ◦C. Finally, a solution containing 10 mg/mL CHCA in 70 
% acetonitrile with 0.1 % trifluoroacetic acid was deposited using a HTX 
TM-Sprayer. 

All analyses were performed using a rapifleX MALDI Tissuetyper 
mass spectrometer (Bruker Daltonics, Bremen, Germany) equipped with 
a Smartbeam 3D laser operating at 10 kHz frequency. The measurements 
were performed in the m/z range from 700 to 3000, employing a beam 
scan setting of 16 μm and a raster sampling of 20 μm in both x and y 
dimensions, and accumulating 200 laser shots. External calibration was 
performed using Peptide Calibration Standard II (Bruker Daltonics, 
Bremen, Germany). Following the MALDI-MSI analysis, the tissue sec-
tions were washed with ethanol (70 and 100 %) and the slides were 
stained using hematoxylin and eosin (H&E). 

Data files containing the individual spectra of each entire measure-
ment region were imported into SCiLS Lab MVS 2021c (http://scils.de/; 
Bremen, Germany) and co-registration of the digital H&E image was 
performed in order to correlate sample morphology with the spatial 
proteomics data. Subsequently, spectra pre-processing and feature se-
lection was performed and resulted in the detection of 242 protein 
features (m/z). These detected protein features were subsequently uti-
lised for segmentation of the dataset using the bisecting k-means algo-
rithm as well as unsupervised Principal Component Analysis (PCA). 
These approaches considered intensity variations of all the detected 
protein features in order to group spectra based upon the similarity. In 
particular, PCA was able to reduce the high complexity of the data and 
highlight proteomic differences between the cells produced by the 3D 
hydrogel tumoroids under different glycosylation conditions. The asso-
ciated PCA Loadings Plot was then used to highlight a protein feature 
whose varied intensity contributed greatly to the separation observed in 
the PCA Score Chart and its discriminatory capability was confirmed 
using receiver operating characteristic analysis. 
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3. Results and discussion 

3.1. Chemical modifications of polymers 

This work proposes a protocol to generate 3D bioprinted models of 
CRC crosslinking hyaluronic acid and gelatin functionalized with sig-
nalling glycans specific for CRC. The protocol is suitable to generate 3D 
models of different tissues. 

The strategy is based on the one step double functionalization of 
gelatin with glycans and with functional groups suitable for subsequent 
crosslinking with hyaluronic acid. The free amine groups of lysine res-
idues of Gelatin have been first functionalized with N3-PEG4-COOH via 
carbodiimide chemistry and then with glycans (3′-siallylactose, 6′-sia-
lyllactose and 2′-fucosyllactose) via reductive amination. In this way the 
time-consuming purification steps were reduced. 

Each functionalised gelatin was characterized by FT-IR and 1H NMR 
and the degree of glycosylation was calculated by ninhydrin assay (SI 
Fig. 4). In Fig. 2 the comparison between proton spectra of gelatin, Gel- 
N3 and glyco-gelatin samples are reported. 

1H NMR spectra of glycosylated gelatins displayed the presence of 
the pick of -CH2 protons next to amine of lysine residue in gelatin control 
spectra, which decreases its intensity in the azide-gelatin derivative 
between 2.9 ppm and 3.0 ppm and even more in glyco-conjugate sample 
spectra due to the functionalization of amine group of lysine residue. 
The signals of the sugar components are not observed due to both 
overlap with the peaks of the gelatin and because the content is very low 
since the lysin in the gelatin is about 5 % of lysine so we could attend 
maximum 5 % of derivatization including azide and glycol groups. In 
Table 1 SI are reported the chemical shift of amino acid protons in 
gelatin. 

From the ninhydrin assay gelatins resulted functionalized for 2,9 % 
(w/W) with azide group and respectively for 0,15 % (w/W) with 3′- 
Sialylgalactose, and 0,2 % with 6′-Sialylgalactose and 2′-Fucosylga-
lactose, which correspond to a total degree of functionalization of the 
lysine residues of gelatin of: Gel-N3 58%; GelN3-3′-SialGal 62 %; GelN3- 
6′-SialGal 61 %; GelN3-2′-FucGal 61 % (considering 100 % the total 
amount of Lysine residue available). 

