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ble Alpes, Saint-Martin-d’Héres, France and Department of Chemistry, Imperial College London,

London, UK

d Institute for Inorganic Chemistry, Graz University of Technology, Graz, Austria

e School of Medicine and Surgery, University of Milan Bicocca, Milan, Italy
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S1 Analysis of DLS measurements

According to Siegert’s relationship, the second-order auto-correlation function of the light intensity

measured by a DLS experiment for a suspension of monodisperse particles is

g2(τ)− 1 = e−2Dq2τ , (S1)

where q = (4π/λ)n0 sin(θ/2) is the modulus of light scattering vector, λ, n0 and θ being the light

wavelength, the solvent refraction index, and the scattering angle, respectively. By assuming a

Brownian motion of the particles caused by the movement of solvent molecules that surround them,

the translational diffusion coefficient, D, can be approximated by the Stokes-Einstein equation,

D =
kBT

6ηRH
(S2)
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where kB is Boltzmann’s constant, T the absolute temperature, η the viscosity of the solvent at T

and RH is the radius of sphere that best approximates the hydrated particle shape (hydrodynamic

radius). In the case of particles with polydisperse dimensions and assuming a simple Gaussian

distribution function of RH , the auto-correlation function becomes

g2(τ)− 1 =

∫ RH,ub

RH,lb

e−2Dq2τp(RH)dRH (S3)

where

p(RH) =
1

ZRH
e
−(RH−RH,max)2/(2ξ2RH,max

R2
H,max)

(S4)

In this equation, RH,lb = max{RH,max(1−pGξRH,max
), RH,min} and RH,ub = RH,max(1 +pGξRH,max

)

are the lower and the upper bounds of the integrals calculated on the basis of the dispersion ξRH,max
.

Notice that in these equations, RH,min is the minimum allowed value of the lower integration bound,

which cannot be negative. In our case we fixed RH,min = 50 Å. The normalization factor ZRH is

determined by the following equation

ZRH =

∫ RH,ub

RH,lb

e
−(RH−RH,max)2/(2ξ2RH,max

R2
H,max)

dRH

= (
√

2π(erf((RH,ub −RH,max)/(
√

2ξRH,max
RH,max)))

−erf((RH,lb −RH,max)/(
√

2ξRH,max
RH,max)))/2. (S5)

The integral in Eq. S3 is numerically calculated with Simpson’s rule by using 100 points. The

average of the k-power of the hydration radius is defined as

<RkH>=
1

ZRH

∫ RH,ub

RH,lb

RkHe
−(RH−RH,max)2/(2ξ2RH,max

R2
H,max)

dRH (S6)
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The average hydration radius, corresponding to k = 1 in Eq. S6, is

<RH> = − exp(−R2
H,max/s

2 −R2
H,ub/s

2 −R2
H,lb/s

2)(s2 exp(R2
H,ub/s

2

+(2RH,maxRH,lb)/s2)− s2 exp((2RH,maxRH,ub)/s2 +R2
H,lb/s

2)

−
√
πsRH,maxerfc((RH,ub −RH,max)/s) exp(R2

H,max/s
2

+R2
H,ub/s

2 +R2
H,lb/s

2)

+
√
πsRH,max exp(R2

H,max/s
2 +R2

H,ub/s
2

+R2
H,lb/s

2)erfc((RH,lb −RH,max)/s))/
√
π. (S7)

where s2 = 2R2
H,maxξ

2
RH,max

. The second moment of the distribution is the case k = 2, which reads

<R2
H> = − exp(−R2

H,max/s
2 −R2

H,ub/s
2 −R2

H,lb/s
2)(2s2RH,max exp(R2

H,ub/s
2

+(2RH,maxRH,lb)/s2) + 2s2RH,lb exp(R2
H,ub/s

2

+(2RH,maxRH,lb)/s2)− 2s2RH,max exp((2RH,maxRH,ub)/s2

+R2
H,lb/s

2)− 2s2RH,ub exp((2RH,maxRH,ub)/s2 +R2
H,lb/s

2)

−
√
πs3erfc((RH,ub −RH,max)/s) exp(R2

H,max/s
2

+R2
H,ub/s

2 +R2
H,lb/s

2)

−2
√
πsR2

H,maxerfc((RH,ub −RH,max)/s) exp(R2
H,max/s

2

+R2
H,ub/s

2 +R2
H,lb/s

2) +
√
πs3 exp(R2

H,max/s
2 +R2

H,ub/s
2

+R2
H,lb/s

2)erfc((RH,lb −RH,max)/s)

+2
√
πsR2

H,max exp(R2
H,max/s

2 +R2
H,ub/s

2

+R2
H,lb/s

2)erfc((RH,lb −RH,max)/s))/2. (S8)

The dispersion of RH is calculated as

ξRH = (<R2
H> / <RH>

2 −1)1/2. (S9)
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S2 Average micelle aggregation number

<m> =
z

CP80
eδ/(RT )

+e−(∆−m0δ)/(RT )zm0
z2(m0 − 1)2 + z[1− 2m0(m0 − 1)] +m2

0

CP80(1− z)3
(S10)
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Figure S1: Size distribution of a cylinder with spherical end-caps according to the ladder model
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S3 SAXS amplitude of the core-shell end-cap cylinder

The SAXS amplitude of the core-shell end-cap cylinder formed by m P80 molecules reads1

Aec,m(q) = G sin
(
q‖B(m−m0)

)
+ F cos

(
q‖B(m−m0)

)
(S11)

G =
2∑

k=1

4π

q‖
(ρk,cyl − ρk−1,cyl)R

2
k,cyl

J1(q⊥Rk,cyl)

q⊥Rk,cyl

−
2∑

k=1

∫ 1

−h/Rk,cap
dX Hk(X) sin(q‖[X Rk,cap + h]) (S12)

B =
νhyd,cyl

2πR2
2,cyl

(S13)

F =

2∑
k=1

∫ 1

−h/Rk,cap
dX Hk(X) cos(q‖[X Rk,cap + h]) (S14)

Hk(X) = 4πR3
k,cap(ρk,cap − ρk−1,cap)(1−X2)

J1(q⊥Rk,cap

√
1−X2)

q⊥Rk,cap

√
1−X2

(S15)

where J1(x) is the Bessel functions of the first order, R1,cyl = R2,cyl +δcyl and R1,cap = R2,cap +δcap.

Moreover, ρ0,cyl ≡ ρ0,cap ≡ ρ0 is the ED of bulk water.

The corresponding orientational average squared amplitude (the so-called form factor) and the

average amplitude of the m-micelle are the following integrals

Pec,m(q) =

∫ π/2

0
dβq sinβqA

2
ec,m(q) (S16)

P (1)
ec,m(q) =

∫ π/2

0
dβq sinβqAec,m(q) (S17)

The numerical calculus of these integrals is realized with the 32-point Gauss-Legendre quadrature

method. The working factors appearing in Eqs. 8 and 9 are:

N2 = 2q2
‖B

2(F 2 +G2) + EF (EF + 2q‖BG) (S18)

D2 = E2 + 4q2
‖B

2 (S19)

N1 = E(EF + q‖BG) (S20)

D1 = E2 + q2
‖B

2 (S21)

All the electron densities are calculated based on the volumetric properties of each group forming

the P80 molecule and considering the number of water molecules embedded among the polar heads
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Figure S2: Distribution function of the circular cross-section radius of a barrel with an elliptical
radial profile (Eq. 11). Parameters are Rm = 300 Å and RM = 1000 Å.

in the k = 1 domain of both the end-cap and the cylinder regions. Detailed expressions are reported

in the Sect. S11.2 (Eqs. S65, S68, S69, S70, S71 and S72).

