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S1. Composition optimization

In this section, a composition optimization of MC hydrogels was carried out. Such an optimization study was 
centred on the swelling behavior and the gelation temperature of MC hydrogels prepared with a Na2SO4 
concentration ranging from 100 to 200 mM. Based on the outcomes of this step, MC_150 (referred in the Main 
Text as MC) was selected as optimal for the envisioned application, and thoroughly characterized also in 
combination with CaP and CaPGO (MC-CaP and MC-CaPGO in the Main Text).

S1.1. Experimental

Swelling tests
The stability of the prepared gels was assessed in 1X PBS solution at 37 °C up to 28 days. At selected time points 
(1, 7, 14, 21, 28 days), the weight of the swollen samples (wt) was recorded and compared with the initial weight 
(w0), to calculate the swelling (SW %) of the samples according to Eq. (1):

𝑆𝑊 (%) =  
𝑤𝑡 ‒ 𝑤0

𝑤0
∗ 100 (1)

Tube inversion tests 
Tube inversion tests were carried out by placing aliquots (10 mL) of MC hydrogels into 50 mL Falcon tubes, 
increasing the sample temperature from 20 to 40 °C with thermal steps of 1 °C (10 min equilibration at each 
temperature step), and tilting the Falcon tube by 180° at each step to evaluate the temperature (i.e., Tgel) at 
which the MC gel did not flow.1

S1.2. Results

Swelling tests
A preliminary characterization was carried out on MC hydrogels at different Na2SO4 concentrations (100, 150, 
200 mM), with and without the addition of CaP and CaPGO powders (1% (w/v)), to select the optimal Na2SO4 
concentration. For the sake of simplicity, only data concerning CaP-loaded MC hydrogels (samples MC_X_CaP, 
with X = Na2SO4 mM concentration) and MC-hydrogels (samples MC_X, with X = Na2SO4 mM concentration) are 
reported in the following, since GO was found not to significantly affect swelling and gelation temperature (data 
not shown), as further confirmed by rheological analysis (see Main Text). 
As shown in Figure S1 A, all MC_X samples undergo a rapid water uptake, reaching the swelling equilibrium 
within 24 h, in accordance with previous findings on similar MC hydrogel formulations.2 Swelling (SW) values 
between 100 and 150 % are observed, except for the MC_100 sample, which shows SW values below 50 %. This 
difference can be attributed to the lower amount of dissolved salt ions. Indeed, it has been widely reported how 
ions (e.g., SO4

2-) can directly influence both the water uptake and the sol-gel transition of MC hydrogels.3,4 Such 
outcomes are also confirmed in terms of stability: MC_100 is the less stable sample, dissolving faster than 
MC_150 and MC_200 in a water environment. 
Regarding the CaP-loaded MC hydrogels, MC_100_CaP displays lower SW values at long swelling times 
compared with the other two formulations, undergoing complete dissolution within the end of the test (Figure 
S1 B). An increase in the SW values is observed on moving from MC_100_CaP to MC_150_CaP, while a further 
increase in Na2SO4 concentration (MC_200_CaP) seems to reduce the overall SW rate of the formulation. This 
phenomenon can be once again ascribed to the presence of salts in solution. In particular, the synergistic effect 
of Na2SO4 and CaP possibly leads to an overall salting out effect, influencing the water uptake of the hydrogels.2 
Moreover, formulation stability increases by increasing the Na2SO4 concentration, with MC_150_CaP and 
MC_200_CaP formulations resulting stable up to 28 days. 
Overall, these findings revealed a good stability in an aqueous environment for both MC and MC-CaP composite 
hydrogels, in line with literature data on injectable hydrogels for bone tissue engineering.5-7
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Figure S1 – Swelling tests in PBS solution at 37 °C for A) MC_X and B) MC_X_CaP formulations, where X indicates Na2SO4 mM 
concentration.

Tube inversion tests 
Tube inversion tests were performed to understand the influence of Na2SO4 and CaP concentrations on the 
gelation temperature (Tgel) of the formulations. An increase in Na2SO4 concentration leads to a decrease of Tgel 
from 39 °C for MC_100 to 32 °C for MC_200. As previously reported,8,9 Na2SO4 promotes the interactions among 
MC chains and the formation of a physical gel at lower temperatures. The addition of CaP (1 % (w/v)) results in 
slight or no shift of the Tgel of the composites, which was detected around 34 °C (as for MC_150 sample), 
probably due to the relatively low amount of calcium phosphates added in the gels.
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S2. Characterization of hydrogels

S2.1. Experimental

FT-IR investigations
For Fourier transform infrared spectroscopy (FT-IR) experiments, the hydrogel specimens were first frozen at -20°C, 
then freeze-dried (-40 °C, < 0.5 mbar). FT-IR analysis was carried out on KBr disks using a Varian 640-IR spectrometer 
(Agilent Technologies, Santa Clara, CA, USA), in the spectral window 400-4000 cm-1 (4 cm-1 resolution, 64 scans per 
sample, N2 atmosphere).

