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XRD analysis of mannitol’s polymorphic states 

The crystallization of mannitol is influenced by the manufacturing conditions and has been 

discussed in the literature1–3. In fact, the various mannitol anhydrous polymorphs (α, β, and δ) show 

different thermodynamic stability, which can have an impact on the final features of the active 

pharmaceutical ingredients. The thermodynamically stable form of mannitol is the β polymorph, 

while the α and δ polymorphs are metastable1. Thus, controlling the crystallization of mannitol is 

fundamental to guarantee the stability of lyophilized drugs. For this reason, we investigated the effect 

of TBA and Tween 80 on mannitol polymorphs’ formation. Table S1 shows the results of the XRD 

characterization for the lyophilized mannitol formulations, as listed in Table 1, produced following 

the freeze-drying protocol described in Table 2 (see manuscript), although without any proteins. 

Formation of δ-mannitol with traces of α- and β- for Mo and Mo* formulations was observed, while 

for formulations M and M* both δ- and β- forms were detected. The corresponding XRD patterns are 

reported in Figures S1 and S2. The addition of TBA to mannitol formulations promoted the formation 

of the δ-form, in agreement with reports in literature4,5. 

 

Table S1. Mannitol polymorphs observed in the lyophilized products. 

Code Formulation Mannitol polymorphs 

M 5% w/w Mannitol δ and β 

M* 5% w/w Mannitol + 0.01% w/v Tween 80 δ and β 

Mo 5% w/w Mannitol + 20% w/w TBA δ with traces of α and β 

Mo* 5% w/w Mannitol + 20% w/w TBA + 0.01% w/v Tween 80 δ with traces of α and β 



 

Figure S1. XRD pattern of freeze-dried mannitol (M, as indicated in Table 1 of the manuscript) and mannitol’s 

anhydrous polymorphs reference spectra (α, β and δ). 

 

 

Figure S2. XRD pattern of freeze-dried mannitol formulations as indicated in Table 1 of the manuscript.  

 



Development of a TBA Force Field 

The Kirkwood Buff Integrals6 (KBIs, see Eq. 1 of the manuscript) computed for both the original and 

modified van der Vegt parameterizations of TBA (sims. type 1 of Table 3, see manuscript) are shown 

in Figure S3. Although Di Pierro et al.7 improved the Lee and van der Vegt8 description of TBA-TBA 

interactions, which are expressed as the TBA-TBA Kirkwood-Buff Integral GTT (Figure S3a), their 

model cannot reproduce the negative sign of the experimental GTT at the lowest concentration. For 

this reason, we here implemented a modified parameterization for the nonbonded interactions of 

TBA’s oxygen atom with its carbon atoms, named TBAff. We observed that the TBAff description 

accurately predicted the TBA-TBA interactions in the case of SPCE9/combination rule 1 parameters, 

whereas the CHARMM TIP3P10/combination rule 2 description was inaccurate at low concentrations, 

which are, unfortunately, the range of interest of this study. Similarly, Figure S3b shows the TBA-

water interactions, evaluated in terms of the TBA-water Kirkwood-Buff integral GTW, which were 

accurately described by the SPCE/combination rule 1 but rather poorly by the CHARMM 

TIP3P/combination rule 2 parameterization. Instead, Figure S3c shows that the two TBAff 

descriptions for the water-water interactions, evaluated in terms of the water-water Kirkwood-Buff 

integral GWW, show fluctuations.  

Overall, the SPCE/combination rule 1 parametrization approximated the experimental KBIs 

quite well, while the CHARMM TIP3P/combination rule 2 parameterization was inaccurate at low 

concentrations. The simulations of the same systems with larger boxes (8 nm edge) confirmed the 

results observed for the smaller systems. Despite the shortcomings of the CHARMM 

TIP3P/combination rule 2 parameterization, we presented its results as they could still provide 

valuable qualitative information concerning the TBA behavior and a term for comparison. 



 

Figure S3. KBIs for the TBA-water mixtures corresponding to simulations 1a-f (see Table 3 of the 

manuscript). GTT, GTW, and GWW refer to TBA-TBA, TBA-water, and water-water interactions, respectively. 

The ‘EXP’ label refers to experimental data from Nishikawa et al.11, ‘Lee and van der Vegt’ indicates the 

original Lee and van der Vegt description8, while the ‘CHARMM TIP3P_cr2’ and ‘SPCE_cr1’ labels indicate 

the data obtained from our modified van der Vegt parameterizations. The labels ‘S’ and ‘L’ refer to the systems 

of size 4x4x4 nm and 8x8x8 nm, respectively. 



