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A B S T R A C T   

In this research work, we demonstrate photo-triggering of the horseradish peroxidase (HRP) dityrosine cross
linking. The photo-enzymatic crosslinking of tyramine modified alginate was obtained by introducing riboflavin 
as a photosensitizer, and by exposing the polymer solution to light radiation at 365 nm. The activation of HRP by 
light was confirmed by photo-rheology. This crosslinking method proved to be superior to UV crosslinking by 
riboflavin alone both in terms of kinetics and obtainable storage modulus. Furthermore, activation of HRP by UV 
light offers the possibility to trigger the onset of the reaction in a precise manner, which is not available with the 
traditional use of hydrogen peroxide as the activator. The photo-enzymatic crosslinking was applied to bio
printing, to verify its potential in biofabrication techniques requiring precise on-demand crosslinking of 
hydrogels.   

1. Introduction 

Horseradish Peroxidase (HRP) is a heme-containing enzyme pro
duced by the horseradish Armoracia rusticana, a type of perennial herb 
commonly cultivated for culinary purposes. HRP role in plant metabolic 
cycles is to use hydrogen peroxide (H2O2) as a medium to oxidize 
numerous metabolic compounds, including phenols. This feature has 
been applied in the bioengineering field to form covalent dityrosine 
bonding in phenol containing hydrogels [1,2]. Dityrosine bonding is 
common in assorted proteins in nature (resilins, silks, elastin), all 
sharing high elasticity and toughness [1], and can be reproduced by 
enzymatically crosslinking phenol-containing polymers with HRP 
[3–10]. Commonly, hydrogels are crosslinked by mixing HRP in the 
prepolymer solution and adding H2O2 to trigger the crosslinking reac
tion after casting the prepolymer solution into molds. The peroxidase 
reaction kinetics are strongly dependent on the activity of the enzyme, 
on the concentration of H2O2 in the aqueous solution and the phenolic 
substrate oxidized as extensively studied by Nielsen et al. [11]. Analo
gously, studies on the enzymatic gelation kinetics of hydrogels 

containing phenolic-moieties report the variation of HRP and H2O2 as 
the main parameters to tailor the gelation kinetics [4,7]. Hasturk et al. 
[7] reported the production of enzymatic crosslinked hydrogels by using 
a co-flow microfluidic approach to incorporate H2O2 in the prepolymer 
solution right before deposition. This is indeed promising in opening up 
the possibility of applying this enzymatic crosslinking to fabricate con
structs with high geometric precision by bioprinting. On the other hand, 
achieving a precise on-demand triggering of the enzymatic crosslinking 
reaction would allow to extend its use to a wider range of bioprinting 
techniques. 

Here, we propose the use of a photoinitiator to introduce an on de
mand trigger to the enzymatic reaction. The activation of the HRP cycle 
by light and methylene blue as a photosensitizer has been demonstrated 
by Soares et al. [12], who hypotesized its use in nanotechnology to 
exploit solar energy. In this research work, the same principle was 
applied to crosslinking hydrogels and riboflavin (Rb) was selected as a 
photoinitiator. Rb, commonly known as vitamin B2, is a known photo
sensitizer producing reactive oxygen species (ROS) when exposed to 
light radiation in the UV–Vis range, at 375 nm and 445 nm [13–15]. Rb 
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can induce dityrosine crosslinking after photosensitization, thanks to the 
production of ROS triggering oxidation of phenolic groups into tyrosil 
radicals and the consequent formation of dityrosine bonds from their 
self-oxidation. Rb and UV–Vis irradiation have been used to produce 
assorted natural origin polymers hydrogels [14,16–21], and to crosslink 
proteins in tissues for clinical applications [22]. A major drawback of 
this photo-crosslinking technique is the long exposure time required for 
gelation, ranging from minutes to hours as reported in the review by Liu 
et al. [23], making it not competitive for advanced biofabrication 
techniques such as bioprinting or digital light processing (DLP), 
considering that acrylates require just a few seconds exposure for UV 
curing [24,25]. This issue can be partially overcome by using persulfate 
salts as electron acceptors to enhance the kinetic of ROS production [14, 
19,26]. However as proved by Hong et al. [26] the UV irradiation and 
the radicals can be detrimental for polymers due to chain degradation, 
resulting in unstable hydrogels with limited lifetime. Furthermore, this 
technique raises cytocompatibility concerns related to the long exposure 
periods and to residual persulfate salts as demonstrated by Elvin et al. 
[27]. We assumed that by combining HRP and Rb in solution, the 
enzymatic crosslinking reaction could be triggered by the hydroxyl 
radicals produced by photosensitized Rb [28–30], achieving stable 
enzymatic crosslinked hydrogels with the convenience of the on demand 
triggering of the reaction by UV exposure. This hypothesis was tested 
and confirmed on tyramine functionalized alginate, producing hydro
gels with higher moduli and shorter crosslinking times compared with 
the photocrosslinking with Rb alone, while avoiding the use of persul
fates, excessively long UV exposures and their resultant cytotoxicity. 
Moreover, the possibility of activating and de-activating the crosslinking 
reaction on demand was confirmed and its potential was demonstrated 
on bioprinting. 