S4 Distribution function of the circular cross-section radius of a

polydisperse barrel shape with smooth radial elliptical profile

The normalization factor ZRM , seen in Eq. 13, is given by

ZRM =

∫ RM,ub

RM,lb

e
−(RM−RM,max)2/(2ξ2RM

R2
M,max)

dRM

= (
√

2π(erf((RM,ub −RM,max)/(
√

2ξRMRM,max)))

−erf((RM,lb −RM,max)/(
√

2ξRMRM,max)))/2. (S22)

The average platelet radius and its dispersion, defined in Eqs. 14-15, are

R0 = G1/ZRM ((4− π)ν + π)/4 (S23)

ξR =
√
<R2> /R2

0 − 1 (S24)

<R2> = G2/ZRM ((10− 3π)ν2 + (3π − 8)ν + 4)/6 (S25)
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where

G1 = ((ξRMRM,max) exp((−(R2
M,lb/(ξRMRM,max)2)/2)

−(R2
M,ub/(ξRMRM,max)2)/2− (R2

M,max/(ξRMRM,max)2)/2)(2(ξRMRM,max)

exp((RM,maxRM,lb)/(ξRMRM,max)2 + (R2
M,ub/(ξRMRM,max)2)/2)

−2(ξRMRM,max) exp((R2
M,lb/(ξRMRM,max)2)/2 + (

RM,maxRM,ub)/(ξRMRM,max)2)−
√

2
√
πRM,maxerfc((RM,ub −RM,max)/(

√
2

(ξRMRM,max))) exp((R2
M,lb/(ξRMRM,max)2)/2 + (R2

M,ub/(ξRMRM,max)2)/2

+(R2
M,max/(ξRMRM,max)2)/2) +

√
2
√
π

RM,maxerfc((RM,lb −RM,max)/(
√

2(ξRMRM,max)))

exp((R2
M,lb/(ξRMRM,max)2)/2 + (R2

M,ub/

(ξRMRM,max)2)/2 + (R2
M,max/(ξRMRM,max)2)/2)))/2 (S26)
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G2 = ((ξRMRM,max) exp((−(R2
M,lb/(ξRMRM,max)2)/2)

−(R2
M,ub(ξRMRM,max)2)/2− (R2

M,max/(ξRMRM,max)2)/2)(2RM,max

(ξRMRM,max) exp((RM,maxRM,lb)/(ξRMRM,max)2

+(R2
M,ub/(ξRMRM,max)2)) + 2RM,lb(ξRMRM,max) exp((

RM,maxRM,lb)/(ξRMRM,max)2 + (R2
M,ub/(ξRMRM,max)2)/2)

−2RM,max(ξRMRM,max) exp((R2
M,lb(ξRMRM,max)2)/2 + (

RM,maxRM,ub)/(ξRMRM,max)2)− 2RM,ub(ξRMRM,max)

exp((R2
M,lb/(ξRMRM,max)2)/2 + (RM,maxRM,ub)(ξRMRM,max)2)−

√
2
√
πR2

M,maxerfc((RM,ub −RM,max)/(
√

2(ξRMRM,max)))

exp((R2
M,lb/

(ξRMRM,max)2)/2 + (R2
M,ub(ξRMRM,max)2)/2 + (R2

M,max/(ξRMRM,max)2)/2)

+
√

2
√
πR2

M,maxerfc((RM,lb −

RM,max)/(
√

2(ξRMRM,max))) exp((R2
M,lb(ξRMRM,max)2)/2

+(R2
M,ub/(ξRMRM,max)2)/2 + (R2

M,max(ξRMRM,max)2)/2)−
√

2
√
πerfc((RM,ub −RM,max)/(

√
2(ξRMRM,max)))(ξRMRM,max)2 exp((R2

M,lb/

(ξRMRM,max)2)/2R2
M,ub/(ξRMRM,max)2)/2 + (R2

M,max/(ξRMRM,max)2)/2)

√
2
√
πerfc((RM,lb −RM,max)/(

√
2

(ξRMRM,max)))(ξRMRM,max)2 exp((R2
M,lb/(ξRMRM,max)2)/2

+(R2
M,ub/(ξRMRM,max)2)/2 + (R2

M,max/(ξRMRM,max)2)/2)))/2 (S27)
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Figure S3: p(R) of the circular cross-section radius of a polydisperse barrel shape. RM,max =
1800 Å, RM,min = 500 Å, pG = 3.

S5 Averages of the half thickness of the core of the platelet and

its square over a Gaussian distribution comprised between two

bounds

The distribution function of t (the half thickness of the core of the platelet) is

pt(t) =
1

Zt
e−(t−tmax)2/(2ξ2tmax

t2max) (S28)

The normalization factor Zt is determined by the following equation

Zt =

∫ tub

tlb

e−(t−tmax)2/(2ξ2tmax
t2max)dt

= (
√

2π(erf((tub − tmax)/(
√

2ξtmaxtmax)))− erf((tlb − tmax)/(
√

2ξtmaxtmax)))/2. (S29)

where tlb = max{tmax(1− pGξtmax), tmin} and tub = tmax(1 + pGξtmax) are the lower and the upper

bounds of the integrals calculated based on the dispersion ξtmax . In these equations, tmin is the

minimum allowed value of the lower integration bound, which cannot be negative. In our case we

fixed tmin = 1 Å.
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The average of the k-power of the half thickness of the platelet core is defined as

<tk>=
1

Zt

∫ tub

tlb

tke−(t−tmax)2/(2ξ2tmax
t2max)dt (S30)

The average thickness, corresponding to k = 1 in Eq. S30, is

t0 = − exp(−t2max/s
2 − t2ub/s

2 − t2lb/s2)(s2 exp(t2ub/s
2

+(2tmaxtlb)/s2)− s2 exp((2tmaxtub)/s2 + t2lb/s
2)

−
√
πstmaxerfc((tub − tmax)/s) exp(t2max/s

2

+t2ub/s
2 + t2lb/s

2)

+
√
πstmax exp(t2max/s

2 + t2ub/s
2

+t2lb/s
2)erfc((tlb − tmax)/s))/

√
π. (S31)

where s2 = 2t2maxξ
2
tmax

. The second moment of the distribution is the case k = 2, which reads

<t2> = − exp(−t2max/s
2 − t2ub/s

2 − t2lb/s2)(2s2tmax exp(t2ub/s
2

+(2tmaxtlb)/s2) + 2s2tlb exp(t2ub/s
2

+(2tmaxtlb)/s2)− 2s2tmax exp((2tmaxtub)/s2

+t2lb/s
2)− 2s2tub exp((2tmaxtub)/s2 + t2lb/s

2)

−
√
πs3erfc((tub − tmax)/s) exp(t2max/s

2

+t2ub/s
2 + t2lb/s

2)

−2
√
πst2maxerfc((tub − tmax)/s) exp(t2max/s

2

+t2ub/s
2 + t2lb/s

2) +
√
πs3 exp(t2max/s

2 + t2ub/s
2

+t2lb/s
2)erfc((tlb − tmax)/s)

+2
√
πst2max exp(t2max/s

2 + t2ub/s
2

+t2lb/s
2)erfc((tlb − tmax)/s))/2. (S32)

The dispersion of t is calculated as

ξt = (<t2> /t20 − 1)1/2. (S33)
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S6 Average number of stacked platelets over a Gaussian distribu-

tion comprised between two bounds

The Gaussian distribution function of the number Nc of stacked platelets is

pNc(Nc) =
1

ZNc
e−(Nc−Nc,max)2/(2σ2

Nc
) (S34)

The normalization factor Zt is determined by the following equation

ZNc =

∫ Nc,ub

Nc,lb

e−(Nc−Nc,max)2/(2σ2
Nc

)dNc

= σNc

√
π

2

[
erf

(
Nc,ub −Nc,max√

2σNc

)
− erf

(
Nc,lb −Nc,max√

2σNc

)]
. (S35)

where Nc,lb = max{Nc,max − pGσNc , Nc,min} and Nc,ub = Nc,max + pGσNc are the lower and the

upper bounds of the integrals and Nc,min is the minimum allowed value of the lower integration

bound, which was fixed to Nc,min = 1. The average number of stacked platelets is

Nc,0 =

∫ Nc,ub

Nc,lb

Nc pNc(Nc) dNc =
G5

ZNc

G5 =
√

2πNc,maxσNc

+σ2
Nc

(
e−(Nc,lb−Nc,max)2/(2σ2

Nc
) − e−(Nc,ub−Nc,max)2/(2σ2

Nc
)
)