The FT-IR spectra of glycosylated gelatins (Fig. 3A) showed an in-
crease of the intensity of the pick at 1100 cm− 1 due to the stretching of 
[C-O] bond of the glycan adduct. Variation respectively at 1580–1450 
cm− 1 and 1700–1600 cm− 1 correspond to the modification of amine II 
and amine I, respectively. The azide group was identified at 2100 cm− 1 

(Fig. 3A). In the FT-IR spectra of HA-N3 (Fig. 3B) the band of carbonyl of 
carboxylic group at 1620 cm− 1 and an increase in the band at 1724 cm− 1 

due to the C––O stretching of the amide group in the product. At 1406 
cm− 1 can be identify the peak related to the stretching of C–N bond and 
at 1045 cm− 1 the stretching of C–O relative to alcohol groups. 

The chemical composition of HAN3 was confirmed by 1H NMR 
(Fig. 4). Around 3.2 and 4.2 ppm was possible to identify a broad 
multiplet with the signals of the protons of sugar rings and high peak 
corresponding to the -CH2 protons next to the oxygen of the PEG chain. 
At 1.9–2 ppm there was the signal corresponding to the methyl protons 
of the N-acetyl groups of HA. 

3.2. Hydrogel formulation 

HA-N3 was crosslinked with glycosylated gelatins with 4arm-PEG- 
DBCO as reported in Scheme 1 (SI) to obtain the final hydrogel 
(Scheme 1B). We performed preliminary study to find the best combi-
nation of biomaterial components ratio and concentrations (Table 1) to 
obtain the final hydrogel formulation. Comparing the printability, the 
hydrogel with a ratio HA/Gel/4armPEGDBCO of 1:14:5 (hydrogel B) 
resulted the best candidate, being printable with mild pressure and 
presenting higher stability in water, suitable conditions to stress as less 
as possible the cells during bioprinting and avoid premature degradation 
(Ouyang, 2022). Indeed, decreasing the PEG-linker concentration the 
hydrogel undergoes faster degradation in water and loses the printed 
shape quickly, while increase of the PEG-linker concentration results in 
higher stability but requires higher printing pressure, which generate 
stress to the cells. The gelatin/hyaluronic acid ratio is also determinant, 
a decrease of gelatin concentration compromises the gelation, whereas 
an increase leads to hydrogels requiring a higher printing pressure 30- 
40 kPa (Fig. 1 SI). 

Fig. 2. 1H NMR a) Gel CTRL, b) Gel–N3, c) Gel-N3-2′-FucGal, d) Gel-N3-3′-SialGal and e) Gel-N3-6′-SialGal.  

Table 1 
Formulation study with different biomaterial components ratio and concentra-
tion (total volume 1 mL).  

CODE Gelatin- 
N3 (mg) 

Hyaluronic 
acid – N3 (mg) 

4arm- 
PEG- 
DBCO 
(mg) 

Printing 
pressure 
(kPa) 

Printability 

A  28  2  8 2–10 X 
B  28  2  10 20–25 V 
C  28  2  12 28–30 V 
D  28  2  14 30–35 V 
E  18  2  10 2–6 X 
F  38  2  10 35–40 V  
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3.3. 3D bioprinting 

3D bioprinted cell-laden hydrogels needs appropriate viscoelasticity, 
stiffness and swelling properties. To this aim we performed preliminary 
tests to find the best combination of reagents to generate hydrogels with 
printing pressure suitable for living cells, good stiffness and morphology 
of the printed constructs (Table 1). The hydrogels were printed with 
Cellink® INKREDIBLE+ 3D bioprinter, which guarantee printing repli-
cates with the same size, shape and homogeneous dispersion of cells (SI 
Fig. 2). 