2. Results and discussion 

All the experiments described in this work were carried out with 
tyramine-modified-alginate at a concentration of 2% w/v, with a degree 
of substitution (DS) of 36 ± 2% as quantified by NMR analysis. The 
modification of alginate was obtained through carbodiimide chemistry 
following procedures already reported in literature [6,31,32]. Further 
information on the modification procedure and on the NMR analysis are 
available in the supplementary data (S1). As a preliminary study, to 
screen the validity of this crosslinking approach, hydrogels were pre
pared at different concentrations of Rb (0.1–0.5 mM) and HRP (0–20 
U/mL), and their swelling and degradation behaviours were monitored 
during one week, in physiological conditions. Description and results of 
this preliminary experiment are available in the Supplementary data 

(S2). This experiment allowed to preliminarily corroborate the validity 
of the method, as in all the Rb concentrations tested, the hydrogels 
without HRP dissolved in less than 24 h while the ones with the enzyme 
lasted longer and gelled faster. Moreover, from this first evaluation it 
was clear that Rb below 0.5 mM could not guarantee a satisfying gela
tion kinetics. Photorheology was used to better analyze the gelation 
kinetics. Tests were performed on a Discovery HR2 Rheometer from TA 
instruments, equipped with a cone-plate geometry (diameter 50 mm, 2◦, 
100 μm) which base was modified to host a LED as the UV radiation 
source (LZ4-44-UV00 from LED ENGIN, emitting at 365 nm, 2.9 W). 
AL-TY hydrogels (2% w/v) containing Rb 0.5 mM or 1 mM, with or 
without the enzyme, were studied by rheological measurements at 
constant strain (3%) and constant frequency (1Hz). All solutions were 
kept at room temperature overnight and then tested. Rheological mea
surements were all carried out without UV stimuli for 60 s and then by 
irradiating the samples for 60 s, and monitoring the evolution of the 
storage (G1) and loss modulus (G2) for 3 more minutes. Fig. 1 shows the 
rheological curve of the Rb 1 mM samples, with and without enzyme. A 
similar trend was observed for all the curves obtained, as evident in the 
whole set of curve available as Fig. S3. 

From the photorheology graphs it is evident that before UV irradia
tion both G1 and G2 are constant, and they both increase only when 
irradiated with light. The moduli stop increasing briefly after turning off 
the UV source. Gelation was determined at the modulus crossover point, 
when G1 overcomes G2, and was observed in all the conditions. The 
hydrogels without HRP are much weaker than the enzymatically 
crosslinked ones. The increased modulus achieved can be explained by 
the activation of the enzymatic reaction, triggered by the free radicals 
produced by photosensitized Rb. The crossover point for each curve was 
computed with the software TRIOS using the ”crossover modulus” anal
ysis function, and used to determine the average gelation time for each 
group, shown in Fig. 2. 

It is evident that the enzyme containing solution gelled faster than its 
enzyme-free counterpart. We assumed that the faster gelation kinetic 
could be attributed to the activation of the enzymatic reaction. On the 
other hand, increasing the Rb content from 0.5 mM to 1 mM does not 
have a significant effect on the crossover time. This might indicate that 
at 0.5 mM, a plateau is reached in the efficiency of the reaction in 
function of the photoinitiator content, as described by Donnelly et al. 
[16] who studied the crosslinking of hyaluronan-tyramine with Rb. 
These preliminary experiments confirmed the hypothesis that Rb can be 

Fig. 1. Photorheology results on samples with 1 mM Rb, with and 
without HRP. 

Fig. 2. Gelation times determined by photorheology for hydrogels with Rb 
content 0.5 mM and 1 mM, with and without HRP. 
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used to photo-trigger the activation of the peroxidase enzymatic cross
linking. However, this reaction should be further studied to deeply un
derstand its kinetics and to be able to control the final properties of the 
hydrogels by varying the process parameters, such as relative concen
tration of reagents, light exposure time, wavelength used. For now, we 
could not recreate hydrogels as strong as the ones produced by acti
vating HRP with H2O2 (G1 around 1000 Pa), therefore optimization is 
still needed for this crosslinking technique. Attempts were made to in
crease the modulus of the photo-enzymatic-crosslinked hydrogels by 
increasing the UV exposure time and with re-irradiation of the 

hydrogels. Increasing the exposure time from 60 s to 90 s increased the 
storage modulus from around 40 Pa to around 76 Pa (Fig. 3 a). A similar 
modulus increase can be achieved by re-exposing the hydrogel to UV 
radiation, as shown in Fig. 3 b in which one of the solutions from the 
condition Rb 0.5 mM and HRP 20 U/mL has been irradiated for 60 s, in 
two different steps during photorheology, for a total of 120s of light 
exposure time. When subjecting the polymer to multiple irradiation 
steps, longer exposure is needed to reach the same storage modulus 
because HRP is activated specifically by hydroxyl radicals, which are not 
produced instantaneously after irradiation but are the result of 