+Nc,maxσNc

√
π

2

[
erfc

(
Nc,lb −Nc,max√

2σNc

)
− erfc

(
Nc,ub −Nc,max√

2σNc

)]
(S36)

S7 Distribution function of the center-to-border distance of a

polydisperse barrel

For a barrel with minimum and maximum circular cross-section radius νRM and RM , respectively,

and with height H, the distance from the center and the border taken along a direction that forms

an angle β with the barrel axis is given by the function

fc(β) =


H

2 cosβ 0 ≤ β ≤ tan−1
(

2νRM
H

)
HRM

[
Hν tanβ+(1−ν)

√
4(1−2ν)R2

M+H2 tan2 β
]

cosβ[4(1−ν)2R2
M+H2 tan2 β]

0 < β < tan−1
(

2νRM
H

)
RM β = π

2

(S37)
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Hence, the average center-to-border distance is the zenith integral

Rc =

∫ π/2

0
dβ sinβ fc(β) (S38)

For a polydisperse barrel over both RM and H, the probability density of the center-to-border dis-

tance, p(Rc), is obtained by sampling RM and H over the two corresponding distribution functions

p(RM ) and p(H) determined by the analysis of SAXS data. A simple Monte Carlo method that

samples 300000 values of Rc has been developed for this aim.

S8 SAXS amplitude of 3 specular layers of electron densities with

smooth transitions

The excess ED profile, relative to the average ED of the entire barrel (ρbrl, see Eq. S122), of 3

specular layers with smooth transitions along the z direction perpendicular to the layers is2

δρf (z) =

3∑
j=1

(ρf,j − ρf,j−1)E(z, zj , σpl,j) (S39)

where ρf,0 = ρbrl, the indexes j = 1, 2, 3 correspond to the outer, middle, and inner domains, the

z levels are zj = t + τj , with, by definition, τ1 = t1 + t2, τ2 = t2 and τ3 = 0. The smoothness

parameter on going from the j-layer to the (j−1)-layer is σpl,j . The function E(z, z0, σ) represents

a combination of two symmetrical error functions3,

E(z, z0, σ) =
1

2

[
erf

(
z + z0

21/2σ

)
− erf

(
z − z0

21/2σ

)]
(S40)

A representative plot of δρf (z) is shown in Fig. S4. To note, the volume fraction distributions along

z of the three domains are,

ϕ1(z) = E(z, z1, σpl,1)− E(z, z2, σpl,2) (S41)

ϕ2(z) = E(z, z2, σpl,2)− E(z, z3, σpl,3) (S42)

ϕ3(z) = E(z, z3, σpl,3) (S43)

Details on the calculation of the electron densities ρf,j in Eq. S39 on the basis of the composition
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of the platelet are shown in Sect. S11.3.2 (Eqs. S65, S115, S116, S117).

The one-dimensional Fourier transform of Eq. S39 reads

t2 t1t

σpl,3 σpl,2 σpl,1δ
ρ

f (
z)

z

ρ3-ρ0

ρ2-ρ0

0

ρ1-ρ0

-z1 -z2 -z3 0 z3 z2 z1

Figure S4: Excess ED calculated with Eq. S39.

Afl,f (q) = 2

3∑
j=1

zj(ρf,j − ρf,j−1)
sin(qzj)

qzj
e−q

2σ2
pl,j/2 (S44)

Eq. S44 can be re-written in the more useful complex space according to

Afl,f (q) = − i
q

3∑
j=1

(ρf,j − ρf,j−1)e−q
2σ2

pl,j/2(eiqzj − e−iqzj ) (S45)

The squared amplitude is

A2
fl,f (q) =

1

q2

3∑
j1=1

3∑
j2=1

(ρf,j1 − ρf,j1−1)e
−q2σ2

j1
/2

(ρf,j2 − ρf,j2−1)e
−q2σ2

j2
/2

(eiq(2t+τj1+τj2 ) − eiq(τj1−τj2 ) − e−iq(τj1−τj2 ) + e−iq(2t+τj1+τj2 )) (S46)
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The averages <(t+ t2)−1A2
fl,f (q)>t, which enter into Eq. 18, read

<(t+ t2)−1A2
fl,f (q)>t =

1

q2

3∑
j1=1

(ρf,j1 − ρf,j1−1)2e
−q2σ2

j1

(ei2qτj1 <(t+ t2)−1e2iqt>t −2 <(t+ t2)−1>t

+e−i2qτj1 <(t+ t2)−1e−2iqt>t)

+
2

q2

2∑
j1=1

3∑
j2=j1+1

(ρf,j1 − ρf,j1−1)(ρf,j2 − ρf,j2−1)e
−q2(σ2

j1
+σ2

j2
)/2

(eiq(τj1+τj2 ) <(t+ t2)−1e2iqt>t −(eiq(τj1−τj2 )

+e−iq(τj1−τj2 )) <(t+ t2)−1>t

+e−iq(τj1+τj2 ) <(t+ t2)−1e−2iqt>t) (S47)

We have calculated the term < (t + t2)−1eiqkt >t by sampling the Gaussian distribution seen

in Eq. S30 over nt points and by performing an analytical integration over the piecewise lines

according to

<(t+ t2)−1eiqkt>t=
1

Zt

∫ tub

tlb

(t+ t2)−1eiqkte−(t−tmax)2/(2ξ2tmax
t2max)dt

≈ 1

Zt

1

q2k2∆t

nt−1∑
j=1

((1− iqk∆t)eiqktj+1 − eiqktj )(tj+1 + t2)−1e−(tj+1−tmax)2/(2ξ2tmax
t2max)

+((1 + iqk∆t)eiqktj − eiqktj+1)(tj + t2)−1e−(tj−tmax)2/(2ξ2tmax
t2max) (S48)

where the sampled points are tj = tlb + (j − 1)∆t, with ∆t = (tub − tlb)/(nt − 1).

S9 Calculation of the radial averages of Eq. 18

The three radial averages shown in Eq. 18, which involve the following three functions,

F1(R) = t1(t1 + 2(R+ t2))(R+ t2)−2, (S49)

F2(R) = t2(t2 + 2R)(R+ t2)−2, (S50)

F3(R) = R2(R+ t2)−2, (S51)
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are defined by the following integral

<Fk(R)>R =

∫ RM,ub

νRM,lb

Fk(R) p(R)dR

=
1

ZRM

∫ RM,ub

RM,lb

Fk,a(RM ) e
−(RM−RM,max)2/(2ξ2RM

R2
M,max)

dRM , (S52)

where, considering the definition of p(R,RM , νRM ) (Eq. 11), we have introduced the following

functions

Fk,a(RM ) =

∫ RM,ub

νRM,lb

Fk(R)p(R,RM , νRM )dR

=

∫ RM

νRM

Fk(R)p(R,RM , νRM )dR (S53)

We have been able, by exploiting the computer algebra system Maxima4, to analytically solve the

integrals shown in Eq. S53. Results, for the case RM (2ν − 1) + t2 ≥ 0, are given by the following
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relationships:

F1,a(RM ) = −(
√
RM + t2

√
2RMν −RM + t2(2π

t32t1 + (πt21 − 2πt2t1)R2
M + ((−2πt1

R3
M ) + (4πt2t1 − 2πt21)R2

M + 6πt22t1

RM )ν + (4πt1R
3
M + (4πt2t1 + πt21)

