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Figure S 1. Chemical structures of (a) PEGDA, (b) HEMA, (c) DTT, (d) borax, (e) LAP and
(f) absorbance spectrum of LAP.

The hydrogel formulation was developed starting from the work of He et al.', who reported a PEGDA-based system incorporating
dithiothreitol (D'IT) and borax, capable of spontaneous gelation and exhibiting self-healing properties due to the formation of dynamic
borate-ester bonds. In the present study; the original formulation was modified by introducing 2-hydroxyethyl methacrylate (HEMA), with
thepurpose of inhibitingspontaneouscrosslinking, asa reactive diluent to decrease theviscosity ofthe formulation’,and to provide additional
acrylate groups for controlled photopolymerization, together with PEGDA. Moreover, the hydroxyl groups from HEMA contribute to the
formation of physical crosslinks via interaction with borax. The molar ratios between D'TT and acrylates, as well as between D TI' and borax,
were systematically optimized to achieve a balance among printability, printing resolution, mechanical performance, and self-healing capacity
of the resulting hydrogel.

PEGDA gives structural integrity to the matrix, building cross-linked networks thanks to acrylate groups that enable free-radical
polymerization®. PEGD A is known for its hydrophilicity, curing speed and dimensional stability*, and several studies demonstrated the low
cytotoxicity of polymerized PEGD A, although the base monomers are instead extremely toxic™ ‘. PEGD A-based materials have enabled the
development of numerous devices for use in various biomedical applications®, and PEGDA-based hydrogels in particular have been
extensively studied”*. HEMA is a biocompatible, photopolymerizable monomer with tunable mechanical properties'’. Poly-HEMA-based

hydrogels have often been used as devices for biomedical applications'**.



To achieve the borate ester chemistry, responsible for the self-healing ability,borax and DT are added. Initsionic form, borax presents an
anion called tetrahydroxyborate which is a boron atom bonded to four hydroxyl groups. In the presented work, DTT serves as a copolymer,
binding to acrylate chains through its two thiol groups, while its exposed hydroxyl groups form borate ester bonds with tetrahydroxyborate’s
hydroxyl groups viatransesterificationreaction. Thisreaction can occur twice onbothsides of theion, involvingtwomolecules of D TT present
in two adjacent polymer chains, leading to the formation of inter-chain bridges capable to associate and disassociate reversibly. PBS (pH
between 7-7.4) was chosen as the liquid phase to help maintaining a constant pH.

After adding a DTI-borax solution to a homogeneous aqueous solution containing acrylates, the formulation is printed through DLP and a
hydrogel was obtained. The proportions of borax, DT and acrylates were studied in order to achieve the right compromise between
mechanical,self-healing and printability properties.Aphotoinitiatorisneeded toachieve the photopolymerization process,and wealso added
a radical scavenger to improve the printing resolution. In a radical photoinduced process, radical scavengers may react both with initiating
species and propagating species, inducing termination. If on the one hand RSs reduce the speed of the 3D printing process by decreasing the
rate of polymerization, on the other hand they can interact with growing macro-molecules, that are generated in the irradiated voxels and then
propagate out of those, stopping the polymerization. A balanced introduction of RSs can thus slightly affect the polymerization rate but
efficiently end propagation, confining polymerization in the irradiated area and increasing resolution.

To confirm that the observed self-healing behavior is specifically mediated by the borax-DTT dynamic interaction, control samples were
prepared using the same protocol but withoutborax. These samples were cut in half and the surfaces were brought back into contact; samples
were then maintained under the same conditions as the experimental group. The evolution of healing was qualitatively assessed at 48, and 72
hours. In contrast to the borax-containing hydrogels, which exhibited the ability to support their own weight after 48 hours and regained
tensile integrity by 72 hours, the control samples without borax showed no signs of self-repair. The cut interface remained clearly visible, the
diffusion of the dye is minimal and the two halves failed to adhere or recover any mechanical continuity over time. These results confirm that

the self-healing capacity of the hydrogel relies on the reversible borate—diol interactions enabled by the presence of borax in the network

(Figure Ss).

