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Abstract 

 

The importance of 3D printable hydrogels is constantly increasing in the field of tissue 

engineering, due to their characteristic structure and similarity with the human body 

extracellular matrix (ECM). Herein, Quinizarin-based bioderived photoactive dyes were 

employed for the 3D printing of methacrylated chitosan by vat photopolymerization (VPP).  

Dyes are commonly needed in VPP to obtain good resolution avoiding the light scattering in 

the vat, here the bioderived molecules had further utility granting the printability with good 

resolution while acting both as photosensitizers and fillers/crosslinkers. Defined and detailed 

architectures in the range of millimetres were obtained with low printing times showing for the 

first time the possibility to obtain all-chitosan 3D structures with suspended features by Digital 

Light Processing (DLP), which is a form of vat photopolymerization; such a result is not 

achievable without the quinizarin-derived dyes. The same structures were achieved with an 

optimized concentration of poly(ethylene glycol) diacrylate, as a comparison, enhancing the 

resolution. For all the formulations, the important feature to obtain the gel printability 



(considering reactiveness, viscosity, shear thinning behaviour, mechanical properties and 

stability) were evaluated. The hydrogels mechanical characterization and swelling properties 

were also tested and reported. Lastly, the possible application in tissue engineering was also 

evaluated through cell proliferation analysis over samples, including metabolic activity and 

DNA contempt assays.  

The use of such bioderived photoactive molecules that simultaneously act as photosensitizer 

enhancing the ink reactivity, as dye improving the definition of the final structures and as 

filler/crosslinker increasing the mechanical stability, could represent a valuable route for the 

DLP printing of soft hydrogels. 

 

Introduction 

3D printing is an advanced and promising technology able to fabricate customized structures 

through a computer-aided design (CAD) [1-3]. Since Chuck Hull introduced in the 1980s the 

first 3D printing apparatus, that was the first form of vat photopolymerization technology 

(stereolithography) [4], many researchers put their efforts to improve and develop new features 

to widen its applicability in many fields, from electronics, to aerospace, [5-8] to medical 

devices or tissue engineering [9, 10]. Especially in tissue engineering applications, 3D printing 

can become vitally important due to its ability to recreate and mimic perfectly a large variety 

of damaged patient tissues, even with interconnected and complex porous structures (i.e. heart 

models [11], vascular networks [12] or pulmonary systems[13]). Moreover, the total worldwide 

market for additive manufacturing materials forecast to grow up to $23 billion by 2029 [3]. 

Among these materials most of the sales belong to polymers, and within them, natural polymers 

hydrogels are one of the best candidates for scaffolds, due to their extreme similarity to the 

human body extracellular matrix (ECM) [14-16]. Chitosan, a polysaccharide derived from the 

deacetylation of chitin, is one of the most used natural polymers thanks to its biocompatibility, 

biodegradability, availability, anti-inflammatory activity, antioxidant effect, and the possibility 

to diminish the foreign body reaction with little or totally absent fibrous encapsulation[17]. 

Nowadays, functionalized chitosan hydrogels are widely used and investigated for many 

different tissues and applications [18-20], often modified with photo reactive groups 

(especially with methacrylic groups). In fact, photopolymerization presents many advantages, 

including fast and effective polymerization, good spatiotemporal control of the hydrogel 

formation, and the possibility to perform the reaction at room temperature and under 

physiological conditions [3]. These same characteristics made also light-based 3D printing 

extremely suitable for the production of hydrogels with complex geometries. Chitosan was 

already investigated as bio-ink in 3D printing but generally employing material-extrusion 

printers [21-26], with limitation regarding the ink viscosity or reactiveness [27] and leading to 

simple structures (such as grids or simple 2D figures). In contrast, vat photopolymerization 

printers enable the fabrication layer-by-layer of the entire construct with less marked interfaces 

(unlike the line-by-line method of extrusion-based printers), low printing times and high 

resolutions [28, 29]. Digital light processing (DLP) printers belong to this last category, and 

unlike stereolithograpy (SLA) printers, permit the creation of the entire layer “all-at-once” 

decreasing the printing times but maintaining a great resolution of the final object [30]. 

Methacrylated chitosan can form a chemically crosslinked hydrogel by photopolymerization 

but the low degree of substitutions achievable (DS% in a range of 20-33[18, 31-33]) and the 



limited solubility in water [32] make it hardly processable by DLP printing, above all for the 

production of complex structures. To the best of our knowledge, one example of all-chitosan 

DLP printed objects is present in literature building simple structures with no suspended [33]. 

As an alternative, many studies in the last years focused on the addition of crosslinkers to allow 

the 3D printing with this technology, such as acrylamide [34] or poly-(ethylene glycol) 

diacrylate [35].  