R2
M )ν2 + (((2t21 + 8t2t1)R2

M + 8t1R
3
M )ν2 + (12t22

t1RM + (8t2t1 − 4t21)R2
M − 4t1R

3
M )ν + (2t21 − 4

t2t1)R2
M + 4t32t1) sin−1((RMν −RM )/(t2 +RM

ν))) + ((4t2t
2
1 − 8πt22t1)R2

M + (4t21 − 16πt2

t1)R3
M − 8πt1R

4
M )ν2 + ((2t22t

2
1 − 8πt32

t1)RM + ((−4t2t
2
1)− 8πt22t1)R2

M + (8πt2

t1 − 6t21)R3
M + 8πt1R

4
M )ν − 2πt1R

4
M + 2

t21R
3
M + 4πt22t1R

2
M − 2t22t

2
1RM − 2π

t42t1)/((−2t42RM ) + 4t22R
3
M − 2R5

M + (10R5
M + 8t2R

4
M − 12

t22R
3
M − 8t32R

2
M + 2t42RM )ν + ((−16R5

M )− 24t2R
4
M + 8

t32R
2
M )ν2 + (8R5

M + 16t2R
4
M + 8t22R

3
M )ν3) (S54)
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F2,a(RM ) = −(
√
RM + t2

√
2RMν −RM + t2(2π

t42 − 3πt22R
2
M + ((−2πt2R

3
M ) + 6πt22R

2
M + 6

πt32RM )ν + (4πt2R
3
M + 3πt22R

2
M )

ν2 + ((6t22R
2
M + 8t2R

3
M )ν2 + (12t32RM + 12t22R

2
M − 4

t2R
3
M )ν − 6t22R

2
M + 4t42) sin−1((RMν −RM )/(t2 +

RMν))) + (((−8π)− 4)t32R
2
M + ((−16π)− 4)t22R

3
M − 8πt2

R4
M )ν2 + (((−8π)− 2)t42RM + (4− 8π)t32R

2
M + (8π + 6)t22

R3
M + 8πt2R

4
M )ν − 2πt2R

4
M − 2t22R

3
M + 4

πt32R
2
M + 2t42RM − 2πt52)/((−2t42RM ) + 4t22

R3
M − 2R5

M + (10R5
M + 8t2R

4
M − 12t22R

3
M − 8t32R

2
M + 2t42

RM )ν + ((−16R5
M )− 24t2R

4
M + 8t32R

2
M )ν2 + (8R5

M + 16t2

R4
M + 8t22R

3
M )ν3) (S55)

F3,a(RM ) = (
√
RM + t2

√
2RMν −RM + t2(2π

t42 − 3πt22R
2
M + ((−2πt2R

3
M ) + 6πt22R

2
M + 6

πt32RM )ν + (4πt2R
3
M + 3πt22R

2
M )

ν2 + ((6t22R
2
M + 8t2R

3
M )ν2 + (12t32RM + 12t22R

2
M − 4

t2R
3
M )ν − 6t22R

2
M + 4t42) sin−1((RMν −RM )/(t2 +

RMν))) + ((−8t22R
3
M )− 16t2R

4
M − 8R5

M )ν3 + (((−8π)− 12)t32

R2
M + ((−16π)− 4)t22R

3
M + (24− 8π)t2R

4
M + 16R5

M )ν2 + (((−8π)− 4)

t42RM + (12− 8π)t32R
2
M + (8π + 18)t22R

3
M + (8π − 8)t2

R4
M − 10R5

M )ν + 2R5
M − 2πt2R

4
M − 6t22R

3
M + 4π

t32R
2
M + 4t42RM − 2πt52)/((−2t42RM ) + 4t22R

3
M − 2

R5
M + (10R5

M + 8t2R
4
M − 12t22R

3
M − 8t32R

2
M + 2t42RM )

ν + ((−16R5
M )− 24t2R

4
M + 8t32R

2
M )ν2 + (8R5

M + 16t2R
4
M + 8

t22R
3
M )ν3) (S56)
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On the other hand, for RM (2ν − 1) + t2 < 0, the functions Fk,a(RM ) are:

F1,a(RM ) = −(
√
RM + t2

√
(−2RMν) +RM − t2((−2i

πt32t1) + (2iπt2t1 − iπt21)

R2
M + (2iπt1R

3
M + (2iπt21 − 4iπ

t2t1)R2
M − 6iπt22t1RM )ν + (((−4i

πt2t1)− iπt21)R2
M − 4iπt1

R3
M )ν2 + ((((−t21)− 4t2t1)R2

M − 4t1R
3
M )ν2 + ((−6t22

t1RM ) + (2t21 − 4t2t1)R2
M + 2t1R

3
M )ν + (2t2

t1 − t21)R2
M − 2t32t1) log(RMν + t2) + (((t21 + 4

t2t1)R2
M + 4t1R

3
M )ν2 + (6t22t1RM + (4t2

t1 − 2t21)R2
M − 2t1R

3
M )ν + (t21 − 2t2t1)R2

M + 2

t32t1) log(
√
RM + t2

√
(−2RMν) +RM − t2 +

RMν −RM ))) + ((2t2t
2
1 − 4πt22t1)R2

M + (2

t21 − 8πt2t1)R3
M − 4πt1R

4
M )ν2 + ((t22

t21 − 4πt32t1)RM + ((−2t2t
2
1)− 4πt22t1)

R2
M + (4πt2t1 − 3t21)R3

M + 4πt1R
4
M )ν −

πt1R
4
M + t21R

3
M + 2πt22t1R

2
M − t22

t21RM − πt42t1)/((−t42RM ) + 2t22R
3
M −R5

M + (5

R5
M + 4t2R

4
M − 6t22R

3
M − 4t32R

2
M + t42RM )ν + ((−8

R5
M )− 12t2R

4
M + 4t32R

2
M )ν2 + (4R5

M + 8t2R
4
M + 4t22R

3
M )ν3) (S57)

S18



F2,a(RM ) = −(
√
RM + t2

√
(−2RMν) +RM − t2((−2i

πt42) + 3iπt22R
2
M + (2iπt2R

3
M − 6

iπt22R
2
M − 6iπt32RM )ν + ((−4i

πt2R
3
M )− 3iπt22R

2
M )ν2 + (((−3t22R

2
M )− 4

t2R
3
M )ν2 + ((−6t32RM )− 6t22R

2
M + 2t2R

3
M )ν + 3

t22R
2
M − 2t42) log(RMν + t2) + ((3t22R

2
M + 4t2

R3
M )ν2 + (6t32RM + 6t22R

2
M − 2t2R

3
M )ν − 3t22

R2
M + 2t42) log((

√
RM + t2

√
(−2RMν) +RM − t2 +

RMν −RM ))) + (((−4π)− 2)t32R
2
M + ((−8π)− 2)t22R

3
M − 4

πt2R
4
M )ν2 + (((−4π)− 1)t42RM + (2− 4π)t32R

2
M + (4

π + 3)t22R
3
M + 4πt2R

4
M )ν − πt2R4

M −

t22R
3
M + 2πt32R

2
M + t42RM − πt52)/((−t42

RM ) + 2t22R
3
M −R5

M + (5R5
M + 4t2R

4
M − 6t22R

3
M − 4t32

R2
M + t42RM )ν + ((−8R5

M )− 12t2R
4
M + 4t32R

2
M )ν2 + (4

R5
M + 8t2R

4
M + 4t22R

3
M )ν3) (S58)
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F3,a(RM ) = (
√
RM + t2

√
(−2RMν) +RM − t2((−2i

πt42) + 3iπt22R
2
M + (2iπt2R

3
M − 6

iπt22R
2
M − 6iπt32RM )ν + ((−4i

πt2R
3
M )− 3iπt22R

2
M )ν2 + (((−3t22R

2
M )− 4

t2R
3
M )ν2 + ((−6t32RM )− 6t22R

2
M + 2t2R

3
M )ν + 3

t22R
2
M − 2t42) log(RMν + t2) + ((3t22R

2
M + 4t2

R3
M )ν2 + (6t32RM + 6t22R

2
M − 2t2R

3
M )ν − 3t22

R2
M + 2t42) log((

√
RM + t2

√
(−2RMν) +RM − t2 +

RMν −RM ))) + ((−4t22R
3
M )− 8t2R

4
M − 4R5

M )ν3 + (((−4

π)− 6)t32R
2
M + ((−8π)− 2)t22R

3
M + (12− 4π)t2R

4
M + 8R5

M )

ν2 + (((−4π)− 2)t42RM + (6− 4π)t32R
2
M + (4π + 9)t22R

3
M + (4

π − 4)t2R
4
M − 5R5

M )ν +R5
M − πt2R4

M − 3t22

R3
M + 2πt32R

2
M + 2t42RM − πt52)/((−t42RM ) + 2

t22R
3
M −R5

M + (5R5
M + 4t2R

4
M − 6t22R

3
M − 4t32R

2
M +

t42RM )ν + ((−8R5
M )− 12t2R

4
M + 4t32R

2
M )ν2 + (4R5

M + 8

t2R
4
M + 4t22R

3
M )ν3) (S59)

Notice that Eqs. S57-S59 have been solved in the complex space so that, for example, the logarithmic

functions are applied to negative numbers. However, we have checked that the imaginary part of

all the expressions is zero. Finally, the integral averages <Fk(R)>R over a Gaussian (shown in

Eq. S52) are numerically calculated with the Simpson’s rule by using 10 points.

