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Modified Core-shell Model Structure 

 

Figure S1. Schematic representation of (a) the multilayer liposome, and (b) lipid multilayers illustrating the 

number of bilayers, 𝑁, the radius of the core, 𝑟𝑐, the thickness of the individual shells, 𝑡𝑠, the thickness 

of the interleaved solvent layers, 𝑡𝑤, the thickness of the lipid head, 𝛿𝐻, the thickness of the lipid tail region, 

𝛿𝑇 and the lamellar repeat distance, 𝑑, of bilayers. 

 

Vesicle Preparation  

 

Figure S2. Schematic diagram depicting the steps of vesicle preparation. 
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Dynamic Light Scattering (DLS) 

 

 

Figure S3. A) Intensity autocorrelation function of DOPC 5wt% vesicles with varying d-C18-d-PEO4 pol-

ymer concentrations. The solid lines represent the single diffusion fit (equation 17). B) Distribution of 

diffusion coefficients for DOPC 5 wt% vesicles with different d-C18-d-PEO4 polymer concentrations (0, 

0.25, 0.5, and 1 wt% from left to right). The results are tabulated in Table S1. 

Table S1. Dynamic light scattering results of DOPC 5 wt% vesicles with varying d-C18-d-PEO4 polymer 

concentration. (log-normal size distribution, diffusion coefficient, 𝐷𝑡, and hydrodynamic radius, 𝑅ℎ, anal-

ysis).   

Samples with 5wt% 

DOPC + d-C18-d-PEO4 

Log-normal size distri-

bution (fit) %  

𝐷𝑡  10-12 

(m2s-1)  

Hydrodynamic radius  

𝑅h (nm) 

0 wt%  50.2  0.5 2.29  0.02 60  2 

0.25 wt%  48.2  0.5 2.17  0.02 62  2 

0.5 wt%  49.8  0.5 2.22  0.02 61  2 

1 wt%  49.5  0.5 1.98  0.02 68  2 
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Cryo-TEM images and Analysis 

 

Figure S4. Additional Cryo-TEM images of liposomes in a mixture of 0.25 wt% DOPC and 1 wt% of d-
C18-d-PEO4 solutions. 

   

Log-normal Distribution 

For the analysis of the data in the SAXS, SANS, cryo-TEM Data, we used a log-normal 

distribution given by: 

𝑠(𝑟) =  
1

𝜎𝑟√2𝜋
exp (−

[ln(𝑟 𝑅median⁄ )]2

2𝜎2
) 

where 𝑅median refers to the radius of the particle and, 𝜎 is the standard deviation repre-

senting the polydispersity, 𝜎 × 100 %. 

 



S5 
 

 

Figure S5. Cryo-TEM images of DOPC / d-C18-d-PEO4 MLVs formed above and below the CMC of polymer 

a) 0.125 wt% DOPC vesicles b) DOPC+0.25 wt% polymer c) DOPC+0.5 wt% polymer d) DOPC+0.03 wt% 

polymer e) DOPC+0.06 wt% polymer (d-C18-d-PEO4 CMC = 0.1 wt%) Scale bar = 200 nm 

Viscosity 

We used a 20 mm stainless steel cone-plate geometry in Peltier set-up of an AR-2000 

rheometer to determine the viscosity at ambient temperature.  

 

Figure S6. Flow curves illustrating the viscosity as a function of shear rate measured in multiple runs on 

5 wt% DOPC in aqueous (D2O) solutions. 
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SAXS contrast 

 

Figure S7. Average X-ray scattering length density (XSLD) as a function of (i) polymer hydrophobic (d-

C18) to lipid (DOPC) head fraction, (ii) polymer hydrophilic (d-PEO4) to lipid (DOPC) tail fraction, and (iii) 

polymer (d-C18-d-PEO4) to lipid (DOPC) fraction. The horizontal line represents the XSLD of D2O. The 

vertical lines show zero contrast (or contrast match conditions) for hypothetical polymer-to-lipid ratios of 

20 % (dC18-d-PEO4/DOPC mixture), 53 % (d-PEO4/DOPC-tail), and 74 % (d-C18/DOPC head) with D2O.  

SANS data 

 

Figure S8. (a) SANS intensity from Figure 3 in the paper. (b) Corresponding residuals normalized by the 

experimental errors of SANS data. ULV model is compared for with and without polymer (0 wt% and 1 wt%) 

and MLV model is used for 1 wt. 

The residuals for each data point, i is given by 𝑅𝑖 =  (𝐼(𝑄)𝑖 − 𝑚𝑜𝑑𝑒𝑙𝑖)/𝑒𝑟𝑟𝑜𝑟𝑖. Here the 

intensity is plotted in logarithmic scale as shown in figure S8 (a), along with the error bars. 