The hydrogel with the best properties was selected to generate the 
glycosylated construct and investigate the role of ECM glycosylation in 
cell fate induction. To this purpose GelN3, GelN3-3′-SialGal, GelN3-6′- 
SialGal, GelN3-2′-FucGal were separately employed in combination with 
HA-N3 to generate HA-Gel-3′-SialGal, HA-Gel-6′-SialGal and HA-Gel-2′- 
FucGal, which were 3D bioprinted with encapsulated commercial HT29. 
In this work, for the biological experiment, the biomolecular control has 
been preferred to the shape control, hydrogels were bioprinted in a filled 
cylinder geometry, obtaining homogeneous sample (Fig. 2 SI), in which 

cells could easily migrate, spread and colonize the hydrogel(Levato 
et al., 2020). The 3D bioprinting protocols was setup, the obtained 
constructs were deeply characterized and the hosted cell behaviour was 
analyzed. 

3.4. Swelling 

The stability in water of the four hydrogels (HA-Gel-3′-SialGal, HA- 
Gel-6′-SialGal and HA-Gel-2′-FucGal, and HA-Gel) was evaluated with a 
swelling test without cells at different pH (Fig. 5). Here, best-fitting 
functions Mt(t) are also reported, as well as the resulting equilibrium 
swelling capacity M∞ for the different case studies (Fig. 5A). Results on 
the short-range swelling dynamics are shown in Fig. 5B, where the best- 
fitting power law index n is reported. For non-functionalized HA-Gel, the 
value of n increases from pH = 5.5 to pH = 7.4. This phenomenon is 
typical of anionic polymer networks since macromolecular relaxation 
becomes more prominent in alkaline solutions, with non-Fickian trans-
port increasing as the pH of the surrounding fluid increases above the 
pKa of the hydrogel. Contrarily, both HA-Gel-6′-SialGal and HA-Gel-2′- 

Fig. 3. A) FT-IR of glyco-functionalized gelatin samples; B) FT-IR spectra of HA-N3.  

Fig. 4. 1H NMR a) HA ctrl b), HA-N3.  
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FucGal maintain a Fickian behaviour in the investigated range of pH, 
revealing themselves to have a robust response upon variations of 
external conditions. Finally, HA-Gel-3′-SialGal shows an opposite trend, 
with non-Fickian transport at pH = 5.5 and Fickian diffusion at pH =
7.4. Fig. 5B shows also the obtained diffusion coefficients of PBS. 
Remarkably, the obtained values are comparable with ranges previously 
reported for PBS diffusion in gelatin-based gels (0.01–0.03•10− 5 cm2/s, 
see (Chen, Huang, & Ravi-Chandar, 2020; Kripotou et al., 2019; Mel'-
nichenko et al., 1993). In hydrogels, diffusion coefficients are generally 
higher at low pH (pH 5.5) than at high pH (pH 7.4), which can be 
explained by the compaction of the polymer network and/or higher 
electrostatic interactions at low pH. In fact, HA-Gel-6′-SialGal and HA- 
Gel-2′-FucGal present high sensitivity to pH, with a halved diffusion 
coefficient from pH 5.5 to pH 7.4. On the other hand, HA-Gel-3′-SialGal 
presents an opposite behaviour, that is a diffusion coefficient slightly 
increasing with pH, confirming the anomalous trend observed also for 
non-Fickian and Fickian transport mechanisms. 

Combining the outcomes of swelling capacity in Fig. 5A with those 
on diffusivity in Fig. 5B, it is possible to conclude that, although HA-Gel- 
3′-SialGal and HA-Gel-6′-SialGal present comparable space for water 
absorption, the diffusion in PBS is significantly faster for HA-Gel-6′- 
SialGal than for HA-Gel-3′-SialGal. In other words, the “tortuosity” of 
diffusion paths is higher in HA-Gel-3′-SialGal than in HA-Gel-6′-SialGal. 
On the other hand, the diffusion coefficient of HA-Gel-2′-FucGal is 
analogous to that of HA-Gel-3′-SialGal (hence presenting a high “tor-
tuosity pattern”), although this functionalization is characterized by the 
highest swelling capacity among those tested. 