S10 SAXS amplitude of 3-electron density levels of CP bilayers

with smooth transitions

The excess ED profile of 3 specular layers of EDs with smooth transitions along the z direction

perpendicular to the layers, representing the k-th nano-crystal region of CP (see Fig. 3, panels C
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and D), is2

δρk(z) =
3∑
i=1

(ρk,i − ρk,i−1)E(z, zk, σk,i) (S60)

where ρCP,0 is the average CP ED, according to

ρk,0 =

∑3
i=1 νCP,iρCP,i∑3

i=1 νCP,i

(S61)

In this equation, νCP,i and ρCP,i are the molecular volume and the ED of the carboxyl group

(i = 1), the middle (i = 2) and the terminal (i = 3) chains of the CP molecules, respectively. The

z levels are zi =
∑3

i′=i δk,i′ and σk,i is the smoothness parameter on going from the i-layer to the

(i − 1)-layer. A representative plot of δρk(z) is shown in Fig. S5. The one-dimensional Fourier

transform of Eq. S60 reads

Ald,k(q) = 2
3∑
i=1

zi(ρk,i − ρk,i−1)
sin(qzi)

qzi
e−q

2σ2
k,i/2 (S62)

δk,1δk,2δk,3

dk

σk,1
σk,2

σk,3

δ
ρ

k 
(z

)

z

ρ3-ρ0

ρ2-ρ0

0

ρ1-ρ0

-z1 -z2 -z3 0 z3 z2 z1

Figure S5: Excess ED calculated with Eq. S60.

Electron densities ρk,i and thicknesses δk,i are calculated according to the physical-chemical

characteristics of the groups forming the CP molecule, shown in Table 2. Explicit equations are

reported in the Sect. S11.3.1, Eqs. S85, S86, S90, S91, S92, S93, S94, S96, S97, S98, S99, S100 and

S101.

S21



S11 Volumetric constraints and calculation of electron densities

S11.1 Water and thermal expansivities

The relative mass density of bulk water is calculated as a function of T with the following expression

dwat = e−αwat(T−T◦)−βwat(T−T◦)2/2, (S63)

where the thermal expansivity of water at T◦ and its first derivative are αwat = 2.5 · 10−4 K−1 and

βwat = 9.8 · 10−6 K−2, respectively5. Conversely, the temperature dependency of the relative mass

density of both CP and P80 molecules is expressed as a function of the thermal expansivity αlip of

lipids, according to

dlip = e−αlip(T−T◦), (S64)

αlip being considered an adjustable parameter.

The bulk water electron density is

ρ0 = eH2O/(ν
◦
wat/dwat) (S65)

S11.2 End-capped cylindrical micelles

The molecular volume of the hydrophobic region of P80 is

νP80,hyd = (14νCH2 + 2νCH + νCH3)/dlip. (S66)

The molecular volume of the dry polar region of P80 is written as

νP80,pol,dry = ((2νCH2 + ν−O−)20 + ν>C= + 2ν−O− + νO= + 2νCH2 + 4νCH + 3νOH)/dlip. (S67)

The number of water molecules per molecule of P80 in (k = 1) domain (see Eq. S12, here
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referred to as 1-domain) of the end-cap region of the micelle is derived by the following equation

rwat,cap = (2δ3
capνP80,hyd + 6R2,capδ

2
capνP80,hyd

+3hδ2
capνP80,hyd + 6R2

2,capδcapνP80,hyd

+6hR2,capδcapνP80,hyd − 2R3
2,capνP80,pol,dry

−3hR2
2,capνP80,pol,dry + h3νP80,pol,dry)/

((h+R2,cap)2(2R2,cap − h)ν◦wat/dwat/d̂wat,cap) (S68)

The number of water molecules per molecule of P80 in 1-domain of the cylinder region of the micelle

is derived by the following equation

rwat,cyl =
δ2

capνP80,hyd + 2R2,capδcapνP80,hyd −R2
2,capνP80,pol,dry + h2νP80,pol,dry

(R2,cap − h)(h+R2,cap)ν◦wat/dwat/d̂wat,cyl

(S69)

Accordingly, the electron densities of the 1-domain of the end-cap and of the cylinder regions of

the micelle are

ρ1,cap = ((2eCH2 + e−O−)20 + e>C=

+2e−O− + eO= + 2eCH2 + 4eCH + 3eOH + rwat,capeH2O)

/(νP80,pol,dry + rwat,capν
◦
wat/dwat/d̂wat,cap) (S70)

ρ1,cyl = ((2eCH2 + e−O−)20 + e>C=

+2e−O− + eO= + 2eCH2 + 4eCH + 3eOH + rwat,cyleH2O)

/(νP80,pol,dry + rwat,cylν
◦
wat/dwat/d̂wat,cyl) (S71)

In Eqs. S68-S71, d̂wat,cap and d̂wat,cyl represent the relative mass density of water molecules embed-

ded in the 1-domain of the end cap and the cylinder regions, respectively.

The electron density of the hydrophobic domain of the P80 molecule is

ρP80,2 = (14eCH2 + 2eCH + eCH3)/νP80,hyd (S72)

This ED corresponds to the ED of the 2-domain of both end-cap and cylinder regions of the micelle,

ρ2,cap and ρ2,cyl, respectively (see Eq. S12). The hydration of the 1-domain is calculated by the
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ratio between the volume occupied by water and the total volume of the 1-domain, in both regions

χcap =
rwat,capν

◦
wat/dwat/d̂wat,cap

νP80,pol,dry + rwat,capν◦wat/dwat/d̂wat,cap

(S73)

χcyl =
rwat,cylν

◦
wat/dwat/d̂wat,cyl

νP80,pol,dry + rwat,cylν
◦
wat/dwat/d̂wat,cyl

(S74)

The area that each P80 molecule faces towards the water in the end-cap and the cylinder region

can be calculated by the following expressions

aP80,ec,cap,1 = 3
νP80,hyd

R2,cap

(
1 +

δcap

R2,cap

)2 1 + h
R2,cap

1 + 3
2

h
R2,cap

− 1
2

(
h

R2,cap

)3 (S75)

aP80,ec,cyl,1 = 2
νP80,hyd

R2,cyl

(
1 +

δcyl

R2,cyl

)
(S76)

We can also calculate the corresponding areas at the interface between 1-domain and 2-domain in

both regions. They are

aP80,ec,cap,1,2 = 3
νP80,hyd

R2,cap

1 + h
R2,cap

1 + 3
2

h
R2,cap

− 1
2

(
h

R2,cap

)3 (S77)

aP80,ec,cyl,1,2 = 2
νP80,hyd

R2,cyl
(S78)

S11.3 Platelets

The molecular volume of CP, seen as a function of T , in the amorphous region (disordered chains,

α) is

νCP,α = (29νCH2 + 2νCH3 + ν>C= + ν−O− + νO=)/dlip. (S79)

In the lamellar phases (ordered chains, β), the volume becomes

νCP,β = (29νCH2βCH2 + 2νCH3βCH3 + ν>C= + ν−O− + νO=)/dlip, (S80)

where βCH2 and βCH3 are, respectively, the reduction factors of volumes of the groups CH2 and

CH3 in the ordered chains relative to the values they have in disordered chains.
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S11.3.1 Lamellar domains

The number of CH2 groups of CP that are considered to be part of the i = 1 domain (see

Eq. S60, shortly referred to as 1-domain) of each of the two lamellar phases are NCH2,CP,pol,1

and NCH2,CP,pol,2, respectively.

