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Supplementary Text

Detailed derivation of δ-sensitive binding model. The key conceptual approach of our 

theoretical considerations is the correction of the nanoparticle’s valency for the particles wrapping 

fraction.

(1)𝑁 = 𝛿𝑁𝑡 + 1

In equation (1) Nt is the total amount of ligands attached to the respective nanoparticle and δ 

expressing the wrapping fraction ranging from 0 (no wrapping) to 1 (total wrapping of the particle). 

The term +1 denotes a single ligand-receptor bond that can be formed regardless of the wrapping 

fraction (i.e., on an entirely flat membrane).

With δ expressed as the ratio of membrane area where gaussian curvature Km of the membrane 

is in good correspondence to the curvature kNP of the given spherical nanostructure Am (Km ≈ kNP) 

and the nanostructures surface area ONP (Eq. 5 in the main text), we yield a factor describing the 

wrapping fraction. A first definition for the degree of wrapping of a particle at a membrane was 

introduced by Deserno et al. (1). Later, Agudo-Canalejo et al. (2) introduced a degree of 

invagination that corresponds to the one we employed. The wrapping fraction is based on the 

surface area on the membrane where particle curvature kNP and gaussian membrane curvature 

Km align. kNP is given as (3)

(2)
𝑘𝑁𝑃 =

1

𝑟𝑁𝑃
2

And the gaussian curvature Km is given as the product of the principal curvatures κ1 and κ2 (4)

(3)
𝐾𝑚 = 𝜅1𝜅2 =

1
𝑟1

∙
1
𝑟2

Ramanan et al. calculated gaussian curvature Km profiles for clathrin-coated pits based on 

membrane deformation profiles modeled by Ramanan et al. (5). For early- and medium-stage 

clathrin-coated pits gaussian curvature Km was found to range from 0.8 to 2.4·10-3 nm-2, which is 

in good correspondence with our nanoparticle’s curvature kNP of 0.8·10-3 nm-2, given by the 

hydrodynamic diameter dh of our model system estimated via dynamic light scattering, in 

accordance with equation (2). Based on corresponding surface area values calculated by 

Agrawal et al. for clathrin-coated pits at early and medium stages of maturation (early: 1140 nm2; 



3

medium: 3760 nm2) (6), we estimated δ to range from 0.07 to 0.23 (with ONP = 16326 nm2) for our 

nanoparticle model system binding into a pit.

As we consider the limits for δ → 0 (Eq. 4) and δ → 1 (Eq. 5) it is apparent that our expression is 

suitable to describe the number of ligand receptor pairs formed in dependence of the wrapping 

fraction δ. However, the introduction of this expression is only permissible if Nt is significantly 

higher than 1, so the addition of 1 in equation (1) resembling a single ligand binding regardless of 

the presence of membrane structures providing nanoparticles with a given wrapping fraction  δ 

(e.g., CCPs) becomes negligible as δ increases (Eq. 5). This requirement can be considered 

given for most ligand-carrying nanostructures. It should also be noted that this mathematical 

consideration of the limiting cases of N in dependence of δ neglects the possibility of dissociation 

of the particle at low values of δ (in this case: ).
lim
𝛿→0

𝑁 = 0

(4)
lim
𝛿→0

𝑁 = 1

if (5)
lim
𝛿→1

𝑁 ≈ 𝛿𝑁𝑡 𝑁𝑡 ≫ 1

The absence of a given wrapping fraction corresponds to  = 0 within our model. 𝐴𝑚(𝐾𝑚 ≈ 𝑘𝑁𝑃)

Consequently, in this case δ = 0 (Eq. 1). Due to the correction of the particle valence Nt by δ  the 

number of receptor-ligand bonds formed for the case a single particle results to be N = 1 (see 

equation 6 main text) and for the case of a particle number > 1 would be  = cNP (this [𝐿]𝑁𝑃

corresponds to the binding of one ligand per particle, see equation 7 in main text). In such a case 

nanoparticle binding is likely predominantly dictated by single ligand affinity and membrane 

bending energy as described by Bahrami et al. (7). In the presence of membrane structures 

possessing a curvature equal to nanoparticles curvature (e.g., CCPs), however, this membrane In 

the presence of a membrane structure with a curvature Km corresponding to the curvature of the 

nanoparticles kNP (e.g. CCPs), this membrane already has an area  > 0, which is 𝐴𝑚(𝐾𝑚 ≈ 𝑘𝑁𝑃)

available for the particles ahead of initial binding. This could also be referred to as a given 

wrapping fraction, in the sense that the particle already has a wrapping fraction δ > 0 at the time 

of initial binding.

