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Table S1. Repulsion parameters (aij) of IM1, IM2, and IM3 with water and acetic acid beads; 

For IM2 and IM3, backbone beads were treated same as Gly amino acid bead. Note that Arg 

and Lys have two side chain beads, and number means attached order of beads from 

backbone beads (i.e., backbone bead-Arg1-Arg2 and backbone bead-Lys1-Lys2)  

 

 Water Acetic acid 

Amino acids IM1 IM2 and IM3 IM1 IM2 and IM3 

Ala 161.35 79.8 169.97 83.8 

Arg1 

Arg2 
160.47 

115.4 

91.9 
158.38 

88.8 

83.1 

Asn 158.53 100.7 162.81 80.2 

Cys 158.39 113.4 161.96 91.0 

Gln 158.49 101.6 159.97 81.9 

Glu 272.67 91.9 311.26 79.9 

Gly 191.58 86.0 213.68 85.7 

His 160.18 108.0 158.43 79.2 

Ile 168.71 115.0 160.73 87.7 

Leu 168.49 115.5 160.62 88.4 

Lys1 

Lys2 
190.67 

115.4 

98.0 
212.5 

88.8 

82.4 

Phe 173.06 108.6 163.01 85.5 

Pro 162.15 111.6 158.41 81.9 

Ser 165.83 84.9 177.8 91.1 

Thr 158.39 88.3 160.41 88.4 

Tyr 166.15 96.4 159.59 86.2 

Val 163.18 115.4 158.61 88.8 

 

  



Table S2. Repulsion parameters (aij) of IM3 with capsule component (i.e., PIBCA, oil, 

surfactant, and ethanol) beads; Note that repulsion parameters for backbone bead are same as 

those for Gly amino acid bead.   

 

Amino 

acids 
IBCA 

(hydrophilic) 
IBCA 

(hydrophobic) 
Oil 

head 
Oil tail 

Surfactant 
(hydrophilic) 

Surfactant 
(hydrophobic) 

Ethanol 

Ala 78.9 88.3 81.5 88.3 79.8 79.4 79.8 

Arg1 

Arg2 

90.2 

78.6 

78.3 

88.3 

84.5 

80.9 

78.3 

88.3 

86.9 

80.7 

85.2 

80.0 

86.9 

80.7 

Asn 81.3 92.4 81.1 92.4 87.0 85.4 101.3 

Cys 85.3 86.2 78.8 81.5 87.6 85.1 87.6 

Gln 80.9 89.1 79.7 89.1 85.8 84.0 85.8 

Glu 78.7 87.1 81.2 87.1 80.1 79.4 80.1 

Gly 79.3 95.5 86.4 95.5 81.7 81.6 81.7 

His 83.2 86.9 79.3 86.9 87.7 85.5 87.7 

Ile 88.7 78.5 82.6 78.5 86.9 84.9 86.9 

Leu 89.9 78.3 84.0 78.3 87.0 85.1 87.0 

Lys1 

Lys2 

90.2 

80.5 

78.3 

82.6 

84.5 

78.3 

78.3 

82.6 

86.9 

80.7 

85.2 

79.6 

86.9 

80.7 

Phe 83.2 81.8 78.7 81.5 85.3 83.2 85.3 

Pro 84.3 81.9 78.5 81.9 86.9 84.5 86.9 

Ser 82.6 90.9 83.7 90.9 78.8 83.3 78.8 

Thr 81.4 86.9 80.0 86.9 78.3 78.5 78.3 

Tyr 79.2 86.2 79.3 86.2 81.9 80.6 81.9 

Val 90.2 78.3 84.5 78.3 86.9 85.2 86.9 

 



 

Figure S1. Probability distributions for bond, angle, and torsion for all-atom insulin model 

and IM3 in water solvent. Bond probability distribution for (a) helix, (b) turn, (c) coil, and (d) 

extended backbone types; Angle probability distribution for (e) helix, (f) turn, and (g) coil 

backbone types; (h) Torsion probability distribution of helix backbone type; Note that 

probability distribution of all-atom model was analyzed by using the center of mass of 

backbone atoms; Dashed and solid lines represent all-atom insulin model and IM3, 

respectively. 
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Table S3. Bond, angle, and torsion potential parameters for IM3; Torsion potential 

parameters were applied only in helix backbone beads. Phase factor and periodicity are d = -1 

and n = 3. 