The fractions of CH2 and CH3 that occupy the i = 2 domain (see Eq. S60, shortly referred

to as 2-domain) of the first lamellar phase are xCP,CH2,1 and xCP,CH3,1, respectively, where the

fractions of CH2 and CH3 that occupies the 2-domain of the second lamellar phase are xCP,CH2,2

and xCP,CH3,2, respectively.

The number of correlated bilayers of the first and the second lamellar phase are NCP,1 and

NCP,2, respectively, and the corresponding distortion factors are gCP,1 and gCP,2, respectively.

The areas associated with each CP molecule in the two lamellar phases are aCP,1 and aCP,2,

respectively. These values allow us to calculate the repetition distance of two lamellar phases

according to

d1 = νCP,β/aCP,1 (S81)

d2 = νCP,β/aCP,2. (S82)

The volumes of the 1-domain of the CP molecule in the first and the second lamellar phase are,

νCP,1,1 = (1/dlip)(ν>C= + ν−O− + νO= +NCH2,CP,pol,1νCH2βCH2) (S83)

νCP,2,1 = (1/dlip)(ν>C= + ν−O− + νO= +NCH2,CP,pol,2νCH2βCH2) (S84)

and the two corresponding thicknesses are

δ1,1 = νCP,1,1/aCP,1 (S85)

δ2,1 = νCP,2,1/aCP,2 (S86)

The total volume of the CH2 groups in both the 2-domain and the 3-domain of the CP in the

first and in the second lamellar phases are

νCP,1,CH2,2,3 = (29−NCH2,CP,pol,1)νCH2βCH2/dlip (S87)

νCP,2,CH2,2,3 = (29−NCH2,CP,pol,2)νCH2βCH2/dlip (S88)
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The total volume occupied by the CH3 groups in the CP molecule is

νCP,CH3 = 2νCH3βCH3/dlip (S89)

The thicknesses of the 2-domain the CP molecule in the first and in the second lamellar phase

are

δ1,2 = (νCP,1,CH2,2,3xCP,CH2,1 + νCP,CH3xCP,CH3,1)/aCP,1 (S90)

δ2,2 = (νCP,2,CH2,2,3xCP,CH2,2 + νCP,CH3xCP,CH3,2)/aCP,2 (S91)

The thicknesses of the 3-domain the CP molecule in the first and in the second lamellar phase

are

δ1,3 = (νCP,1,CH2,2,3(1− xCP,CH2,1) + νCP,CH3(1− xCP,CH3,1))/aCP,1 (S92)

δ2,3 = (νCP,2,CH2,2,3(1− xCP,CH2,2) + νCP,CH3(1− xCP,CH3,2))/aCP,2 (S93)

The average electron density of the CP molecule is

ρCP,0 =
eC + 2eO + 29eCH2 + 2eCH3

ν̄CP,3
, (S94)

where we have introduced the mean molecular volume of CP for ordered and disordered regions of

the inner part of the platelet,

ν̄CP,3 = y3νCP,α + (1− y3)νCP,β (S95)

The electron densities of the 1-domain of the first and the second lamellar phase are

ρCP,1,1 = (eC + 2eO + eCH2NCH2,CP,pol,1)/νCP,1,1 (S96)

ρCP,2,1 = (eC + 2eO + eCH2NCH2,CP,pol,2)/νCP,2,1 (S97)
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The electron densities of the 2-domain of the first and the second lamellar phase are

ρCP,1,2 =
xCP,CH2,1(29−NCH2,CP,pol,1)eCH2 + xCP,CH3,12eCH3

νCP,1,CH2,2,3xCP,CH2,1 + νCP,CH3xCP,CH3,1
(S98)

ρCP,2,2 =
xCP,CH2,2(29−NCH2,CP,pol,2)eCH2 + xCP,CH3,22eCH3

νCP,2,CH2,2,3xCP,CH2,2 + νCP,CH3xCP,CH3,2
(S99)

The electron densities of the 3-domain of the first and the second lamellar phase are

ρCP,1,3 =
(1− xCP,CH2,1)(29−NCH2,CP,pol,1)eCH2 + (1− xCP,CH3,1)2eCH3

νCP,1,CH2,2,3(1− xCP,CH2,1) + νCP,CH3(1− xCP,CH3,1)
(S100)

ρCP,2,3 =
(1− xCP,CH2,2)(29−NCH2,CP,pol,2)eCH2 + (1− xCP,CH3,2)2eCH3

νCP,2,CH2,2,3(1− xCP,CH2,2) + νCP,CH3(1− xCP,CH3,2)
(S101)

S11.3.2 Entire platelet

The nominal w/v concentration (in g/L) of nanoparticles, corresponding to both CP and P80

molecules in the sample, is indicated as cLNP and the nominal molar ratio between CP and P80

molecules as rCP,P80. To each of these two parameters, we associate two correction factors, kcLNP

and krCP,P80 . Hence, the w/v concentration of CP in the sample is

cCP =
kcLNPcLNPMCP

MCP +MP80/(krCP,P80rCP,P80)
. (S102)

The mass balance of CP and P80 is combined with the structural parameters of the platelet as

follows. By referring to Fig. 3, the volumes of the platelet’s core and the second (or intermediate)

platelet’s shell (labeled with j = 2, 3 and f = 2, 3) are related to the number of CP and P80

molecules in the platelet (NCP,pl and NP80,pl, respectively) using

3∑
f=2

3∑
j=2

Vf,j = 2π(t+ t2)(R+ t2)2

= NCP,plν̄CP +NP80,plνP80,hyd (S103)

where ν̄CP is the average molecular volume of CP in the platelet’s core and the second platelet’s

shell. The number of P80 in the platelet can be expressed as a function of the fraction of P80

molecules embedded into the platelet, yP80, and the nominal molar ratio between CP and P80
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molecules, rCP,P80 (a parameter known by the composition of the sample),

NP80,pl = yP80
NCP,pl

rCP,P80krCP,P80

. (S104)

Combining Eqs. S103-S104, we find NCP,pl

NCP,pl =
2π(t+ t2)(R+ t2)2

ν̄CP +
νP80,hydyP80

rCP,P80krCP,P80

(S105)

The average value of NCP,pl over both the radial distribution p(R) (Eq. 13) and the distribution of

the half-thickness pt(t) (Eq. S28) is

<NCP,pl>=
2π(t0 + t2)(R2

0(1 + ξ2
R) + 2t2R0 + t22)

ν̄CP +
νP80,hydyP80

rCP,P80krCP,P80

(S106)

Moreover, by considering only the volume of the second (intermediate) shell of the platelet, the one

that contains the hydrophobic domain of P80 molecules embedded in the CP region (represented

in cyan in Fig. 3 panel B), we can write

3∑
f=2

5−f∑
j=2

<Vf,j> = 2π(t0 + t2)(R2
0(1 + ξ2

R) + 2t2R0 + t22)− 2πt0R
2
0(1 + ξ2

R)

= <NP80,pl> (νP80,hyd + r̂CP,P80ν̄CP) (S107)

where r̂CP,P80 represents the average number of CP molecules per P80 molecule in the second

platelet shell. This definition allows to calculate the average molecular volume of CP in the whole

platelet,

ν̄CP = ν̄CP,3 +
yP80r̂CP,P80

rCP,P80krCP,P80

(νCP,α − ν̄CP,3) (S108)

where we have assumed that in the second platelet’s shell, all CP molecules are in the amorphous

configuration. Combining Eqs. S103-S108 it is easy to analytically find out r̂CP,P80 as well as

<NCP,pl>, <NP80,pl> and ν̄CP. We can also calculate both the overall volume fraction of CP and
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the volume fraction of CP in the inner part of the platelets, according to,