Structural analysis:

To investigate the structural characteristics of the hydrogel and to confirm the formation of borate-ester bonds, a
spectroscopic analysis was conducted through Fourier-transform infrared (FTIR) and solid-state nuclear magnetic
resonance (ssSNMR) spectroscopy. In order to correctly assign the spectral resonances and verify the expected structural
modifications, a series of reference samples were prepared and analysed. These included individual components (DTT,
borax, and their complex) as well as progressively built hydrogel formulations composed of PEGDA, HEMA, DTT, and
borax in  phosphate-buffered  saline  (PBS). This  stepwise strategy facilitated the observation of  spectral
changes correlated with the formation of covalent and non-covalent interactions within the hydrogel network. The details of

the analysed samples, including sample labelling and compositions, are provided in Table S3.

SS-NMR

Figure S 3 shows the spectrum of the final hydrogel formulation, here labelled as PHDBEYV, along with all the other samples
listed in Table S3.

Two broad resonances in the spectrum of the DB sample, due to ethylene (35-25 ppm) and methine (80-70 ppm) groups with
asymmetric lineshapes, suggest the presence of both free DII' (I, II) and borax-complexed DTI (I, II’) in different
stoichiometries'>. Approximately two-thirds of DIT hydroxyl groups seem to be reacted with boron. The DB reference sample
exhibits three resonances: a broad one at 8iso = 18 ppm, with anisotropy due to a non-zero quadrupole coupling constant and
asymmetry parameter, and two Lorentzian peaks at 9.2 and 0.5 ppm. They are assigned to B(OH); species, a 2:1
diol/monoborate complex, and B(OH) X species, respectively'®.

Both HEMA and PEGDA appear to be fully polymerized, as indicated by the absence of double bond resonances in the 135-
128 ppm region and the presence of methylene signals b’, ¢’, 2°,and 3’ (60-40 ppm, molecular structure and carbon labelling

of the precursors are reported in Figure S 3)'6-!5,



The spectrum of the copolymer PH is dominated by the resonance of -OCH,- (4) of PEGDA main chain at 71 ppm, and
contains all signals of the two components. Notably, the C=O resonance (a, 1) shows a chemical shift intermediate between
those observed in PEGDA and HEMA, suggesting effective copolymerization. In the 60-40 ppm region, methylene signals

attributable to copolymerization are also observed.

In the PHD sample, the appearance of new resonances and an overall peak sharpening are observed. DTT is recognised by the
peaks at 72.5 and 35.7 ppm. The downfield shift of the latter (I””) indicates complete reaction with the copolymer'’, further
supported by the upfield shift of 3”to 28 ppm (3”) due to the formation of a methylene-sulfur bond. The sharpening of other
resonances, such as 1 and 4, relatively close to the -CHa-S bond, suggests an increase in the molecular mobility of the PH
copolymer. A preferential bond between DTI and PEGDA rather than with HEMA can be assumed, as the broad signal at ~42
ppm (assigned to 2’ and 3’ of PEGDA) disappears, while the HEMA ¢’ peak remains.

These spectral features are retained in both final formulations, PHDB and PHDBEV, obtained by mixing the polymeric
precursors with the DB complex. In these spectra, the resonance at ~77 ppm is assigned to borax-complexed DTT (IT’), and
the small downfield shoulders of I” and 37 at 37.6 and 29.3 ppm indicate the sensitivity of these functional groups to the
proximity to C—-O-Bbond; indeed, the intensities of the original I” and 3” peaks decrease relative tothose in the PHD sample,
as a proof of the signal splitting. All these features prove that DB complex exists and effectively forms sulphur bridges with the
copolymer. Furthermore, the asymmetric lineshapes suggest the possible presence of different complexes, such as1:1 and 2:1

complex.

The !B MAS NMR spectra of the PHDB and PHDBEV samples after swelling in water (20 pLin 100 mg, to reduce anisotropy
and improving resolution) are similar PHDB shows a broad resonance centred at ~14 ppm, corresponding to
B(OH);/B(OH)X species in dynamic exchange on the NMR timescale (the rapid exchange on boron leads to a broad
resonance signal instead of two distinct peaks, because the !'B nucleus is experiencing a changing environment), a sharp peak

at 9.6 ppm from a di-chelate complex, and a minor sharp peak at 5.1 ppm, attributable toa 1:1 complex"!>2®2!,

The PHDBEV spectrum appears largely similar. The peaks corresponding to the 1:1 and 2:1 complexes remain unchanged,
while the broad signal shifts downfield to 18 ppm, consistent with its sensitivity to surrounding matrix properties’®*’. A new
small sharp resonance appears at 11.2 ppm. The assignment of this peak is not straightforward. According to Coddington, it
could originate from triborate ions'®; alternatively, Valenzuela et al. attributed similar minor resonances to solvent adducts®.
Given the abundance of hydroxyl groups in the molecular structure of the tannin extract Extratan Vinacciolo, adduct formation

seems plausible.