Simulated body fluid (SBF)
Mineralization tests were performed by immersing the samples in Simulated Body Fluid (SBF), prepared according to 
the protocol described by Kokubo et al.10 All reagents were purchased from Merck (Merck Life Science S.r.l., Italy) and 
used without further purification. For 1 L of SBF solution, 0.5 L of Millipore water was heated at 37 °C in a polypropylene 
beaker. The reagents listed in Table S1 were then added in the order reported. 1 M HCl (reagent n° 10) was added 
dropwise until a pH of 7.4 was reached. Lastly, the volume of the obtained solution was brought to 1 L. The SBF solution 
was stored in a refrigerator (4 °C) until used.

Table S1 – SBF composition. Reagents were added in the order reported in the table.
Order of addition Reagent Weight/volume for 1L of SBF
1 NaCl 8.035 g
2 NaHCO3 0.355 g
3 KCl 0.225 g
4 K2HPO4 ⋅ 3H2O 0.231 g
5 MgCl2 ⋅ 6H2O 0.311 g
6 HCl (1M) 39 mL
7 CaCl2 0.292 g
8 Na2SO4 0.072 g
9 Tris 6.118 g
10 HCl (1M) 0-5 mL

Rheology: amplitude sweep tests
Amplitude sweep tests were carried out on each formulation to identify the linear viscoelastic region (LVR) by applying 
an oscillatory strain (γ) in the 0.01 – 10 % range, setting a 1 Hz frequency (ν), at 20 and 40 °C. 

S2.2. Results

FT-IR investigations
FT-IR spectroscopy was employed to examine the inclusion of CaP and CaPGO powders in the composite hydrogel. To 
enhance the visibility of the spectral peaks, the spectra were divided into two specific regions: 400-1000 and 1200-4000 
cm-1. This division was implemented to prevent the interference of Na2SO4 peaks at 1126 cm-1, which could otherwise 
hinder the analysis of peaks related to the inorganic phases. Peaks due to the inorganic phases are visible in the spectra, 
in particular at 670, 835, 950 cm-1 for phosphate groups and at 1380 cm-1 for carbonate groups. These results showed a 
good integration of the powders in the gels, as underlined by the appearance of the characteristic peaks of these 
materials, in line with what emerges from the literature.11,12 
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Figure S2 – FT-IR spectra of MC, MC-CaP, and MC-CaPGO formulations. For the sake of clarity, the spectra were divided in two regions: 
400-1000 and 1200-4000 cm-1.

Rheology: amplitude sweep tests
Shear strain tests were conducted to determine the Linear Viscoelastic Region (LVR) of the samples at two distinct 
temperatures, 20 and 37 °C (Figure S3). All the samples exhibit a linear viscoelastic behavior up to 10 % strain. At 20 °C, 
all samples display a liquid-like behavior, with loss modulus (G") higher than the storage modulus (G') for all the tested 
formulations. Conversely, at 37°C, a solid-like behavior can be observed, with G’ > G’’. Such a behavior indicates that 
the sol-gel transition of MC hydrogels, for the three formulations, occurs at temperatures between 20 and 37 °C (as 
already revealed from tube inversion tests, see above). The inclusion of inorganic powders in the hydrogel resulted in a 
slight increase of both G’ and G’’, indicating an increased gel strength.5

A1) A2) A3)

B1) B2) B3)

Figure S3 – Amplitude sweep tests: at 20 °C for A1) MC, A2) MC-CaP, and A3) MC-CaPGO formulations, at 37 °C for for B1) MC, B2) MC-
CaP, and B3) MC-CaPGO formulations. The tests were carried by applying an oscillatory shear strain (γ) in the 0.01 – 100 range, ν = 1 
Hz.
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S3. Characterization of CaP and CaPGO powders

S3.1. Experimental

SSNMR measurements
SSNMR spectra were recorded on a Bruker Avance Neo spectrometer working at Larmor frequencies of 500.13, 
125.77 and 202.46 MHz for 1H, 13C, and 31P, respectively, using a triple-resonance Magic Angle Spinning (MAS) 
probe head accommodating rotors with an external diameter of 2.5 mm. 31P Direct Excitation (DE) MAS spectra 
were recorded under high-power decoupling from 1H nuclei, using a recycle delay of 1000 s and 600 s for CaP 
and CaPGO, respectively. 31P Cross Polarization (CP) MAS spectra were recorded using a contact time values of 
0.5 ms and a recycle delay of 10 s. 1H MAS spectra were recorded with a DE pulse sequence, using a recycle delay 
of 80 s and 40 s for CaP and CaPGO, respectively. The 1H-31P HETCOR spectrum was recorded with FLSG during 
t1, 64 increments in the second dimension, with a dwell time of 76 μs and a contact time of 2 ms. For each 
increment, 16 transients were accumulated. 13C DE-MAS spectra of GO and CaPGO were recorded using a recycle 
delay of 10 s and accumulating 400 and 31300 transients for GO and CaPGO, respectively. All spectra were 
recorded at a MAS frequency of 20 kHz, using air as spinning gas, at room temperature. The chemical shift scale 
was referenced to the signal of adamantane at 38.48 ppm for 13C and calculated from the same value for all 
other nuclei, using the unified scale recommended by IUPAC.