Beside the monomers’ structures, in vat photopolymerization 3D printing, photoinitiators and 

dyes are extremely important to determine the reactivity and to prevent light scattering, 

increasing the resolution of the printed structure [5, 36]. Lately, two new bio-based 

methacrylated photoactive dyes were synthetized by Breloy et al. [37] starting from quinizarin, 

a molecule which is extracted in low concentration from the madder plant roots. The two 

quinone-like molecules, one mono-methacrylated (Q-1MAc) and one di-methacrylated (Q-

2MAc), showed good antimicrobial activity under light activation and the possibility to create 

radicals upon visible light irradiation when combined with oxidative or reductive agents, 

concretely acting as photo-initiating systems. The methacrylation performed on quinizarin has 

the additional advantage of permitting the crosslinking between methacrylated macromolecular 

chains while avoiding their leaching from the materials once the scaffold is created and their 

possible cytotoxic interaction with the cell’s membranes. [38-39] Herein, the successful DLP 

printability of all-metacrylated chitosan formulations containing the quinizarin derivatives is 

shown and compared to a hybrid formulation based on polyethylene glycol 

diacrylate/methacrylated chitosan also loaded with the quinizarin derivatives. EPR experiments 

have been performed to clearly understand the methacrylated-dyes photoinitiating properties. 

It was demonstrated that a low concentration of dyes, combined with their photo-activity, can 

replace the addition of synthetic crosslinkers accelerating the polymerization kinetics of 

methacrylated chitosan and improving, at the same time, the mechanical properties of the final 

hydrogels. This enables the fast and precise DLP printing of chitosan-based hydrogels, 

otherwise not achievable without the presence of synthetic quinizarin crosslinkers, with a good 

resolution of the obtained objects Furthermore, the obtained 3D materials are not cytotoxic and 

allow the cells adhesion and proliferation, resulting in promising candidates for tissue 

engineering applications. The use of such bioderived, photoactive molecules can enlarge the 

possibilities to obtain DLP printed biobased hydrogels. 

 

Materials 

Chitosan medium molecular weight (CH, Mw = 190–310 KDa, 75–85% degree of N-

deacetylation), methacrylic anhydride (MA, 94%), acetic acid (99%), dialysis sacks (Avg. flat 

width 35 mm, MWCO 12 000 Da), Poly(ethylene glycol) diacrylate (PEGDA, average 

Mn 700), Brilliant Green (BG, hydrogen sulfonate Mw 482.63), lithium phenyl-2,4,6 

trimethylbenzoylphosphinate (LAP, ≥ 95%), Dimethyl sulfoxide (DMSO, anhydrous ≥ 

99.9%), Quinizarin (QZ, 96%), N-dimethylaminopyridine (DMAP, > 99%) and 5,5-dimethyl-

1-pyrroline N-oxide (DMPO) were all purchased from Sigma-Aldrich and used as received 

without further purification. 

 

Synthesis of methacrylated chitosan  



Chiatosan (1,5% wt) was dissolved in a 2 wt% acetic acid-deionized (DI) water solution and 

subsequently it was successfully methacrylated (CHI-MA) following a previous reported work 

[32]. Briefly, methacrylic anhydride was added at a molar ratio 1:1 with the amino-glucose 

ring of chitosan and the solution was transferred into a 100 mL clamped Teflon reactor, 

equipped with pressure and temperature probes, and placed into a microwave furnace 

(Milestone START Synth, Milestone Inc., Shelton, Connecticut). Reaction parameters: 

maximum power of 800 W, temperature 80°C, launch time 60s and reaction time10 min. The 

solution was then cooled back down to ambient temperature, dialyzed for 7 days against DI 

water and freeze-dried. The 1H-NMR spectra proved a degree of methacrylation of 24% (Figure 

S1, SI).  

 

Synthesis of mono/di-methacrylated quinizarin (Q-1MAc and Q-2MAc)  

Both quinizarin derivatives dyes have been synthesized according to the previously reported 

investigation [37]. Q-1MAc was prepared with a final yield of 44% while Q-2MAc had a yeld 

of 59%. The 1H NMR spectra of the synthesized dyes are displayed in Supporting information 

(Figures S2-S3, SI).  

 

Hydrogels preparation via photo-crosslinking 

Q-1MAc and Q-2MAc were dissolved in a solution of DI water and DMSO (3:1 H2O:DMSO, 

3*10-4 M) priorly to the addition of freeze-dried CHI-MA (DS% 24, 2 wt%) and eventually 

PEGDA (2 wt%). Then, LAP (3*10-4 M) and PEGDA (at different concentrations) were 

eventually added, and the mixture was stirred until a homogeneous solution was reached. The 

formulation was poured into PDMS moulds (≈ height = 3 mm, diameter = 5 mm) and irradiated 

for 5 min with a visible light Hamamatsu LC8 lamp with a cut-off filter below 400 nm equipped 

with a light guide (50 mW/cm2). 

 

NMR characterization. NMR spectra were measured on a Bruker Avance II instrument with 

a frequency of 400 MHz for 1H NMR. 

 

UV-Vis spectroscopy measurements. Absorption spectra of the methacrylated molecules at a 

concentration of 10-4 M in a Water:DMSO solution (3:1, v/v) were collected using a Synergy 

HTX Multi-Mode Microplate Reader instrument (BioTek, Winooski, VM, USA) set in 

spectrum mode in the range between 300 to 700 nm and at a scan step of 10 nm. 

 

Electron Paramagnetic resonance (EPR) spin-trapping experiments. EPR spin-trapping 

experiments have been performed with the EMX spectrometer (standard TE102 rectangular 

cavity (ER 4102 ST, Bruker)) or with EMXplus spectrometer (Bruker) equipped with the High 

Sensitivity Probe-head (Bruker) in the small quartz flat cell (Wilmad-LabGlass, WG 808-Q). 