3.5. Degradation test 

HA-Gel and HA-Gel-6′SialGal were characterized with a degradation 
test using hyaluronidase. The weight loss of each sample was calculated 
at various time intervals. HA-Gel-6′-SialGal showed higher resistance 
against hyaluronidase compared to HA-Gel. Indeed it takes longer to 
degrade, indicating lower accessibility in the enzyme active site (SI 
Fig. 5) (Kurisawa et al., 2005; Le Thi et al., 2020). 

3.6. Rheological analysis 

The glyco-hydrogels and the control were characterized by a rheo-
logical test to evaluate the viscosity curve, the amplitude sweep and 
frequency sweep. The viscosity of the hydrogels was plot vs. the share 
rate and the hydrogels show non-Newtonian viscosity behaviour 
(Fig. 6a). In fact, they exhibit viscosity dependence upon the applied 
shear conditions, where viscosity decreases with increasing shear rate. 
No substantial differences are observed among the four hydrogels. 

Amplitude sweep test (Fig. 6b) was performed to determine the 
linear viscoelastic region (LVER), which is the region where the applied 
stresses are insufficient to cause structural breakdown of the structure. 
The samples' structure is maintained between 0.1 % and 100 %, so the 
complex modulus is constant. When the applied stress becomes too high, 
beyond 100 %, the decomposition of the internal structure occurs, and 
the modulus changes. The amplitude sweeps of the hydrogels also 
showed that all of them had a G′/G′′ >> 1, typical of stronger hydrogels 
and with modulus <1 kPa, which is suitable for bioprinting purposes 
according to the literature (Cooke & Rosenzweig, 2021; Liliang et al., 
2022; Schwab et al., 2020). In the frequency sweep test (Fig. 6c), in all 

Fig. 5. A Left: data on PBS absorption (mean ± S.D., connected by continuous lines for pH = 7.4 and dashed lines for pH = 5.5) at different times; data are compared 
with the best fitting curves obtained from Eq. (2) (dotted lines for pH = 5.5 and dot-dashed lines for pH = 7.4). A Right: best-fitting equilibrium swelling capacity M∞. 
B Left: power-law index n (the dashed line denotes the value corresponding to a Fickian diffusion mechanism). B Right: effective PBS diffusion coefficient D. The error 
bars indicate the 75 % confidence interval. 
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hydrogels the elastic modulus values G′ and the viscous modulus values 
G′′ exhibits a pronounced plateau in the frequency range investigated. 
Also, G′ values are superior to the G′′, confirming that the hydrogels have 
a predominantly gel-like behaviour more solid than liquid. 

3.7. Scanning electron microscopy 

Hydrogels without cells were analyzed with Scanning electron mi-
croscopy (Fig. 7). Images of HA-Gel-6′-SialGal and HA-Gel-3′-SialGal are 
comparable and result quite different from the control sample, which 
shows a porous structure. HA-Gel-2′-FucGal appears more similar to the 
control sample, however bigger porous result in the matrix, in agree-
ment with the evidence that this functionalization shows the highest 
swelling capacity (see Section 3.4). The morphology of the sialylated 
samples looks similar to that of human in vivo colon ECM (Almeida 
et al., 2017), in which big porous are absent. This morphology can be 
explained considering that both 6′-sialylgalactose and 3′-sialylgalactose 
present a negatively charged carboxylate at physiological conditions 
(Alihosseini, 2016; Varki, 2008) that generates ionic interaction with 
the ammonium ions in gelatin, therefore developing a more compact 
structure. 