Myoglobin setup 

The molecular structure of myoglobin was obtained from the RCSB PDB data bank12, PDB code 

1WLA13. The protein conformation at pH 3.7 was then obtained from the H++ server14, resulting in a 

charge equal to +10, which was balanced by the addition of a corresponding number of Cl- 

counterions. Mb was described using both the CHARMM36m15 force field in combination with 

CHARMM TIP3P water and the GROMOS 54a716–18 force field with SPCE water. To assess if the 

resulting structures were equilibrated, a simulation in water was performed, as detailed in the 

corresponding section of the manuscript (Simulation of Myoglobin Formulations). 

The time profiles of RMSD (root mean square deviation) were evaluated for both topologies. The 

RMSD profiles for Mb’s peptide backbone were computed with the gmx rms built-in Gromacs 

command. Specifically, the reference structure was the structure resulting from the removal of the 

heteroatoms and the charge adjustment to reproduce the conformation at pH 3.7. Such profiles are 

reported in Figure S4. Thus, it could be observed that the structures were equilibrated throughout the 

simulation, as the RMSD fluctuations over time were limited after the initial 20 ns. 

Figure S4. RMSD time profiles for myoglobin’s peptide backbone comparing the two force field descriptions, 

namely CHARMM36m force field in combination with CHARMM TIP3P water and the GROMOS 54a7 force 

field with SPCE water. 

 

 



RMSD time profiles for myoglobin’s formulations 

To verify that the simulation setup was adequate to observe the onset of any unfolding/denaturation 

behavior, as well as long enough to obtain equilibrated configurations, the RMSD time profiles were 

computed for the peptide backbone of Mb. To do so, firstly the simulations of Mb in bulk water 

without excipients were used to extract the reference structure for the computation of the RMSD 

profiles. Specifically, the gmx cluster built-in Gromacs command was used, using the Daura 

algorithm19. The mean structure of the prevalent structure cluster was extracted and hence used as 

reference. The procedure was performed for both force field descriptions of Mb. It was then possible 

to compute the RMSD time profiles with such structures as reference. An example of such profiles is 

reported in Figure S5, where the RMSD time profiles were reported for systems containing Mb 

without excipients (corresponding to sims. 2a, 3a, 4a, 5a of Table 3 of the manuscript).  

Figure S5. RMSD time profiles for Mb’s peptide backbone comparing the two force field descriptions, namely 

CHARMM36m force field in combination with CHARMM TIP3P water (panel a) and the GROMOS 54a7 



force field with SPCE water (panel b). The four cases reported in the legend box correspond to the sims. 2a, 

3a, 4a, 5a of Table 3 of the manuscript. 

Overall, the trend of the RMSD values is in agreement with the radius of gyration ones, presented in 

the following section and discussed in the manuscript (see the ‘TBA Denatures Myoglobin in 

Molecular Dynamics Simulations’ section). Thus, it could be concluded that the onset of denaturation 

was observed throughout the simulations, as the values of RMSD were higher whenever TBA and/or 

interfaces were present, and that the observed conformational state of Mb was equilibrated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Radius of gyration values for myoglobin’s simulations 

In this section, the time-averaged values of the radius of gyration for all myoglobin’s simulations are 

reported. The time average was computed over the last 80 ns of the simulations. 

 

Table S2. Time-averaged values of the radius of gyration of myoglobin for all systems, and associated standard 

deviation (std. dev.). 

 
Average Radius of Gyration (std. dev.), nm 

 
Aqueous Bulk Air-Water Interface 

 
0% w/w TBA 20% w/w TBA 0% w/w TBA 20% w/w TBA 

 
CHARMM36m 

Myoglobin 1.550 (0.011) 1.612 (0.018) 1.563 (0.012) 1.581 (0.021) 

HPβCD 1.543 (0.012) 1.583 (0.013) 1.548 (0.010) 1.576 (0.012) 

Mannitol 1.564 (0.016) 1.573 (0.013) 1.544 (0.009) 1.588 (0.013) 

Sucrose 1.552 (0.011) 1.618 (0.027) 1.559 (0.012) 1.595 (0.033) 

 
GROMOS 54a7 

Myoglobin 1.533 (0.010) 1.599 (0.019) 1.541 (0.017) 1.598 (0.012) 

HPβCD 1.539 (0.010) 1.626 (0.013) 1.545 (0.010) 1.648 (0.013) 

Mannitol 1.526 (0.009) 1.568 (0.007) 1.536 (0.009) 1.587 (0.017) 

Sucrose 1.520 (0.006) 1.582 (0.010) 1.560 (0.009) 1.573 (0.008) 

 

 

 

 

 

 

 

 

 

 

 



Solvent accessible surface area values for myoglobin’s simulations 

In this section, the time-averaged values of the hydrophobic fraction of solvent accessible surface 

area for all myoglobin’s simulations are reported. The time average was computed over the last 80 ns 

of the simulations. 