Experiments have been done in dimethylsulfoxide (DMSO, anhydrous, Sigma-Aldrich) under 

argon at 295 K by direct irradiation of EPR resonator using LEDs@365 nm or LED@400 nm 

(λmax = 385 nm or 400 nm; Bluepoint LED, Hönle UV Technology). The EPR spectra were 

recorded in situ during/after a defined exposure time as described previously [37]. The 

experimental EPR spectra were analyzed by the WinEPR software (Bruker) and the 



calculations of spin-Hamiltonian parameters and relative concentrations of individual DMPO-

adducts were performed with the EasySpin toolbox[40].  

 

Rheological characterization. The viscosity of the formulations was evaluated with 

continuous flow measurements performed in triplicate with a range of shear rate from 0,01 to 

1000 s-1, setting a gap between the two plates of 0.5 mm.  

Real-time photorheological measurements were performed using an Anton PAAR Modular 

Compact Rheometer (Physica MCR 302, Graz, Austria) in parallel-plate mode (25 mm 

diameter) and the visible-light source was provided by positioning the light guide of the visible 

Hamamatsu LC8 lamp under the bottom plate. During the measurements, the gap between the 

two glass plates was set to 0.2 mm, and the sample was kept under a constant shear frequency 

of 1 Hz. The irradiating light was switched on after 60 s to allow the system to stabilize before 

the onset of polymerization. According to preliminary amplitude sweep measurements, all the 

tests were carried out in the linear viscoelastic region at a strain amplitude of 1%. The photo-

rheology was studied as a function of the changes in the shear modulus (G’) and in the loss 

modulus (G’’) of the sample versus the exposure time.  

Amplitude sweep tests were then performed on the cured hydrogels, the tests were carried out 

between 0,1 and 1000% of strain, frequency of 1 Hz. 

 

Swelling properties. The different photocured samples (≈ h = 3 mm, d = 5 mm) were washed 

and let dry overnight. Once dry, the samples were weighted and soaked in DI water to evaluate 

the swelling capability and kinetics. The samples were taken out at different time intervals and 

weighted once the surface droplets were wiped off with wet paper until constant weight. The 

swelling ratio (Sw%) was calculated as: 

Sw (%) =  
Wt− W0

W0
∗ 100          (2) 

Wt is the weight of the hydrogel sample at a specific time, and W0 is the weight of the dried 

sample recorded as the initial weight. All tests were performed in triplicate.  

 

Compression test 

Mechanical properties were measured by a dynamic compression test. Measurements were 

performed on swelled 3D printed cylindrical scaffolds (≈ h = 5 mm, d = 7 mm) at 25 °C and 

using a universal test system, MTS QTest1/L Elite, a uniaxial testing machine equipped with a 

100 N load cell in compression mode. Samples were placed between compression platens. Each 

sample was subsequently deformed at 1 mm/min. All measurements were performed by 

triplicate. 

 

3D-Printing 

The 3D printing tests were performed with an Asiga PICO 2 DLP-3D printer (Asiga, Australia) 

equipped with a LED light source emitting at 405 nm (nominal XY pixel resolution is 39 μm, 

achievable Z-axis control is 1 μm). After printing, the 3D structures were soaked in distilled 

water for 1 min and submitted to the post-curing process performed with a mercury lamp 

provided by Robotfactory (10 min, light intensity 10 mW/ cm2). 



 

Cell viability, proliferation, and migration  

Before the cell viability and proliferation assays, all the hydrogels were sterilized in a 48-well 

plate (Corning) as follows: three initial 10 min washes with 70% ethanol were performed. 

Then, the samples were rinsed in PBS (phosphate buffer solution, Thermo Fisher) and sterilized 

with ultraviolet germicidal irradiation (UVGI) for 40 min. After a final rinse with PBS, the 

hydrogels were cover with DMEM 1X (Gibco) supplemented with 10% FBS (fetal bovine 

serum, Thermo Scientific) plus antibiotics 100 U mL−1 penicillin and 100 μg mL−1 

streptomycin sulphate (Sigma-Aldrich). Before the cell seeding, hydrogels were stored 

immersed in the culture medium at 37ºC for 24h. The pristine formulation of methacrylated 

chitosan was used as control, having already confirmed its biocompatibility in previous studies 

[32]. Cell assays were performed using C166-GFP mouse endothelial cell line (ATCC CRL-

2583™, USA). C166-GFP were seeded over the different hydrogels with a cell concentration 

of 10.000cells/hydrogel, covered with 500 µL of complete culture medium and placed in an 

incubator at 37ºC/5% CO2. Inverted fluorescence microscopy (Olympus IX51, FITC filter 

λex/λem = 490/525 nm) was used daily to evaluate the culture attachment and proliferation 

over the surface of the hydrogels. After 72h, metabolic activity of the cells was measured using 

Alamar Blue assay, following the instructions of the manufacturer (Biosource). This method is 

non-toxic and uses the natural reducing power of living cells, generating a quantitative measure 

of cell viability and cytotoxicity. Briefly, Alamar Blue dye (10 % of the culture volume) was 

added to each well, containing living cells seeded over hydrogels, and incubated for 90 minutes. 