The solid lines represent the model. 
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Figure S9. SANS data on D2O solutions with 0.25 wt% DOPC in D2O solution, and 5 wt% of h-C18-h-PEO4, 

and the blend of the two solutions.  The black solid line represents the sum of the intensities of the 0.25 

wt% DOPC, and 4.7 wt% of h-C18-h-PEO4 solutions 

As shown in Figure S9, (5 - 4.7) = 0.3 wt% h-C18-h-PEO4 interacts with 0.25wt% DOPC 

vesicles, which results in the molecular ratio of DOPC: polymer = 5:1, whereas in figure 

3 in the paper when 1 wt% d-C18-d-PEO4 interacts with 5wt% DOPC vesicles, the molec-

ular ratio of DOPC: polymer = 31:1. The calculations are shown below. 

 

Calculations lipid polymer interaction ratio 

Molecular weights (Mw), DOPC: 786 g/mol, hC18-h-PEO4: 4900 g/mol, d-C18-d-PEO4: 

4850 g/mol 

These calculations for 𝑁 =  1 and 2 assume that only the outer leaflet of the outer bilayer 

of the vesicle is interacting with the polymers.  

 
Table S2. Calculations for interacting lipid to polymer ratios 

Cases Interacting molecular ratio in 1 mL solution 

DOPC : h-C18-h-PEO4 

(0.25wt% : 0.3 wt%)  

 DOPC : d-C18-d-PEO4 

 (5wt% : 1 wt%) 

Total DOPC to polymer 1.91 × 1018: 3.68 × 1017= 5: 1 3.83 × 1019: 1.24 × 1018=31: 1 

𝑁 = 1 (2 lipid layers) 

outer leaflet* 

9.57 × 1017: 3.68 × 1017 = 3: 1 1.91 × 1019: 1.24 × 1018 = 15: 1 

𝑁 = 2 (4 lipid layers) 

outer leaflet 

6.95 × 1017: 3.68 × 1017 = 2: 1 1.39 × 1019: 1.24 × 1018 = 11: 1 

   * Assuming both layers have same lipid amount 
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Therefore, all polymers are inserting to lipid vesicles in the 5wt% DOPC + 1wt% d-C18-d-

PEO4 sample since the maximum interacting amount (5.6 wt% d-C18-d-PEO4) has not 

been reached. 

 

SAXS data 

 

 
Figure S10. SAXS data for 5 wt% DOPC mixed with 0% to 2.5 wt% of d-C18-d-PEO4 polymer dispersed 

in D2O. The calculated form factor data for 0.25 wt% DOPC mixed with 0% d-C18-d-PEO4 polymer is 

included for comparison. 

 

 

Figure S11. The Caille lamellar structure factor S(Q) calculated from SAXS data for 5 wt% DOPC 

mixed with 0% to 5 wt% of d-C18-d-PEO4 polymer in D2O. The S(Q) data are calculated by dividing 

each of the 5 wt% DOPC-polymer data by the 0.25 wt% DOPC data from Figure S10.  
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NSE data 

 

Figure S12. Linear-linear representations of the normalized dynamic structure factor, S(Q,t)/S(Q), as a 

function of Fourier time, t, for different Q’s, on the blend of DOPC and 1 wt% of d-C18-d-PEO4 in D2O 

solutions. Temperature is 20C. The same data sets are analyzed by fits using the (a) Zilman Granek 

model (equation 13 in the manuscript) and (b) the multiplicative model, which includes translational dif-

fusion of the liposome, Zilman-Granek undulations, and confined motion of the hydrocarbon tails. The 

error bars representing one standard deviation. 
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The Zilman-Granek (ZG) decay rate as a function of momentum transfer, 𝑄, is presented 

in Figure S13. 

 

Figure S13. Variation of ZG decay rate, ΓQ, as function of 𝑄 for different d-C18-d-PEO4 polymer concen-

tration. The ZG decay rate, ΓQ, was determined using the multiplicative model. Without the multiplicative 

model the flat region in the curve is higher by 7.6%.  

 

 

Figure S14. Hypothetical influence of (partial) contrast matching of the lipid tails on the mean square 

displacement, 〈𝛥𝑟(𝑡)2〉, vs. Fourier time, 𝑡. From the analysis using the Gaussian assumption at 𝑄 = 

0.076 Å-1. The highlighted region indicates the contrast dependence of the cross-over region from ZG to 

𝑡0.26 power-law dependence of MSD.  

 



S11 
 

Neutron Contrast 

 

Figure S15. Neutron Scattering Length Density of hydrophobic tail region of bilayer with inserted fraction 

of d-C18 chains Horizontal line: NSLD of D2O for reference Vertical arrow (red): indicates the molar frac-

tion of deuterated tails required to match contrast with D2O which is 0.98 or 98%. At 5wt% DOPC mixed 

with 1wt% d-C18-d-PEO4 fraction of deuterated tails may range between 0.02-0.08 which is significantly 

lower than the required contrast matching conditions for lipid bilayer 

 