3.8. Synchrotron radiation SAXS/WAXS results 

Hydrogels were investigated at sub and supramolecular scales by 
Wide (WAXS) and Small Angle X-ray Scattering (SAXS) microscopies 
respectively. As shown in Fig. 8 (a), WAXS investigations indicate the 
presence of the typical collagen's diffraction profile in Gelatine type A 
(blue profile). Three characteristic peaks were identified: the equatorial 
peak at q = 0.48 Å− 1/d = 13.08 Å (marked with blue dash line), related 
to the lateral packing of collagen, the meridional peak at q = 2.12 Å− 1/d 
= 2.96 Å indicating the axial periodicity along the central axis (distance 
between two adjacent amino acids along the molecular axis), and the 
wide and broad peak between them at about q = 1.35 Å− 1/d = 4.65 Å, 
marker of the amorphous component of collagen (Terzi et al., 2018, 
2019). Conversely, only equatorial and amorphous peaks, in the small 
and wide angle ranges respectively, were identified in the biomaterials. 
As shown in Fig. 8 (a), a peak shift towards lowest q value (marked with 
black dash line) was observed in all biomaterials. For a better evaluation 
of this shift, in Fig. 8 (b) a zoom of the equatorial peak is shown. The blue 
dash line at q = 0.48 Å− 1/d = 13.08 Å in Fig. 8 (b) indicates the q value 
of the equatorial diffraction peak of gelatin powder whose profile (blue) 
is only shown in Fig. 8 (a). In the range of q values around the equatorial 
peak, it is possible to clearly observe the peak shift towards lower q 
value (marked with black dash line), in all the biomaterials except for 

Fig. 6. Rheological test: a) viscosity curve, b) amplitude sweep, c) frequency sweep of glyco-conjugate hydrogels.  

Fig. 7. SEM images of hydrogels: A) HA-Gel, B) HA-Gel-3′-SialGal, C) HA-Gel-6′-SialGal and D) HA-Gel-2′-FucGal.  
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HA-Gel-2′-FucGal (red profile), in which the peak is not clearly visible 
indicating a wider lateral distance between collagen molecules in the 
biomaterials. The shift can be ascribed to both hydration and expansion 
of the material along the lateral packing direction due to the insertion of 
sugars, being such expansion effect observed also in sugar insertion 
within collagen during non-enzymatic glycation (Giannini et al., 2021). 

Furthermore, a shift of the amorphous band to higher q values was 
also observed: from q = 1.35 Å− 1 / d = 4.65 Å in the gelatin powder A to 
q = 1.92 Å− 1/d = 3.27 Å in the biomaterials, indicating a different 
structure of the biomaterial amorphous component. SAXS measure-
ments were also performed to study the supramolecular fibrillar struc-
ture. As shown in Fig. 8 (c), it has been observed that at the nanoscale, 
gelatin powder (blue), HA-Gel-2′-FucGal (red) and HA-Gel-3′-SialGal 
(cyan) exhibit a partial maintenance of the collagen structure whose 
expected periodic distribution of electron density along the fibril axis is 
marked by the vertical dotted lines (Terzi et al., 2020). It is noteworthy 
that HA-Gel-2′-FucGal and HA-Gel-3′-SialGal also exhibited the lowest 
diffusion coefficients in Fig. 5B, revealing a correlation between the 
existence of a supramolecular structure and an increase of “tortuosity 
paths” hindering diffusion. Finally, it is worth remembering that HA- 
Gel-2′-FucGal is the one without visible molecular structure which is 
instead present in all other biomaterials. Therefore, as shown in Table 2, 
the hierarchical arrangement at both atomic and nanoscale, apart from 
gelatin powder, is present only in one functionalized biomaterial, that is 
HA-Gel-3′-SialGal. 

3.9. In vitro cytotoxicity 

The vitality of HT29 cells inside the hydrogels was tested by Live/ 
Dead assay at 1, 3 and 7 days (Fig. 7 SI). After 7 days, interestingly, an 
increase of cells viability was observed, as shown by the more intense 
green fluorescence. Furthermore, a cluster organization of the cells in-
side the hydrogel is clearly visible, which indicates proliferation ca-
pacity. The hydrogel therefore resulted not cytotoxic and suitable for 
maintain the cells vitality and proliferation. 