S3.2. Results

A preliminary characterization of the phosphate containing phases present in the CaP and CaPGO powders was 
performed by 1H and 31P SSNMR experiments in order to establish relationships with the composition of the 
phases formed in the hydrogels’ mineralization. Moreover, 13C SSNMR was applied to investigate the GO 
structure in CaPGO.
In Figure S4 (A,C) quantitative 31P DE-MAS NMR spectra of CaP and CaPGO are shown. The spectrum of CaP 
shows three main peaks at chemical shifts of -1.1, 0.5, and 3.2 ppm, which, based on the literature, can be 
assigned to monetite (-1.1 and 0.5 ppm)13-15 and crystalline hydroxyapatite (3.2 ppm)16,17. The observation of 
two peaks for monetite (CaHPO4) in a 1:1 integral intensity ratio arises from the presence of two inequivalent P 
atoms (P1 and P2) in the crystal structure.13,15 It must be mentioned that a minor peak is present at about 1.5 
ppm, which could be due to a small amount of hydrated monetite. On the other hand, hydroxyapatite 
(Ca10(PO4)6OH2) shows only one peak, in agreement with the presence of a sole kind of P atom in its structure. 
This assignment is also confirmed by the comparison between 31P DE and CP-MAS spectra (Figure S4). In fact, in 
the CP spectrum acquired with a short contact time (0.5 ms), to allow the selective observation of P atoms 
spatially close to H ones, the signal of hydroxyapatite is suppressed, in agreement with its structure. On the 
other hand, signals of monetite are clearly observed in the CP spectrum, with a relative enhancement of the 
signal at 0.5 ppm, in agreement with the short distance between P2 atoms and hydroxyl hydrogen atoms (d = 
2.2 Å).13,15 From the areas underlying the signals in the 31P DE-MAS spectrum, obtained through a spectral 
deconvolution, it is possible to quantify the relative amounts of P atoms in hydroxyapatite and monetite as 1:5. 
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Figure S4 – 31P MAS spectra of CaP (A,B) and CaPGO (C,D). Spectra A and C have been recorded with the DE pulse sequence, 
while B and D with the CP one. 

In the 1H MAS NMR spectrum of CaP (Figure S5 A), acidic hydrogens of monetite resonate at 14.1 and 16.4 ppm, 
in the expected intensity ratio of 1:2, and the signal of hydroxyapatite is observed at 0.45 ppm.13,17 Moreover, a 
quite broad peak ascribable to water likely interacting through hydrogen-bonds with the solid is observed at 5.3 
ppm, while the very narrow peak at 7.2 ppm arises from residual ammonium ions from the preparation. The 
very weak signal at 1.7 ppm can be ascribed to superficial -OH groups of monetite or hydroxyapatite.

Figure S5 – 1H MAS spectra of (A) CaP and (B) CaPGO. 

A 1H-31P HETCOR MAS NMR spectrum with a short contact time was also recorded (Figure S6) in order to observe 
cross-peaks from spatially close 1H and 31P nuclei. As expected, the HETCOR spectrum shows cross-peaks 
between 31P and 1H signals of monetite, while the cross-peak between the hydroxyapatite signals is quite weak.
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Figure S6 – 1H-31P HETCOR spectrum of CaP.

As far as CaPGO is concerned, in the 31P DE-MAS NMR spectrum (Figure S4 B,D) only the signals of monetite are 
observed, while the peak at 3.2 ppm is not present, indicating that, differently from CaP, hydroxyapatite did not 
form in this sample. Accordingly, the 1H MAS NMR spectrum of CaPGO (Figure S5 B) shows the peaks of acidic 
hydrogens of monetite and a broad peak ascribable to water and residual ammonium. The 1H-31P HETCOR MAS 
NMR spectrum (not reported) displays cross-peaks between 1H and 31P signals of monetite. These results 
indicate that the presence of GO prevents the formation of crystalline hydroxyapatite, and this could be related 
to an interaction between phosphate or calcium ions and GO.18, 19 
Moreover, from the intensity of spectra recorded with different recycle delay values (not shown), a shortening 
of the spin-lattice relaxation times, T1’s, of both 31P and 1H nuclei is observed, which can be ascribed to the 
interaction between the nuclear spins and the spins of the GO unpaired electrons. This points to a good 
dispersion of GO in CaPGO.
We also recorded 13C DE-MAS NMR spectra of GO and CaPGO (Figure S7). The 13C spectrum of GO shows three 
main signals at about 63, 133 and 168 ppm, ascribable to C-OH/C-OR groups, aromatic moieties, and 
ester/carboxylic acid groups, respectively.20-24 In the 13C spectrum of CaPGO the intensity of the C-OH/OR peak 
decreases, while that of the ester/carboxylic peak increases, indicating a partial oxidation of GO. It must be 
noticed that a broad intense signal appears in the alkyl spectral region (0-50 ppm), which can be ascribed either 
to a reduction of GO or to impurities whose signals become visible since very many transients were accumulated. 
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Figure S7 – 13C DE-MAS NMR spectra of GO (A) and CaPGO (B). 
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