Basic model for binding curve predictions. Considering the simplest case of linear receptor 

response (8), for the simple reaction equation given below, it can be assumed that the effect E 

triggered by ligand binding is proportional to the concentration [RL]. In addition, the maximum 
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effect Emax is proportional to the total number of receptors [RT], since [RT] is equal to [RL] if all 

receptors are occupied.

𝐿 + 𝑅⇄𝑅𝐿→𝐸

and𝐸 ∝ [𝑅𝐿] 𝐸𝑚𝑎𝑥 ∝ [𝑅𝑇]

Consequently, the degree of receptor occupation y can be expressed as follows.

(6)
𝑦 =

[𝑅𝐿]

[𝑅𝑇]
=

𝐸
𝐸𝑚𝑎𝑥

The concentration [RL] can be expressed according to the law of mass action.

(7)
[𝑅𝐿] =

[𝑅𝑇] ∙ [𝐿]

𝐾𝐷 + [𝐿]

By transforming the law of mass action (Eq. 7) and inserting the derived expression for the 

degree of receptor occupation y (Eq. 6), we obtain an expression allowing us to predict binding 

curves for a ligand with a known dissociation constant KD.

(8)

[𝑅𝐿]

[𝑅𝑇]
=

𝐸
𝐸𝑚𝑎𝑥

=
[𝐿]

([𝐿] + 𝐾𝐷)

A necessary condition for this approach is a linear relationship between receptor occupancy 

[RL]/[RT]  and the fractional response E/Emax.

(9)

[𝑅𝐿]

[𝑅𝑇]
∝

𝐸
𝐸𝑚𝑎𝑥

The relation [RL]/[RT] ∝ E/Emax  in equation (11) can be considered as given in case of the 

interaction of Ang II with the AT1 receptor since the general prerequisites for the assumption of a 

linear response-receptor occupancy relation as pointed out by Buchwald (8) are met as 1. Ang II 

is known to act as a full agonist of AT1R (9), 2. there occurs no Ca2+ signal amplification in the 

intracellular signal cascade of the AT1R (10,11), and 3. wild-type AT1R exceeds no significant 

constitutive activity (12) regarding the PLC-IP3/Ca2+-signal pathway (13).
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Using the expression for the δ-corrected nanoparticle valency N (Eq. 1), we introduced a modified 

expression for [L] allowing us to estimate the effective ligand concentration [L]NP as a function of 

the particle’s molar concentration cNP, the number of ligands attached to the nanoparticle Nt, and 

the wrapping fraction δ.

(10)𝑁𝑁𝑃 = 𝑐𝑁𝑃𝑁𝐴

(11)
[𝐿]𝑁𝑃 =

𝑁𝑁𝑃(𝑁𝑡𝛿 + 1)
𝑁𝐴

Here NNP is the number of nanoparticles and NA is Avogadro’s constant. By inserting equation 

(10) for NNP in equation (11), we yield a simplified expression for [L]NP given with equation (12).

(12)[𝐿]𝑁𝑃 = 𝑐𝑁𝑃(𝑁𝑡𝛿 + 1)

The effective ligand concentration [L]NP combined with the free ligand’s dissociation constant KD 

determined based on data obtained in the Ca2+ mobilization assays were employed to predict 

binding curves for a series of values for δ. To test the significance of our theoretical 

considerations regarding preferential nanoparticle binding to CCPs, we specifically predicted 

binding curves for the threshold values of δ (δ = 0.07-0.23) derived from the structural data of the 

CCPs (14,15). This allowed us to assess the overlay of experimental nanoparticle binding data 

and the derived expectation range for δ. The number of ligands attached to a single nanoparticle 

Nt was previously determined at ~2000 ligands per particle for the used nanoparticle model 

system (16).