φCP =
NAcCPν̄CP

MCP
(S109)

φCP,3 = φCP

(
1−

yP80r̂CP,P80νCP,α

ν̄CPrCP,P80krCP,P80

)
(S110)

The average area of the platelet associated with each P80 molecule can be calculated by referring

to the second layer of the platelet and considering the ratio between the sum of the volume occupied

by the hydrophobic domain of P80 and the one occupied by r̂CP,P80 molecules of CP and the

thickness of this layer,

aP80,pl =
νP80,hyd + r̂CP,P80νCP,α

t2
(S111)

To note, by assuming an average hexagonal displacement of the P80 molecules on the platelet

surface, the average distance between the nearest neighbor P80 molecules is

dP80,P80 =

√
2aP80,pl/

√
3 (S112)

We also consider the number of water molecules associated with each P80 molecule occupying the

first layer region of the platelet (shown in green in Fig. 3), indicated with rwat,P80. On the other

hand, the thickness of the first layer of the platelet can be calculated by taking into account the

volume occupied by the polar head of P80 and the one due to rwat,P80 water molecules, supposed

to have a relative mass density d̂wat,pl in respect to the bulk water mass density

t1 =
νP80,pol,dry + rwat,P80

ν◦wat

d̂wat,pldwat

aP80,pl
(S113)

Therefore, we can calculate the fraction of the platelet surface occupied by the polar head of P80

φS,P80 =
νP80,pol,dry

t1aP80,pl
(S114)
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The electron density of the 1-domain of the platelet results,

ρf,1 = (eC + 2eO + 29eCH2 + 2eCH3 + rwat,P80eH2O)

/(νP80,pol,dry + rwat,P80
ν◦wat

d̂wat,pldwat

) (S115)

The electron density of the 2-domain of the platelet results,

ρf,2 = (14eCH2 + 2eCH + eCH3 + r̂CP,P80(eC + 2eO + 29eCH2 + 2eCH3))

/(νP80,hyd + r̂CP,P80ν̄CP) (S116)

Finally, the third ED values correspond to the average electron density of the CP molecule, given

in Eq. S94.

ρf,3 = ρCP,0 (S117)

S11.3.3 Barrels with shells

The average volume of the region between two subsequent platelets (represented in white in Fig. 3

panel B) is

V0 = 2π∆t[R2
0(1 + ξ2

R) + t22 + t21 + 2R0(t2 + t1) + 2t2t1] (S118)

The average volume of the first shell region of platelets (represented in green in Fig. 3 panel B) is

V1 = = 2πt1[R2
0(1 + ξ2

R) + t2(2R0 + t2) + (t0 + t2 + t1)(2R0 + 2t2 + t1)] (S119)

The average volume of the second shell region of platelets (represented in cyan in Fig. 3 panel B)

is

V2 = 2πt2[R2
0(1 + ξ2

R) + (t0 + t2)(2R0 + t2)] (S120)

The average volume of the core region of platelets (represented in blue in Fig. 3 panel B) is

V3 = 2πt0R
2
0(1 + ξ2

R) (S121)
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The average ED of barrels is

ρbrl =
ρwatV0 + ρf,1V1 + ρf,2V2 + ρf,3V3

V0 + V1 + V2 + V3
(S122)

The average number density of barrels is

nbrl =
NAcCP

MCP <NCP,pl> Nc

=
φCP

ν̄CP <NCP,pl> Nc
(S123)

The volume fractions of CP, P80 and water in the barrel are

φbrl,CP =
<NCP,pl> ν̄CP

D
(S124)

φbrl,P80 =
<NP80,pl> (νP80,hyd + νP80,pol,dry)

D
(S125)

φbrl,wat =
(<NP80,pl> rwat,P80/d̂wat,pl + V0)ν◦wat/dwat

D
(S126)

where

D = (<NP80,pl> rwat,P80/d̂wat,pl + V0)ν◦wat/dwat

+ <NP80,pl> (νP80,hyd + νP80,pol,dry)+ <NCP,pl> ν̄CP (S127)

S11.3.4 Average surface of the barrel

The surface of a barrel with height H, major and minor radii νRM and RM , respectively, results

Sbrl = 2πR2
M (ν + 2)f(ε, ν) (S128)

where ε = 2RM/H and the function f(ε, ν), corresponds to the following integral

f(ε, ν) =
1

ε

∫ 1

0

[
ν + (1− ν)

√
1− φ2

]√
1 +

ε2φ2(1− ν)2

1− φ2
dφ (S129)

that can be easily derived in the framework of the revolution solid theory. We have solved numer-

ically the integral in Eq. S129 in a two-dimensional grid of ε and ν in the corresponding ranges

1
5 ≤ ε ≤ 5 and 0 ≤ ν ≤ 1. Subsequently, we have expanded the results in power series of ν up to
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j b0,j b1,j c1,j b2,j c2,j b3,j c3,j

0 0.5382 -0.0739 0.1724 -2.9555 6.0253 1.3475 2.3820

1 0.8831 0.3803 -0.6286 2.3728 -9.8397 -8.1622 -3.6075

2 -0.8858 -0.6223 -0.2495 -0.2482 -0.3393 -0.0033 -0.3686

3 11.0761 2.8980 0.2566 -0.5802 1.1276 -1.1853 0.4495

4 -12.0772 -11.3033 -5.5527 -4.6906 -5.6968 -4.7512 -6.1686

5 3.5727 0.9426 0.2049 1.0701 3.0945 7.7301 0.9234

6 -3.6432 -3.0487 -1.2873 -0.2511 -0.5396 -0.2639 -0.5900

Table S1: Expansion coefficients according to Eqs. S130 and S131.

the 6th degree

f(ε, ν) ≈
6∑
j=0

aj(ε)ν
j (S130)

We have then approximated the coefficients aj(ε) with a combination of three exponential functions

over a background,

aj(ε) = b0,j +
3∑

k=1

bk,je
ck,jε (S131)

Best fitting parameters are shown in Table S1 The comparison between the integrals and their

approximations due to Eqs. S130 and S131 is shown in Fig. S6. The double expansion allows an

analytical calculation of the mean barrel surface, according to Gaussian distributions of both RM

and e,

<Sbrl> = 2π <R2
M >RM (ν + 2) <f(ε, ν)>ε . (S132)
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Figure S6: Best fit of the integral expressed in Eq. S129 according to Eqs. S130 and S131.

The first average is given by

<R2
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1
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where ZRM is calculated with Eq. S22. The second average depends on the mean value of ε,

ε0 = 2RM,0/H0, and its variance σ2
ε = ε2

0ξ
2
RM

+ ε4
0σ

2
H/(4R

2
M,0) where σ2

H = H2
0σ

2
Nc

+ 4ξ2
tN

2
c t

2
0. To

notice, RM,0 is the average maximum circular cross-section radius of the barrel, according to

RM,0 =
1

ZRM

∫ RM,ub

RM,lb

RMe
−(RM−RM,max)2/(2ξ2RM

R2
M,max)

=
G4

ZRM

G4 =
√

2πξRMR
2
M,max

−1

2
e
− 1

2ξ2
RM

−
R2
M,lb

2ξ2
RM

R2
M,max

√2πξRMR
2
M,maxe

1

2ξ2
RM

+
R2
M,lb

2ξ2
RM

R2
M,max

erfc

(√
2RM,max −

√
2RM,lb

2ξRMRM,max

)
− 2ξ2

RM
R2
M,maxe

RM,lb

ξ2
RM

RM,max

)

−1

2
e
− 1

2ξ2
RM

−
R2
M,ub

2ξ2
RM

R2
M,max

2ξ2
RM

R2
M,maxe

RM,ub

ξ2
RM

RM,max +
√

2πξRMR
2
M,maxe

1

2ξ2
RM

+
R2
M,ub

2ξ2
RM

R2
M,max

erfc

(√
2RM,ub −

√
2RM,max

2ξRMRM,max

))
(S134)

As a result, we have obtained the following analytical expression for the average <f(ε, ν)>ε