Then, the fluorescence of each well was measured using a Synergy HT plate reader (BioTek) 

at 535/590 nm.  

Finally, DNA quantitation of cells was determined by FluoReporter® Blue Fluorometric 

dsDNA Quantitation Kit fluorescent staining. This method is based on the ability of the 

bisbenzimidazole derivative Hoechst 33258 to bind to A-T-rich regions of double-stranded 

DNA. After binding to DNA, Hoechst 33258 exhibits an increase in fluorescence, which is 

measured at 360 nm excitation wavelength and 460 nm emission using a microplate reader 

(BioTek, Synergy HT). A t-student analysis (GraphPad Prism4) was performed to check if any 

statistically significant differences could be found between the different hydrogels when 

compared to the methacrylated chitosan control. 

 

 

Results  

 

Quinizarin-based dyes preliminary investigation 

The structures of the two quinizarin- based molecules investigated in this study are reported in 

Figure 1, A. Aiming to preliminary evaluate their properties, UV-Vis absorption spectra were 

collected (Figure 1, B): Q-1MAc presents a maximum absorption into the blue region (420 

nm), thanks to the electron donor effect of the hydroxyl group. Contrary to Q-1Mac, the 

addition of a second methacrylic group on Q-2MAc moves the absorption peak to the UV 

region (335 nm) but maintains a moderate absorption up to 500 nm [37].  

The capability of the two molecules to generate carbon-centered radicals under excitation at 

their maximum absorption wavelength was then studied by EPR measurements. Indeed, upon 



the LED@365 nm irradiation of Q-2MAc/DMSO solution under argon in the presence of 

DMPO as a spin trap, the generation of Q-2MAc-derived radical is evidenced (Figure 1,C), 

along with additional EPR signals demonstrating the generation of three spin-adducts: i) 

DMPO-adduct of carbon-centered radical (aN = 1.450 mT, aH
 = 2.072 mT; g = 2.0058), ii) 

DMPO-adduct of acyl radical (aN = 1.422 mT, aH
 = 1.637 mT; g = 2.0058), and iii) DMPO-

adduct of oxygen-centered radical (aN = 1.382 mT, aH
 = 1.164 mT, aH

 = 0.075 mT; 

g = 2.0059) as shown in Figure 1,C.  The LED@400 nm irradiation of Q-1MAc in oxygen-free 

DMSO solution with DMPO results in the formation of analogous three DMPO-adducts as 

found under analogous experimental conditions for derivative Q-2MAc (Figure 1, C), along 

with the complex EPR signal of Q-1MAc-derived paramagnetic species representing 

superposition of Q-1MAc•– with other Q-1MAc-derived paramagnetic species (Figure 1, D, 

E).   

 

 
Figure 1: Structure of the methacrylated quinizarin dyes Q-1MAc (left) and Q-2Mac (Right) and the 

appearance of their solution in DMSO-Water (A). UV.Vis spectra of mono-methacrylated quinizarin 

(Q-1MAc, pink), di-methacrylated quinizarin (Q-2MAc, yellow) (B). The normalized experimental 

(yellow,1) and simulated (black, 2) EPR spectra obtained during 450-s in situ LED@365 nm exposure 

of Q-2MAc/DMSO with DMPO spin trap under argon. EPR spectrometer settings: microwave 

frequency, ~ 9.44 GHz; microwave power, 10.01 mW; center field, ~335.0 mT; sweep width, 7 mT; 

gain, 2.00105; modulation amplitude, 0.05 mT or 0.025 mT; sweep time, 45 s; time constant, 10.24 ms; 



number of scans, 10. * represents the Q-2MAc-derived radical species (C). The normalized 

experimental EPR spectra measured during in situ LED@400 nm irradiation of Q-1MAc/DMSO with 

DMPO spin trap under argon. Exposure: (D) 225 s; (E) 450 s. EPR spectrometer settings: microwave 

frequency, ~ 9.43 GHz; microwave power, 1.048 mW; center field, ~336.1 mT; sweep width, 7 mT or 

1.2 mT; gain, 1.59105 or 1.00104; modulation amplitude, 0.05 mT or 0.01 mT; sweep time, 45 or 

90 s; time constant, 10.24 ms; number of scans, 5. 

Furthermore, envisaging the possible influence of the photoactive dyes on chitosan-based 

formulations, it is also important to consider that quinizarin derivatives could be implied in an 

electron transfer process followed by a H-abstraction reaction when combined with tertiary 

amine leading to the formation of aminoalkyl radical species [37]. Depending on the degree of 

methacrylation, CHI-MA always keeps some unreacted primary amines and, even though those 

amines possess lower electron donor properties, they can likely participate to the reaction as 

co-initiators in Norrish II reactions [41-43].  