 

 
req (Å) 

kbond (kcal/mol/Å2) 

θeq (˚) 

kangle (kcal/mol) 
ktorsion (kcal/mol) 

Extend 
3.5 

12 

134 

5.9751 
 

Helix 
3.2 

17.925 

90 

125 
47.8 

Turn 
3.4 

11 

97 

125 
 

Coil 
3.4 

7.5 

122 

17.925 
 

 

  



 
Figure S2. Initial system for structural analysis; (a) IM1 and (b) IM2 and IM3 in 20 % acetic 

acid solutions. Sky-blue and red colors represent water and acetic acid beads, respectively. 

Each of water and acetic acid was mapped into 1 bead, each of which included (a) 6 water 

molecules and 2 acetic acid molecules, and (b) 3 water molecules and 1 acetic acid molecule. 

Cubic cell systems of 150 Å × 150 Å × 150 Å for IM1 and 120 Å × 120 Å × 120 Å for IM2 

and IM3 were used and the total number of beads for each system were 18,750 and 19,200, 

respectively. Black dashed circle indicates insulin CG model; Note that the color scheme of 

each insulin CG model is the same as in Figure 1. 
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Figure S3. Initial system for investigating hydration and bond probability distribution of 

insulin; (a) IM3 and (b) all-atom insulin model in pure water solvent. Cubic cell systems of 

120 Å × 120 Å × 120 Å containing 19,200 beads and 60 Å × 60 Å × 60 Å containing 21,374 

atoms were used, respectively. Sky-blue and purple colors represent water and Na+ ion, 

respectively. Black dashed circle indicates insulin model; Note that the color scheme of each 

insulin model is the same as in Figure 1. 
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Table S4. The number of H-bondings per amino acid in all-atom insulin model and the 

number of water beads associated with amino acid in IM3 in water solvent. Note that the 

number of H-bondings and the number of water beads were counted within 3.5 Å and 5.5 Å, 

respectively. Water bead was counted in the range of first peak position (i.e., 5.5 Å) of radial 

distribution function between water and insulin. 

 H-bonding Water bead 

Ala 0.03 0.00 

Arg 3.29 2.00 

Asn 5.25 1.33 

Cys 0.73 0.83 

Gln 3.02 3.00 

Glu 5.62 4.25 

Gly 1.31 1.75 

His 3.86 1.00 

Ile 0.92 3.00 

Leu 0.35 1.83 

Lys 4.83 0.00 

Phe 2.23 2.67 

Pro 1.04 3.00 

Ser 2.49 2.67 

Thr 4.08 3.33 

Tyr 2.74 2.00 

Val 0.81 0.00 

 

  



Table S5. Insulin stability checked with varying PIBCA shell thickness (i.e., 2 nm and 3 nm) 

and ratio of water and ethanol beads (i.e., ratio of water:ethanol = 7:3, 7.5:2.5, 8:2, 9:1). ‘O’ 

means that insulin is stably loaded in PIBCA capsule and ‘X’ means that insulin diffuse out 

through the PIBCA wall. 

 

 7:3 7.5:2.5 8:2 9:1 

2 nm X - X - 

3 nm O X X X 

 

  



 

 
Figure S4. Schema for how the number of ethanol, which surround insulin, was counted. 

Radius of gyration (Rg) of insulin and interaction cutoff (Rc) was depicted by black and red 

dashed lines. Ethanol was colored by green and insulin was colored as shown in Figure 1. 
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Figure S5. (a) IM3 loaded PIBCA nanocapsule system after 120 ns simulation. Density map 

of (b) PIBCA and (c) oil in blue colored slice surface; Note that density map is shown above 

0.25 g/cc. Water, ethanol, and surfactant are not shown for clear view. 
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Figure S6. Radial distribution functions (g(r)) of IM3-oil (solid line) and IM3-PIBCA 

(dashed line) with or without surfactant. Blue and red colors indicate the system with and 

without surfactant, respectively. Inset figure shows dissected views of nanocapsules 

depending on the presence of surfactants. Black dashed circle indicates the location of insulin. 

Orange, red, cyan, and yellow colored beads represent PIBCA, oil, surfactant, and IM3, 

respectively. 
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