3.10. Morphological analysis of 3D bioprinted HT29 

Cells morphologies inside the 3D hydrogel were examined using 

Phalloidin to highlight the cytoskeleton and DAPI to visualize the nuclei 
(Fig. 9). Firstly, HT29 cells line were selected as model and encapsulated 
in the four different hydrogels. After 14 days the cells were organized in 
clusters with an average diameter of 70 μm for HA-Gel-2′-FucGal, 64 μm 
for HA-Gel-3′-SialGal, 77 μm for HA-Gel-6′-SialGal and 84 μm for HA- 
Gel. The clusters dimensions are comparable with those of CRC pa-
tient derived organoids reported in literature (Luo et al., 2021) and with 
other models of HT29 cultured in 3D for 14 days (Magdeldin et al., 
2014). In terms of shape and distribution, the clusters of the control 
sample (HA-Gel) are round and isolated, while in the glyco-hydrogels 
HA-Gel-6′-SialGal and HA-Gel-3′-SialGal the clusters are smaller, 
slightly elongated and closer to each other. This behaviour can explain 
the tendency to migrate and metastatize, observed in CRC with aberrant 
6-sialyllation (Park & Lee, 2013). Interestingly, in HA-Gel-2′-FucGal the 
clusters are numerous, as in the sialyl-hydrogel, but present a shape and 
a porous structure more similar to the control HA-Gel. The larger porous 
structure of the hydrogel can facilitate the growth of circular bigger 
cluster (Fan & Wang, 2015). 

3.11. MALDI-MS imaging analysis 

The protein profiles of the cells cultured in the differently glycosy-
lated hydrogels were analyzed by MALDI-MS. Initially, the segmentation 
tree was expanded in order to highlight the spectral clusters which fol-
lowed the cellular structures present within each 3D hydrogel tumoroid. 
These spectra were then used to generate the average protein profiles of 
the produced cells (SI Fig. 6). Notably, the various matrices induced 
alterations to the cluster cell proteomes, with each sample having its 
own distinct cloud within the PCA score chart differing from control 
(HA-Gel) (Fig. 10, top). Interestingly, the protein profiles of cells pro-
duced by the HA-Gel-3′-SialGal (maroon) and HA-Gel-6′-SialGal (or-
ange) matrices were most similar to one another and most different to 
those produced by HA-Gel-2′-FucGal (blue), indicating that sialylation 
and fucosylation of ECM proteins may induce diverse alterations to the 
proteome of the cluster and surrounding cells (West et al., 2018). This is 
also highlighted by a protein feature (at m/z 1184.6) whose distribution 
closely follows the border of the cluster structures and is of higher 
relative abundance (AUC >0.8) in those cells produced by the HA-Gel- 
3′-SialGal (maroon) and HA-Gel-6′-SialGal (orange) ECM with respect to 
HA-Gel-2′-FucGal (blue) and HA-Gel (green) (Fig. 10, bottom). 

3.12. 3D bioprinting of CRC patient derived tumoroids 

Tumoroids from CRC patients cultured in 3D hydrogels (HA-Gel- 
6′SialGal and HA-Gel) were examined using Phalloidin to highlight the 
cytoskeleton and DAPI to visualize nuclei (SI Fig. 8). After 21 days the 
tumoroids were efficiently grown and single cells were detected also 
outside the tumoroid structures, indicating a certain level of cells 

Fig. 8. 1D WAXS profiles of functionalized tissues and gelatin (a) and close-up in the selected q range of the equatorial diffraction peak (b); 1D SAXS profiles of 
functionalized tissues and gelatin (c). 

Table 2 
Multilevel hierarchical arrangement of the samples.  

Samples Molecular structure Supramolecular structure 

Gel CTRL ✓ ✓ 
HA-Gel ✓  
HA-Gel-6′-SialGal ✓  
HA-Gel-3′-SialGal ✓ ✓ 
HA - Gel-2′-FucGal  ✓  
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motility. Notably, in HA-Gel-6′-SialGal tumoroids were present in higher 
number and maintained their original structure as compared to control 
(HA-Gel). Moreover, in the HA-Gel-6′-SialGal matrix, a higher number 
of single cells outside the tumoroids were detected, indicating a higher 
ability to migrate outside the original structure, which could be related 
to the higher diffusion coefficient (Paragraph 3.4) (Hadden et al., 2017; 
Marel et al., 2014). Notably, this aspect is quite important as single cell 
can lead to the formation of a new tumoroid. The higher proliferation in 
HA-Gel-6′-SialGal is evident also with H&E staining reported in Fig. 11. 
Moreover, in the light of our observation that differential glycosylation 
of collagen modulates lung cancer stem cell subsets through β1 integrin- 
mediated interactions (Gardelli et al., 2021), we tested the tumoroids 
from CRC patients in HA-Gel-6′-SialGal and HA-Gel as control with 
markers CD133 (Dobie & Skropeta, 2020; Y. Wu & Wu, 2009) and LGR5 
(Morgan et al., 2018; X. S. Wu et al., 2012) (SI Fig. 9). CD133 is a 
transmembrane glycoprotein present in embryonic epithelial structures 
and hematopoietic stem cells (Talukdar et al., 2016; Yin et al., 1997) and 
is considered a cancer stem cells (CSC) marker in different solid tumor 
including colon (Botchkina, 2013). LGR5 in normal intestinal homeo-
stasis marks the stem cells located at the crypt base, however its 
expression is detected also in CRC progression (Espersen et al., 2015) in 
particular a higher expression was detected in the invasive front of the 
tumors and in metastases (Baker et al., 2015; Gao et al., 2014; He et al., 

