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a challenge. In this study, an analytical model was developed to predict the PDI of liposomes, offering a cost-effective
and time-saving alternative to conventional experimental methods such as dynamic light scattering (DLS). The
proposed model is grounded in the Gibbs free energy framework, incorporating the bending energy of phospholipid
bilayers, the free edge energy, and entropic effects arising from the configurations and dispersion of phospholipid
molecules in aqueous solution. Consequently, this analytical framework provides higher accuracy in calculating PDI
compared to previous models that neglected entropic contributions. To validate the formulated model, a micromixer
was designed and fabricated for liposome production. The synthesized liposomes were characterized using a Zetasizer
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Fig. 2 Schematics of liposome structures and a phospholipid molecule
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Fig. 4 Schematic of the micromixer used in this study
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Table 1 Summary of assumptions made in the analytical model
Assumptions Description
YCnpr =0 The absence of free edges in liposomes
The height of the spherical structures (liposomes) is equal

h = 2R to twice their radius
ke = =k Based on the model by Hu et al [V¢]
ky = c,KgT Based on the model by Doktorova et al [Y0]
L. =+/B/ky Based on the model by Huang et al [Y'Y]
m = 8rR2/ A, Resulting from the equality of the area of a phospholipid

bilayer and a liposome
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Table 2 Geometric dimensions of the designed micromixer

Parameter Value
Ay, Ay As 0.3 mm?
Ly 26 mm
L, 26 mm
L3 40 mm
a 90°
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Fig. 8 Adjusting the required volumetric flow rates on the pumps
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Table ¥ Values of parameters in Eq. (6)

Total Lipid Total Lipid
Parameter Symbol Concentration Concentration
10 mM 20 mM
Headgroup area Ay 0.6 nm? 0.6 nm?
Critical tail length b 0.6 nm? 0.6 nm?
Constant [ 243 24.3
Total number of lipid molecules N 3.01 x 10'8 6.02 x 108
Volume fraction of lipid molecules [} 0.0015 0.003
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Results

Diam. (nm) % Number Width (nm)
Z-Average {(d.nm): 173.1 Peak 1: 1101 100.0 47.22

Peakz 0000 00 0000

Intercept: 0.934 Peak 3; 0.000 0.0 0.000
esult quality : Good

J Size Distribution by Number
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Resuilts
Dlam, (nm) % Number  Width (nm)
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H Peak 3: 0.000 0.0 0.000
esult quality : Good
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Fig. 9 Size distribution of liposomes as provided by the Zetasizer
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Table 4 Comparison of experimental results with the PDI predicted by the
analytical model for validation
PDI for total lipid PDI for total lipid
concentration of concentration of

10 mol/m3 20 mol/m3
Experimental results 0.166 0.186
Analytical Model results 0.182 0.205
Relative error 8.91% 10.52%
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