Finally, it is worth noting that the presence of both mono-chelate and di-chelate complexes supports the hypotheses proposed

in the discussion of the *C spectra.

FTIR

Figure S4a shows the FTIR spectra of DTT, borax and of the DTT+Borax complex (DB). DTT’s spectrum showed
characteristic absorption peaks for hydroxyl groups (broad doublet around 3300 cm™ '), aliphatic C-H stretching (2970-2910
cm™!), and thiol (S-H) stretching at 2570-2580 cm . Peaks at 1410 cm ' and 1230-1320 cm ! were assigned to CH,
bending and scissoring modes, while bands at 1050 and 1100 cm ™' corresponded to C-O stretching vibrations. A C-S stretch
was also identified at 675 cm™ . In the borax spectrum, broad absorptions around 3400 and 1670 cm™! were associated with
O-H stretching and H-O-H bending, respectively. Distinctive bands at 1350, 1120, 1065, 940, 830, and 705 cm™ ! were

attributed to B-O stretching vibrations in BO3 and BO, units, in agreement with literature data 22,

Upon mixing DTT and borax, the FTIR spectrum revealed new features indicative of borate—ester formation. A strong band
appeared in the 1300-1400 cm ™! range, commonly associated with asymmetric B-O-C stretching in borate esters. Additional



changes were observed between 1220-1260 cm ! (C-O stretches), 1000-1060 cm ! (B-O stretches), and $50-700 cm*

(out-of-plane B-O vibrations), consistent with previous reports 2%
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Figure S 2 — (a) Temperature ramp on the liquid formulation: values of G' and G" depending on temperature; (b) amplitude
sweep on the liquid formulation; (c) frequency sweep on the liquid formulation; (d) amplitude sweep on the gelled samples
conducted at 5, 25 and 37°C . All tests conducted at room temperature unless specified.

The polymeric network was further analyzed by comparing FTIR spectra of polymeric precursors PEGDA and HEMA and of
the three hydrogel formulations: (i) PEGDA+HEMA (PH), (ii) PEGDA+HEMA+DTT (PHD), and (iii)
PEGDA+HEMA+DTT+borax (PHDB), all prepared in PBS with LAP photoinitiator and dried post-curing. Spectra were
normalized to the ester carbonyl band at 1720 cm™* *%. Results are shown in Figure S3b. In PH, absorption bands for C=0
(1720 em™1), C=C (1633 cm™ '), CH,/CHj stretches (2870-2945 cm™ '), and OH groups (3200-3600 cm™!) were observed.
A minor signal at 1650 cm™ ! indicated residual unreacted HEMA *. Upon addition of DTT (PHD), no substantial spectral

shifts were noted except for minor enhancements in OH and C-O regions.



In the fully crosslinked hydrogel (PHDB), two key features emerged: (i) a marked increase in the 1350-1450 cm ™’ region,
corresponding to B-O-C stretches of borate—ester bonds *% and (ii) distinct peaks at 705 and 680 cm ™, attributed to B-O
(out-of-plane) and C—S vibrations, respectively ***, These spectral changes confirm the integration of DTT and borax through
dynamic covalent borate-diol interactions, consistent with the crosslinking mechanism proposed.

Table S 1. Viscosity values at different shear rates and temperatures

Temperature Viscosity (Pa-s) Viscosity (Pa-s)
(C) (y=15") (1-1000s")
S 0.032 0.022
15 0.022 0.016
28 0.015 0.009
35 0.017 0.009

Table S 2. Photo-rheological parameters

Latency time Gel point Total reaction Final G’ Cross-link density
(s) (s) time (s)* (kPa) (m?)
7 15 140 122 2.96 - 10%

* time at which 80% of the final G'is reached

Table S 3. Composition and labeling of reference samples for NMR and FTIR spectroscopic analysis

Label Composition
+1% LAP
PEGDA Polyethylenglycol diacrylate 0 ]
3D printed
+1% LAP
HEMA Hydroxyethyl methacrylate '
3D printed