Fig. 3. Comparison of the effect of a single UV exposure of 90 s and two step crosslinking with separate UV exposures of 60 s. These photorheology experiments were 
carried out on samples with the following composition: AL-TY 2% w/v HRP 20 U/mL Rb 0.5 mM. 

Fig. 4. Printed 1 layer grids of AL-TY 3% w/v, HRP 20 U/mL and Rb 1 mM: a) without UV crosslinking, pore closure is evident; b) irradiating the printing bed (365 
nm) helps preserving geometrical control. Printed 3 layers grids of AL-TY 2% w/v HA-TY 4% w/v, HRP 20 U/mL and Rb 1 mM: c) without UV crosslinking, the grid 
ink collapses into a square; d) 10s UV crosslinking performed after each layer hinders pore closure and improves shape fidelity. 
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decomposition of radical species produced by photo-sensitized ribo
flavin. Moreover, once the polymer is partially crosslinked, HRP has less 
phenol substrate to react since part of the tyramine groups already 
reacted into di-tyrosine bonds, which will slow down the crosslinking 
reaction. This result is promising for bioprinting, as it introduces the 
possibility to use a brief exposure to precrosslink the bioinks to ensure a 
sufficient viscosity enhancing the shape retention after extrusion, and 
subsequently re-irradiate to consolidate the printed construct. 

In order to demonstrate the possibility to apply this technique in 
bioprinting, some grids were printed, with and without photo- 
crosslinking, as shown in Fig. 4. 1-layer grids of AL-TY 3% w/v, with 
HRP 20 U/mL and 1 mM Rb, were printed on a BioX TM from Cellink, 
using an extrusion pressure of 25 kPa, a 20G needle and a printing speed 
of 15 mm/s. Without the aid of a pre-crosslinking technique (i.e. cal
cium), a support printing bath or a calcium bed, printing alginate at this 
concentration results in very poor shape retention and quick pore 
closure. This is evident in Fig. 4 a), in which the polymer solution was 
printed without the aid of UV crosslinking. On the other hand, when 
irradiating the printing bed with a UV source, pore closure was hindered 
and the geometry of the grid was better preserved, as shown in Fig. 4 b). 

Additionally, 3 layer grids were printed with a blend of alginate- 
tyramine and hyaluronan-tyramine (HA-TY). The final composition of 
the blend was 2% w/v AL-TY, 4% w/v HA-TY, 20 U/mL HRP, and 1 mM 
Rb. The blend was printed using an extrusion pressure of 40 kPa, a 25G 
conical needle and a printing speed of 6 mm/s. The blend chosen pro
duces quite well defined grids when extruded at low pressures, however 
it quickly collapses and undergoes pore closure, especially when print
ing several layers, as shown in Fig. 4 c). When using brief UV cross
linking after each layer (10 s, 365 nm), pore closure is hindered and the 
geometry of the grid is better preserved, as shown in Fig. 4 d). Moreover, 
after printing, the mechanical properties of the constructs can be 
improved by reactivating the enzymatic reaction by briefly placing them 
in a bath containing hydrogen peroxide. A preliminary evaluation of 
cytocompatibility of this crosslinking method showed a good cell 
viability up to 48h (Fig. S4). Further studies will aim at investigating 
longer culture periods and differentiation of hMSCs towards bone 
constructs. 

3. Conclusions 

In conclusion, we have demonstrated how the photo-activation of the 
peroxidase enzymatic reaction is suitable for the production of dityr
osine crosslinked hydrogels. By photorheology, the use on HRP com
bined with Rb was proven to produce stronger hydrogels with shorter 
UV exposures, which is generally less detrimental for the polymers and 
for encapsulated cells. Further research is still needed to gain full 
knowledge of the reactions involved in this crosslinking technique and 
to unravel its full potential in terms of mechanical properties of the 
produced hydrogels. Nonetheless, we have proved that this method is 
suitable for those bioprinting techniques requiring precise on-demand 
photochemical triggered crosslinking, enabling realistic translation of 
HRP to biofabrication. 
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