 

Table S3. Time-averaged values of the hydrophobic fraction of myoglobin’s solvent accessible surface area 

for all systems, and associated standard deviation (std. dev.). 

 Fraction of Hydrophobic Solvent Accessible Surface (std. dev.), % 

 Aqueous Bulk Air-Water Interface 

 0% w/w TBA 20% w/w TBA 0% w/w TBA 20% w/w TBA 

 CHARMM36m 

Myoglobin 49.88 (1.09) 52.79 (1.11) 50.42 (0.93) 51.69 (1.09) 

HPβCD 50.61 (1.06) 52.00 (1.22) 50.05 (0.97) 52.15 (1.08) 

Mannitol 50.67 (1.15) 52.86 (1.06) 49.02 (0.99) 52.07 (1.03) 

Sucrose 50.21 (1.16) 53.01 (1.13) 50.96 (1.19) 52.94 (1.58) 

 GROMOS 54a7 

Myoglobin 42.71 (1.08) 44.92 (0.97) 43.32 (1.04) 45.74 (1.07) 

HPβCD 42.39 (1.01) 47.07 (0.83) 42.07 (1.00) 47.49 (1.11) 

Mannitol 41.16 (0.78) 43.96 (0.77) 40.57 (0.80) 45.19 (0.96) 

Sucrose 41.62 (1.00) 46.08 (1.08) 41.67 (0.85) 45.44 (0.89) 

 

 

 

 

 

 

 

 

 

 



β-parameter profiles for myoglobin’s formulations at the air-water interface 

 

Figure S6. β-parameter profiles for the various formulations containing Mb at the air-water interface, 

corresponding to simulations from 4b to 5d of Table 3 of the manuscript. Left column: Mb parameterized with 

the CHARMM36m force field. Right column: Mb parameterized with the GROMOS 54a7 force field. The 

legend box indicates the excipients in solution, if any. Panels a and d: profiles for the excipients at the A/W 

interface, simulations 4b-4d. Panels b and e: profiles for the excipients at the A/W interface, with 20% w/w 



TBA in solution, simulations 5b-5d. Panels c and f: profiles for TBA at the A/W interface, with 20% w/w TBA 

in solution, simulations 5a-5d. 

 

 

Density profiles for myoglobin’s formulations at the air-water interface 

 



Figure S7. Dimensionless density profiles for excipients and TBA at the A/W interface, corresponding to 

simulations from 4b to 5d of Table 3 of the manuscript. Left column: Mb parameterized with the 

CHARMM36m force field. Right column: Mb parameterized with the GROMOS 54a7 force field. The legend 

box indicates the excipients in solution, if any. Panels a and d: profiles for the excipients at the A/W interface, 

simulations 4b-4d. Panels b and e: profiles for the excipients at the A/W interface, with 20% w/w TBA in 

solution, simulations 5b-5d. Panels c and f: profiles for TBA at the A/W interface, with 20% w/w TBA in 

solution, simulations 5a-5d. 

 

 

Figure S8. Dimensionless density profiles of myoglobin at the A/W interface, corresponding to simulations 

from 4a to 5d of Table 3 of the manuscript. Left column: Mb parameterized with the CHARMM36m force 

field. Right column: Mb parameterized with the GROMOS 54a7 force field. The legend box indicates the 

excipients in solution, if any. Panels a and c: profiles for myoglobin at the A/W interface, simulations 4a-4d. 

Panels b and d: profiles for myoglobin at the air-water interface, with 20% w/w TBA, simulations 5a-5d.  



Accumulation of TBA molecules around myoglobin’s surface 

  

Figure S9. Representation of TBA molecules accumulating in proximity of myoglobin’s surface. Snapshot 

realized with Visual Molecular Dynamics 1.9.3 (VMD)20. 



 

Figure S10. Representation of the peptide residues around which TBA molecules accumulate. Color code: 

blue, positively charged residues; red, negatively charged residues; green, polar residues; yellow, non-polar 

residues. The labels refer to the corresponding type of simulation (see Table 3 of the manuscript). The first 

two rows refer to results obtained with the CHARMM36m15 description of myoglobin, while the last two rows 

refer to the GROMOS 54a716–18 description. Snapshots were realized with Visual Molecular Dynamics 1.9.3 

(VMD)20. 
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