 

Formulations development and hydrogels characterization  

Two batches of formulations based on pure CHI-MA and on CHI-MA/PEGDA blends were 

used as reference materials for the present study. Specifically, in the case of the hybrid material, 

the well-known biocompatible PEGDA Mw 700 was employed as crosslinker [44, 45]; the 

composition of the hybrid batch was empirically chosen according to preliminary tests (see SI 

and Table 1). LAP photo-initiator was selected as the less toxic radical photoinitiator [46] and 

its amount was chosen according to previous works [32, 47]. Once the formulations were 

defined, aiming to achieve their printability, the possibility to enhance their reactivity by the 

addition of photo-active quinizarin-derived dyes was investigated. As demonstrated by the UV-

Vis spectra, both molecules can absorb at 405nm resulting suitable for the visible light printer 

in use; Q-1MAc and Q-2Mac were added in the same concentration of LAP.  

 

Table 1: mono-methacrylated quinizarin (Q-1MAc) and di-methacrylated quinizarin (Q-2MAc) 

formulations prepared in water-DMSO solution 3:1. The photo-initiator concentration was chosen 

based on previous work [32,43]. The first column reports the abbreviated names used in the following 

discussion.   

 

For each formulation, photo-rheology, viscosity and amplitude sweep measurements were 

performed. These measurements offer important information for further DLP 3D experiments, 

SAMPLE NAME CHI-MA 

(wt%) 

PEGDA 

(wt%) 

LAP 

(mol/L) 

Dye 

(mol/L) 

CHI 2 -- 3*10-4 -- 

CHI-PEG 2 2 3*10-4 -- 

CHI-PEG Q-1Mac no LAP 2 2 -- 3*10-4  

CHI-PEG Q-2MAc no LAP 2 2 -- 3*10-4  

CHI Q-1MAc   2 -- 3*10-4  3*10-4  

CHI-PEG Q-1MAc  2 2 3*10-4  3*10-4  

CHI Q-2MAc   2 -- 3*10-4  3*10-4  

CHI-PEG Q-2MAc  2 2 3*10-4  3*10-4  



Indeed, the final geometry is created upside-down in a custom fashioned layer-by-layer 

manner, and for this reason, the first layers need to have good reactivity in order to rapidly 

form a crosslinked network able to support the entire structure, while a low shear-thinning 

viscosity is always necessary to permit the flow of the formulation under the moving platform. 

At the same way, once a consistent part of the structure is formed, good mechanical properties 

and the ability to withstand at low solicitations or strains are required to avoid the object 

detaching from the platform.  

Firstly, all the photosensitive formulations get viscosity values that can be considered suitable 

for 3D-printing [48, 49] with a clear shear thinning behaviour (Figure 2A). 

Considering the photorheology tests, three main information can be extrapolated, namely: a) 

the induction time of the reaction (the time where the storage modulus starts to increase) b) the 

rate of polymerization (suggested by the slope of the increasing curve and the time needed to 

reach a clear plateau) and c) the mechanical stability of the final cross-linked product (by the 

upper plateau value).  

Two formulations based on the CHI-MA/PEGDA mixture in the presence of the two quinizarin 

derivatives and without the addition of any other photo-initiators (samples named CHI-PEG 

Q-1MAc no LAP. and CHI-PEG Q-2MAc no LAP) were firstly tested. As observed in Figure 

2B, Q-1MAc and Q-2MAc can induce the crosslinking of the hydrogels, even though 

demonstrating low reactivities not suitable for 3D-printing (especially because of the high 

crosslinking times, ≈ 1 h of irradiation). In particular, Q-1MAc showed an induction time of 

207 s while Q-2MAc reported 312 s for the same property. However, after 500 s of irradiation, 

the mechanical properties of the Q-2MAc hydrogel overcome the Q-1MAc, maintaining the 

same trend until the end of the test. This behavior is not surprising because Q-2MAc, being di-

methacrylated, can act as a crosslinker itself. At the same time, its slightly lower light 

absorption in the irradiation region (i.e. its lower rate of initiation) explains the increased 

induction time compared to Q-1MAc. Hence, the quinizarin molecules show a photoinitiating 

activity nevertheless the long irradiation times needed for the curing do not allow their use as 

single photoinitiator. Despite this, they can be used as photoactive dyes able to increase the 

reactiveness of the formulations when combined with common 3D photoinitiators i.e. LAP [50] 

making possible the DLP 3D printing of methacrylated chitosan, not achievable before. 

Following this path, both the quinizarin-based molecules and the LAP photo-initiator were 

used in the CHI-MA and CHI-MA/PEGDA based formulations to obtain the best 

photoreactivity. Figures 2C and 2E report the photo-rheology plots of Q-1MAc and Q-2MAc 

solutions, respectively (compared with the previous CHI and CHI-PEG samples). As clearly 

visible, the initiation of the quinizarin loaded formulations is almost instantaneous, suggesting 

a concomitant action of LAP and the quinizarin derivatives. A higher slope of the curves in the 

presence of the quinizarine-based dyes also is observed, demonstrating thus the speed up of the 

whole reaction. Moreover, the time-to-plateau of the different hydrogels (time needed to reach 

a constant plateau after the starting of the light irradiation at 60 s, see Figure 2) is 185 s and 

193 s for CHI Q-1MAc and CHI Q-2MAc samples while 94 s and 108 s are reported for 

samples CHI-PEG Q-1MAc and CHI-PEG Q-2MAc, both confirming an increased 

reactiveness. PEGDA or CHI-MA chains can likely act as H-donor molecule, as previously 

demonstrated with Eosin-PEG formulations [51]. In the same way, quinizarin derivatives can 



also act as type II photo-initiators and abstract proton from PEGDA or CHI-MA backbone, 

leading to the formation of initiating carbon-centered radicals.  