DIT Dithiotreithol Powder
Borax Sodium tetraborate Powder
80 wt% PBS
DB DTT : Borax =3:1 ;
Dried
+1% LAP
PH PEGDA : HEMA =2:1 80 wt% PBS
3D printed and then dried
+1% LAP
PHD DTT : copol =1:2 30 wt% PBS
PEGDA : HEMA =2 1 )
3D printed and then dried
DTT : copol =1:2 +1% LAP
PHDB DI .Borax =3:1 80 wt% PBS
PEGDA : HEMA =2:1 3D printed and then dried
DTT : copol =1:2
+1% LAP
PHDBE DT .Borax =3:1 80 wt% PBS
DBEV PEGDA : HEMA =2: | ’
. 3D printed and then dried
Radical Scavenger 0.5phr
Table S 4. ''B MAS NMR profile fitting results on swollen samples.
§ (ppm) 17.5+ 0.5 11.5 9.8 5.5
Free boron DB-EV* 2:1 complex 1:1 complex
PHDBEV 68.3% 2.7% 26.0% 3.0%
PHDB 73.9% ND 24.5% 1.6%
DB 49.9% ND 23.7% 26.4%

*probable adduct DB- radical scavenger
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Figure S 3. (a) Precursor molecular structures with C labelling of DTT, PEGDA and HEMA; (b) 3C MAS NMR spectra of PH,

PHD, PHDB and PHDBEV samples; (c) **C MAS NMR spectra of PEGDA, HEMA and DTT-Borax complex. * isa ssb of 4. ;
(d) B MAS NMR of formulations containing borax.
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Figure S 4. (a) FTIR spectra of DTT, borax and DTI-Borax complex; (b) FTIR spectra of cared PEGDA and HEMA and of
the hydrogels (PH, PHD, PHDB), normalized with respect tothe 1720 cm™ peak.
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Figure S 5. Comparison of self-healing between samples with and without borax. Samples without borax show no signs of self-

repair: the cut interface remained visible, the diffusion of the dye is minimal and the two halves failed toadhere or recover any

mechanical continuity over time, while borax-containing samples underwent self-healing and are able to withstand their own
weight and sustain tension. This demonstrates that SH is due to the presence of borax and its interaction with DTT.

Hydogelproperties
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Figure S 6. Comparison between the effect of self-healing and aging on the variation of mechanical properties in tensile tests

Cytocompatibility

A viability test was performed using human lung adenocarcinoma cells (AS49) cultured in medium previously conditioned by
the hydrogel. The results, reported here, indicate a limited increase in cell number over time. Although the proliferative activity
was low compared to the control, the cells remained viable, suggesting that no acute cytotoxic effect was induced by the
conditioned medium. The modest cell growth observed could also be related to nutrient sequestration by the hydrogel during
the conditioning phase, which may have reduced the availability of essential factors for cell proliferation.
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Table S 5. Swelling degree in different solutions at 37°C

Figure S 7. MTT assay results on AS49 cell lines after 24 and 96h (p-value *<0.0S; *¥<0.01; ***<0.001).

Time PBS pHS pH7.4 pH9 H:0 Gluc 0.5 Gluc$s Gluc 50
0.5h 18+ 4 205 253 35£30 42128 37+4 389 38+11
1h 319+13 11+4 41+3 60219 63+12 61£3 61£13 62+ 14
1.5h 41+3 13+4 S0+S 77+ 4 na. 761£1.5 78+11 77+18
2h 455 14+3 54+6 82+10 75+7 865+19 90£1S 85+17
3h 52720 14+3 565 90+ 10 82+6 92.7+06 97+ 14 87+16
18h 61%6 13+4 60£6 124+ 16 118+5 105+6 106 £13 88+ 14
24h 65%6 10+4 63%S 138+8 129+18 1119 114+ 14 87+15
4 days 86t 16 11+5 97+10 -S7+24 na. 157+ 14 117+ 16 7013
7 days 84+ 14 0£50 102+ 30 na. 183 +25 180+ 30 117+17 43+18
11 days 86+ 19 62+17 95+ 37 na. na. 170+ 23 116 £25 31+28
14 days 89+9 na. 90+22 na. 189+£23 156 £ 24 91+4 44+ 14
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Figure S 8. Swelling behavior of hydrogels in solutions with varying (a) pH and (b) glucose concentrations over 14 days, with
magnification of the first 4 hours on the left; PBS and deionized water are used as controls. In neutral media, hydrogels exhibit
stable swelling (80-100%) without degradation, while in basic and acidic environments degradation occurs after
approximately 3 and 7 days, respectively. In glucose-containing solutions, a higher swelling degree is observed compared to
glucose-free controls, although the initial swelling rate appears largely independent of glucose concentration. In contrast,
higher pH values result in a more rapid initial swelling.
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