2014; Wu et al., 2012). In our experiment, tumoroids cultured in HA- 
Gel-6′-SialGal showed a higher expression of CD133 and LGR5 
compared to the control, indicating that 6′-SialGal in ECM induces a 
modulation of stemness phenotype in CRC. Moreover, in HA-Gel- 
6′SialGal a higher number of single cells outside the tumoroids were 
observed and some of them resulted positive to LGR5 which can confirm 
the correlation with cancer migration and metastases. 

4. Conclusion 

This study underlines the importance of the glycosignature in the 
development of 3D bioprinted tissue models and describes a protocol to 
generate glycosylated hydrogels suitable for 3D bioprinting. The ob-
tained hydrogels resulted biocompatible and stable over the time for 3D 
culture both with HT29 and patient derived CRC tumoroids. The func-
tionalization with glycans induces structural modifications of the final 
3D construct, as demonstrated with SAXS/WAXS and swelling analysis, 
and influences the cell fate as shown also by the cell proteomes obtained 
by MALDI-MS analysis. Indeed, sialylated hydrogels, HA-Gel-3′-SialGal 
and HA-Gel-6′-SialGal, induce significant and comparable alterations in 
cell proteome with respect to the control, whereas the cell protein 
profiles in HA-Gel-2′-FucGal is significantly different. This is a further 
confirmation that different glycosylations of cell microenvironment, 

Fig. 9. a) Optical images of 3D bioprinted hydrogels after 14 days of 3D cell culture; b) confocal images of hydrogels after 14 days of 3D cell culture. Scale bar 
100 μm. 
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more specifically sialylation and fucosylation, induce diverse alterations 
of the tumoroid and surrounding cells. It is possible to hypothesize a 
correlation between change in matrix morphology and modification of 
cell line proteome induced by the different ECM glycosylation. Indeed 
HA-Gel-3′-SialGal and HA-Gel-6′-SialGal presented similar porosity and 
similar cell protein profiles, totally different with respect to HA-Gel-2′- 
FucGal. It is therefore of fundamental importance to develop efficient 

protocols to generate properly glycosylated 3D tissue models in order to 
better understand the impact of ECM glycosylation in cell face and to 
develop artificial 3D tissues for animal free personalized drug testing. 
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Study approved by the local Ethical Committee (Comitato Etico, 

Fig. 10. a) 3D principal component analyses score 
chart using tumor cell protein profiles produced by 
each glycosylation condition, with each coloured dot 
representing an individual protein profile (mass 
spectrum); control (Green), HA-Gel-3′SialGal 
(maroon), HA-Gel-6′SialGal (orange), and HA-Gel- 
2′FucGal (blue). b) Example MALDI-MS image high-
lighting the distribution and relative intensity of m/z 
1184.6 in the cellular regions of 3D hydrogel tumor-
oids produced by each glycosylation condition. The 
H&E image of each hydrogel tumoroid has been 
overlaid with the MALDI-MS image to highlight the 
presence of cells (transparent purple regions). An in-
tensity scale bar is also provided to indicate the 
relative intensity of the protein signal, with dark blue 
representing a low intensity (0 %) and dark red rep-
resenting a high intensity (100 %).   
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