The mechanical properties, the stability of the hydrogels, and their possibility to withstand over 

low solicitations or strains are tested by amplitude sweep and compression tests. The amplitude 

sweep storage modulus and yield points (Figure 2D and 2F, reported on Table 2) demonstrate 

the mechanical stability of these materials at relatively high % strain compared to the 

corresponding CHI and CHI-PEG samples, while maintaining an higher G’ modulus. At the 

same way, the E’ compressive storage modulus calculated in the first 10% of deformation in 

the stress-strain curve (Figure 3A, reported on Table 2) indicates increased mechanical 

properties, in line with previously reported chitosan-based hydrogels[32] and with values 

comparable to soft tissues.[52, 53] 

 

SAMPLE Photo-

rheology 

induction 

time (s) 

Photo-

rheology 

time-to-

plateau (s) 

Storage 

modulus 

G’ 

(KPa) 

Yield 

point 

(%) 

Elastic 

modulus 

E’ 

(KPa) 

Swelling 

Equilibrium 

(%) 

CHI  + 20 s none 9,9 62,5 26 ± 4 186 ± 5 

CHI Q-1MAc instantaneous 185 24,1 32,1 47 ± 2 165 ± 2 

CHI Q-2MAc  instantaneous 193 17,8 48,2 39 ± 2 175 ± 1 

CHI-PEG + 20 s 170 13,4 17,5 37 ± 1 154 ± 3 

CHI-PEG 

Q-1MAc 

instantaneous 94 25,2 59,4 49 ± 5 131 ± 2 

CHI-PEG  

Q-2MAc  

instantaneous 108 17,9 73,5 44 ± 4 135 ± 7 

Table 2: Photo-rheology induction time and time-to-plateau, shear storage modulus G’, yield point, 

storage modulus at compression E’ and swelling equilibrium of the reference and quinizarin-derived 

dyes loaded hydrogels (all the formulations contain LAP as photoinitiator).  



  
Figure 2: Viscosity of CHI Q-1MAc, CHI Q-2MAc, CHI-PEG Q-1MAc and CHI-PEG Q-2Mac, the 

formulations without LAP presented the same viscosity (A), photo-rheology of compared CHI-PEG with 

CHI-PEG Q-1MAc no LAP and CHI-PEG Q-2MAc no LAP, the grey region indicates the part of the 

test performed with no light for the stabilization of the measurement (B), photo-rheology of compared 

CHI with CHI Q-1MAc and CHI Q-2MAc (C), amplitude sweep of compared CHI with CHI Q-1MAc 

and CHI Q-2MAc (D), photo-rheology of compared CHI-PEG with CHI-PEG Q-1MAc and CHI-PEG 

Q-2MAc (E) and amplitude sweep of compared CHI-PEG with CHI-PEG Q-1MAc and CHI-PEG Q-

2MAc (F). 

For the swelling test, the different formulations were casted into PDMS moulds and irradiated 

to create cylindrical hydrogels that were left dry overnight. Once dried the samples were 

weighted and soaked in DI water to evaluate the swelling capability and swelling kinetics. 

Figure 3 B and C report the swelling kinetics of the quinizarin loaded hydrogel (compared with 

the CHI and CHI-PEG samples swelling kinetics) while in Table 2 are expressed their swelling 



equilibrium. No differences in the time needed to complete swelling was evidenced (≈ 2 h for 

the CHI-MA based hydrogels and 1 h for the CHI-MA/PEGDA based ones), while a decrease 

in the swelling equilibrium resulted when the two methacrylated molecules were added. This 

behaviour can be justified both with an increased crosslinking density (as demonstrated by the 

higher G’ modulus) and the quinizarin low affinity with water. 

 
Figure 3: Storage modulus E’ at compression (A), swelling kinetics of the CHI and CHI Quinizarin 

loaded formulations, (B) and swelling kinetics of the CHI-PEG and CHI-PEG Quinizarin loaded 

formulations with a sample before and after swelling (CHI-PEG Q-2MAc) (C). 

3D printing of the quinizarin-derived formulations 

All the formulations reported in Table 1 containing LAP were tested for DLP printing; three 

different geometries with increasing complexity were selected (i.e., honeycomb, hollow cube 

and light fountain). In particular, the 2.5 D honeycomb structure, with no suspended structures, 

was selected as the minimum criteria to define a formulation DLP printable, the hollow cube 

to evaluate the structure stability and the angles shape fidelity while the rounded 3D cad is 

experimented to test the ink’s complex and interconnected internal hollow geometries creation. 

The printability of the reference formulations without the quinizarin dyes was firstly evaluated: 

neat methacrylated chitosan presented a too low reactivity and poor mechanical properties to 

be printed, while the CHI-MA/PEGDA based formulation gave materials with slightly better 

properties. Nevertheless, the first printing attempts without using any dye leaded to overcured 



structures so, aiming to assure a reasonable resolution, [36] a common water-soluble and 

visible light absorber dye (brilliant green) was added to the CHI-MA/PEGDA formulation (see 

SI). This last formulation allowed the printing of the honeycomb structure with limited 

resolution (see SI) while more complicated architectures, such as hollow cubes, were 

impossible to print cause of a collapse and a detach of the structure from the building platform.  