<f(ε, ν)>ε ≈
6∑
j=0

<aj(ε)>ε ν
j

<aj(ε)>ε =
1

Zε

∫ εub

εlb

aj(ε)e
−(ε−ε0)2/(2σ2

ε)dε

= b0,j +
1

2Zε

3∑
k=1

bk,je
ck,j(ε0+ck,jσ

2
ε/2)

×
[
erf

(
ε0 − εlb + ck,jσ

2
ε√

2σε

)
− erf

(
ε0 − εub + ck,jσ

2
ε√

2σε

)]
(S135)

Zε =

∫ εub

εlb

e−(ε−ε0)2/(2σ2
ε)dε

=
1

2

[
erf

(
εub − ε0√

2σε

)
− erf

(
εlb − ε0√

2σε

)]
(S136)

where the two integral bounds are εlb = max{1/5, ε0 − pσε} and εub = min{5, ε0 + pσε}.
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S12 SAXS amplitude of Ns layers of electron densities with smooth

transitions

The excess ED profile of Ns layers with smooth transition in respect to the bulk water ED ρ0 is

δρbrl(z) =
1

2

Ns∑
j=0

(ρj+1,brl − ρj,brl)

[
1 + erf

(
z − zj,brl

21/2σj,brl

)]
(S137)

where zj,brl =
∑j

k=1 τk,brl is the z coordinate of the plane that separates the (j + 1)-layer (with

ED ρj+1,brl) and the j-layer (with ED ρj,brl) with the assumption z0,brl = 0, τk,brl is the thickness

of the k-layer, σj,brl is the smooth parameter between (j + 1)-layer and the j-layer and with the

assumption ρ0,brl ≡ ρ0. To note, in the case of Ns = 0, there is only a smooth transition between

0-layer (bulk) and 1-layer (overall barrel). The Fourier transform of Eq. S137 is

Abrl(q) =
i

q

Ns∑
j=0

(ρj+1,brl − ρj,brl)e
− 1

2
(qσj,brl)

2
eiqzj,brl (S138)

To note, in the case Ns = 0 and for σ0,brl = 0 we have |Abrl(q)|2 = q−2(ρ1,brl−ρ0)2, which, combined

with Eq. 20, leads to the typical q−4 Porod behaviour.
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Time from preparation <RH> ξRH
(days) (Å)

0 939±6 0.29±0.02
2 988±8 0.32±0.02
6 963±7 0.31±0.02
15 938±9 0.29±0.02
30 959±5 0.28±0.01

Table S2: Mean hydrodynamic radius of the LNS and associated dispersion obtained from the
analysis of the second-order autocorrelation functions measured by DLS.
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Table S3: Common fitting parameters obtained by the analysis of SAXS curves as recorded at
the Austrian SAXS beamline at ELETTRA. The unit of length is Å. Validity ranges of fitting
parameters: a [−1000, 1000] (kJ/mol); b [−50, 50] (kJ/mol); c [12.0, 15.0]; d [11.0, 14.0]; e [14.0, 17.0];
f [14.0, 17.0]; g [19.8, 23.0]; h [26.2, 27.5]; i [48.0, 54.0]; j [29.8, 30.0]; k [0.95, 1.00]; l [0.95, 1.00]; m

[7.1, 7.8] (10−4 K−1); n [0.97, 1.15]; o [0.97, 1.15]; p [0.97, 1.15]

∆ a −348±3
δ b −24.7±0.2
ν◦>C=

c 13.0±0.1
ν◦=O

d 12.0±0.1
ν◦−O−

e 15.5±0.2
ν◦OH

f 14.0±0.1
ν◦CH

g 20.4±0.2
ν◦CH2

h 26.5±0.3

ν◦CH3

i 50.1±0.5

ν◦H2O
j 29.8±0.3

βCH2
k 0.97±0.01

βCH3
l 0.97±0.01

αlip
m 7.22±0.07

d̂wat,cyl
n 1.12±0.01

d̂wat,cap
o 1.01±0.01

d̂wat,pl
p 0.99±0.01

S13 SAXS analysis of the data recorded at ELETTRA
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Figure S7: Synchrotron SAXS curves recorded the Austrian SAXS beamline of ELETTRA of P80
(panels A-B) and LNP (panels C-D) samples reported in semi-logarithmic plot (panels A, C) and
in logarithmic plots (panels B and D), respectively. For a better visualization, curves have been
stacked by multiplying for a factor 10m−1, m being the index of the row from the bottom. In panels
A-B, data refer to 13.3 g/L P80 concentration. Green and blue points in panels C-D refer to 80.0
and 40.0 g/L LNP concentration, respectively. Solid black lines are the best fits obtained with the
global-fit method.
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Figure S8: Second-class fitting parameters (panels A-F) and derived fitting parameters (panels G-
O) obtained by the analysis of SAXS data recorded at the Austrian SAXS beamline at ELETTRA
of P80 shown in Fig. S7 (panels A-B). Points refer to 13.3 g/L P80 concentration. The validity
ranges of the fit parameters shown in the panels are: A) [6,30] Å; B) [-30,30] Å; C) [6,50] Å; D)
[0,100] Å; E) [0,500] kJ/mol; F) [0.1,10] Å.
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Figure S9: Second-class fitting parameters (panels A, B, C, D, F, G, H, I, J, K, L, M, N, O, Q, R,
S, T, U, V) and derived fitting parameters (panels E, P, W, X, Y) obtained by analyzing SAXS
data recorded at the Austrian SAXS beamline at ELETTRA of LNP shown in Fig. 3 (panels C-D).
Green and blue points refer to 80.0 and 40.0 g/L LNP concentration, respectively. The validity
ranges of the fit parameters shown in the panels are: A) [35,500]; B) [10,500]; C) [2,100]; D) [0,2];
F) [4,20] Å; G) [600,3000] Å; H) [100,400] Å; I) [0,5]; J) [0,1]; K) [3,40] Å; L) [0,10]; M) [0,30] Å;
N) [0,1]; O) [0,1]; Q) [30,65] Å2; R) [30,65] Å2; S) [1,20]; T) [1,20]; U) [0,1]; V) [0,1].

S40



0

0.04

0.08

0.12

0.16

0.2

0.24

 0  500  1000  1500  2000

A

p
(R

) 
(1

0−
2  Å

−
1 )

R (Å)

0

0.01

0.02

0.03

0.04

0.05

0.06

 30  40  50  60

C

p
(2

(t
+

t 1
+

t 2
))

 (
Å

−
1 )

2(t+t1+t2) (Å)

0

0.05

0.1

0.15

0.2

 3000  6000  9000  12000

B

p
(H

) 
(1

0−
3  Å

−
1 )

H (Å)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

 0  500  1000  1500  2000  2500

D

p
(R

c
) 

(1
0−

2  Å
−

1 )

Rc (Å)

Figure S10: Probability densities of the circular cross-section barrel radius (panel A), of the total
thickness of the platelets (panel B), of the barrel height (panel C) and of the center-to-border
distance (panel D) obtained by the analysis of SAXS data recorded at the Austrian SAXS beamline
of ELETTRA. Green and blue lines refer to 80.0 and 40.0 g/L LNP concentration. Solid, dotted,
and dashed lines refer to the temperature of 20, 25, and 37 ◦C. In all panels, the dark-gray vertical
lines indicate the median at 80.0 g/L and 20 ◦C, and the shaded area indicates the corresponding
range between 1st and 3rd quartile.
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Figure S11: Size distribution of a cylinder with spherical end-caps micelle resulting from the fit of
SAXS data recorded at the ID02 beamline at ESRF on P80 samples.
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Figure S12: Size distribution of a cylinder with spherical end-caps micelle resulting from the fit of
SAXS data recorded at the Austrian SAXS beamline of ELETTRA on P80 samples.
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Figure S13: Concentration of free P80 molecules in solution as a function of the total concentration
of the molecules calculated on the basis of the fitting parameters of SAXS curves. Linear fittings
at the beginning and the end of the curve allow us to calculate the cmc of P80.
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