On the contrary, the use of the quinizarin-derived molecules enabled the DLP printing of more 

complex structures.  

Table 3 reports the optimized printing parameters: since each formulation possess different 

reactivity (Figure 2 C and E) these parameters are the minimum printing times able to create a 

self-standing geometry. As demonstrated in Figure 4, all the printing attempts lead to defined 

and recognizable structures and, depending on the formulation, increasing levels of resolution. 

Moreover, reduced printing times compared with the CHI-PEG samples were evidenced, 

certifying what already observed during photo-rheology. As expected, the PEGDA charged 

solutions (96 wt% of water) lead to more detailed geometries with well-shaped angles and 

dimensions. As expected, also the CHI-MA formulations (CHI Q-1MAc or CHI Q-2MAc, 98 

wt% of water) result in well-shaped and self-standing architectures with defined angles for the 

CHI Q-1MAc hydrogel. The visible light-centred absorption of Q-1MAc and its influence on 

the crosslinking kinetics (Figure 2C) explain the higher resolution of the corresponding 3D-

printed hydrogels compared to Q-2MAc ones. This behaviour is also responsible for the 

increased mechanical properties of the mono-methacrylated biomolecules suggesting Q-1MAc 

as the best candidate for visible-light 3D printing. 



 
Figure 4: Quinizarin loaded formulation 3D-printed geometries. The printed objects are reported in 

order of resolution (top to bottom) and geometry complexity (left to right). 

 
 

 Light 

intensity 

(mW/cm2) 

Layer thickness 

(µm) 

Burn-in 

exposure time 

(s) 

Layer exposure 

time (s) 

CHI-PEG 25 50 10 8 

CHI Q-1MAc  25 50 6 2 

CHI-PEG Q-1MAc  25 50 5 1.5 

CHI Q-2MAc  25 50 6 2 

CHI-PEG Q-2MAc   25 50 6 1.8 

Table 3: Optimized printing parameters of all formulation tested (all formulations contain LAP 

photoinitiator)  

 

Cell proliferation over 3D-printed hydrogels 

Autofluorescent C166-GFP endothelial cells were seeded over the different hydrogels to assess 

their cytocompatibility. The cytocompatibility of light-cured CHI-MA based hydrogels was 

previously demonstrated [32] thus, the main objective of the tests was investigating the 

influence of the quinizarin based dyes on this behaviour.  Figure 5A shows the fluorescence 



micrographs after 72h of contact for the studied samples. The cells appear adhered, forming a 

monolayer and no evidence of cell death was observed. All the hydrogels showed normal 

parameters of adhesion, size and morphology expected for endothelial cells, from 24 h to 72 h 

of growth (Figure S6), reaching confluency in all samples after three days of growth. To 

quantify this excellent behaviour, metabolic activity (Alamar Blue) and DNA contempt 

(Fluoreporter) assays were performed (Figure 5B and 5C, respectively). The higher values in 

terms of viability and growth were achieved with the CHI Q-2MAc hydrogel, probably cause 

a better incorporation inside of the chitosan network due to both its methacrylated 

extremities.[54] However, the trend extracted from the data was very similar for all the samples 

in both tests, with no statistically significant differences among the different hydrogels. In 

conclusion, the use of quinizarin based dyes improves the printability of methacrylated chitosan 

and does not limit the cytocompatibility of the original material. 

 
 

Figure 5. (A) Micrographs of C166-GFP murine endothelial cells on the surface of the different 

hydrogels after 72 h of incubation, (B) Metabolic activity values of the C166 cell cultures for the 

different hydrogels after 72 h of incubation, (C) DNA quantitation values of C166 cell cultures for the 

different hydrogels after 72 h of incubation.  

 

Conclusions 

 



The 3D-printing of methacrylated chitosan complex geometries was successfully performed 

loading the initial formulations with mono- and di-methacrylated quinizarin-derivatives, 

granting the detailed printability of solo-methacrylated chitosan geometries (98wt% of water, 

not possible in absence of the quinizarin molecules) and the defined printability of the 

poly(ethylene glycol) charged methacrylated chitosan formulations. Moreover, the 

functionalities of the bio-derived quinizarin-derivative as photo active molecules and dye were 

demonstrated. The resulted structures possess suitable mechanical properties, mechanical 

stability and swelling capability/kinetics to be employed as soft scaffold for tissue engineering. 

The exhibited reactivity under visible light and the null cytotoxicity allows cell proliferation, 

as distinguishable by the metabolic activity and DNA quantification of the cells seeded 

hydrogels. In conclusion, the smart employment of photo-active dyes, not only as light-

scattering preventers, but also as useful and participating agents in the 3D-printing could 

increase the possibility to create engineered tissues perfectly designed and tailored on the 

patient’s requirements.  
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SUPPORTING INFORMATION 



 
Figure S2: 1H-NMR spectra of chitosan and methacrylated chitosan (CHI-MA) 

 

 
Figure S3: 1H NMR spectrum of Q-1MAc in CDCl3 



 

 
Figure S4: 1H NMR spectrum of Q-2MAc in CDCl3 

 
 

CHI-MA:PEGDA formulations and hydrogel characterization  

 

The different formulations investigated for the preliminary study are reported on Table S1. The 

photo-initiator concentration was chosen based on similar work [1,2].  

 

Formulation Solvent CHI-MA (wt%) Photo-

initiator 

CHI-MA:PEGDA ratio 

(w/w) 

CHI-PEG 1 Water 2 3*10-4 M 

LAP 

1:2 

CHI-PEG 2 Water 2 3*10-4 M 

LAP 

1:1 

CHI-PEG 3 Water 2 3*10-4 M 

LAP 

2:1 

CHI Water 2 3*10-4 M 

LAP 

100% CHI-MA 

Table S1: Different CHI-MA:PEGDA investigated formulations. 

On Figure S4 are reported the photo-rheology (A), the viscosity of the formulations (B) and 

the amplitude sweep of the formed hydrogels (C). All the studied formulations share in photo-

rheology a delay of 20 s from the initial irradiation (60 s) with the maximum storage modulus 

reached by sample CHI-PEG 1 (21,6 KPa) after 200 s. Moreover, not only a decreasing trend 

in G’ is evident while lowering the amount of PEGDA but also a rate of polymerization lag. 

Nevertheless, samples CHI-PEG 2 and 3 present interesting storage modulus of the upper 

plateau (13,4 and 11,1 KPa) and acceptable reactivities (plateau reached after 230 and 260 s 

from the irradiation). Sample CHI, instead, express the lowest storage modulus (9,9 KPa), and 



the impossibility to reach a clear plateau. Especially this last characteristic, strongly linked to 

a low rate of polymerization makes CHI-MA formulation unapplicable for DLP 3D-printing, 

as already proven in previous investigations [3]. Confirming the results, all photo-rheology 

plots are in good agreement with previous work [3–5]. Similar and DLP suitable low viscosities 

with a shear-thinning behaviour were evidenced for all the formulations [6]. The photo-

rheology resulting hydrogels were then subjected to amplitude sweep to test their mechanical 

properties and stability upon a strain ramp. The G’ values confirm the trend observed in the 

photorheology tests a small variation into the yield point (the point where the hydrogel collapse 

and the storage modulus fall, on Table 2) was observed. In fact, sample CHI-PEG 1 and 2 have 

lower yield points, suggesting a more brittle behaviour [7]. The reason can be found into a 

denser and more cured structure due to the higher content of PEGDA. 

 
Figure S4: Photo-rheology (A) viscosity (B) and amplitude sweep (C) of the CHI-MA:PEGDA formulations 

The formulation printability was tested reproducing various CAD models using a VIS-Light 

DLP-3D printer Asiga PICO 2 (Asiga, Australia). Formulation CHI-PEG 2 (CHI-MA:PEGDA 

1:1) was chosen as the best candidate because of different important characteristics, such as: a) 

proper induction time and rate of polymerization during photo-rheology, b) stable and 

acceptable mechanical properties both in photo-rheology and amplitude sweep, c) optimal 

swelling characteristics and d) good compromise between the amounts of CHI-MA and 

PEGDA. The first printing attempts without using any dye leaded to overcured structures, 

especially near the most complicated parts of the printed geometries. In these cases, the 

employment of coloured dyes at low concentrations avoids the light scattering in the vat and 

assure a reasonable resolution of the printed object [8–11]. For this reason, two concentrations 

(3*10-5 M and 3*10-6 M) of a greenish-blue water-soluble and visible light absorber dye 

(brilliant green, BG) were tested by addition to the formulation. The lower concentrated 

solution was chosen because of its ability to mediate between over-polymerization and a 

massive dye absorption (absorption peak on Figure S5A). The photo-rheology of this new 

formulation is reported on Figure S5B, showing a similar trend in terms of rate of 

polymerization and final storage modulus. From the previous solution, only a 11 s delay in the 

induction time was evidenced (31 s total from the irradiation), resolved during the printing 

process with just a little longer light exposure time. The printing parameters were optimized 

and reported on Table S2. Considering the high amount of water of the hydrogel, 96 wt%, the 

honeycomb printed geometry (Figure S5C) presents a defined structure and stability. Despite 

this, more complicated architectures, such as hallow cubes, were impossible to print cause of a 

collapse and a detach of the structure from the building platform.  

 

Formulation BG concentration 

(M) 

Light intensity 

(mW/cm2) 

Layer 

thickness 

(µm) 

Burn-in 

exposure 

time (s) 

Layer 

exposure 

time (s) 



2 + BG 3*10-6 25 50 10 8 
Table S2: Printing parameters of the selected formulation 

 

 
Figure S5: Absorption peaks of brilliant green (BG) at 440 and 640 nm [12,13] (A), photo-rheology of CHI-

MA:PEGDA 1:1 and CHI-MA:PEGDA 1:1 with 10-6 M of BG (B) and DLP 3D printed honeycomb structure 

(C). 



 
Figure S6: Micrographs of C166-GFP murine endothelial cells on the surface of the different hydrogels 

after 24 and 72 h of incubation. 
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