(13)

𝐸
𝐸𝑚𝑎𝑥

=
𝑐𝑁𝑃(𝑁𝑡𝛿 + 1)

𝑐𝑁𝑃(𝑁𝑡𝛿 + 1) + 𝐾𝐷

Finally, equation (13) - obtained by inserting [L]NP (Eq. 12) for [L] in equation (8) - can be further 

modified by introducing a Hill-type extension as previously suggested by Buchwald (8) (Eq. 14). 

Since the Hill coefficient n is a solid measure for the degree of cooperativity α (17), this extension 

enables our model to account for cooperativity, thereby, significantly increasing its relevance 

considering multivalent interactions. Consequently, the integration of Hill coefficient values 

derived from curve fittings of our experimental data into the binding curve predictions resulted in a 

better overlap of experimental and predicted data.
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(14)

𝐸
𝐸𝑚𝑎𝑥

=
(𝑐𝑁𝑃(𝑁𝑡𝛿 + 1))𝑛

(𝑐𝑁𝑃(𝑁𝑡𝛿 + 1))𝑛 + 𝐾𝐷
𝑛

For all predicted binding curves log EC50 was determined and compared with the values found for 

nanoparticle binding to untreated and 30 mM M-β-CD pretreated cells and for the free ligand

Lys-Ang II. The residual sum of square (RSS) analysis showed that the curve predicted for δ = 

0.10 using the model given in equation (14) had the highest overlap with the experimental data 

acquired for nanoparticle binding to untreated cells. Also, the found log EC50 for δ = 0.10 values 

aligned best. For M-β-CD pretreated cells on the other hand, the binding curve derived from 

experimental data laid between the predicted curves for δ of 0.01 and 0 (Fig. 6C).

Finally, the obtained best-fit value for δ was re-integrated into the standard binding saturation 

model (Eq. 15) modified to account for morphological correspondence δ by substituting the term 

[L]NP given in equation (12) for [L]. For E and Emax we inserted the change of Ca2+ level ΔCa2+ and 

maximum change of Ca2+ level  to make the model applicable for data derived from Ca2+ ∆𝐶𝑎2 +
𝑚𝑎𝑥

mobilization assays.

(15)
∆𝐶𝑎2 + = ∆𝐶𝑎2 +

𝑚𝑎𝑥

[𝐿]𝑁𝑃

([𝐿]𝑁𝑃 + 𝐾𝐷)
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Figure S1. Preferential nanoparticle binding model applied to Bucher et al. maturation 
model We applied the introduced theoretical model on nanoparticle binding to the novel clathrin-

coated pit maturation model recently introduced by Bucher et al. (18). According to their model, 

after the flat-dome-state transition, membrane curvature Km continuously increases with ongoing 

maturation of the clathrin-coated pit. Applying this model to our theoretical nanoparticle binding 

model, it turns out that at a certain point in maturation, Km coincides with the curvature of the 

nanoparticle kNP. Consequently, at this point in maturation the wrapping fraction δ, the number of 

binding ligands N, and ultimately the nanoparticles avidity  will peak. Again, after dome-pit-𝐾𝑁𝑃
𝐷

transition, the accessibility of the clathrin-coated pit for the nanoparticle is expected to be no 

longer given. All in all, these considerations suggest a preferential binding of ligand-functionalized 

nanoparticles to clathrin-coated pits in dome-state. We conclude from this that the choice of CCP 

maturation model does not affect the predictions of our theoretical model.
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Figure S2. Characterization of Lys-Ang II modified PEG5k-PLA10k and NPLys-Ang II (A, B) Lys-

Ang II coupled PEG5k-PLA10k polymer and functionalized nanoparticles were characterized using 

Pierce BCA assay and BaCl2 based iodine assay to quantify Lys-Ang II and PEG molarity. 

Quantification was done via linear regression analysis conducted with serial dilutions of PEG5k 

(40, 30, 20, 10, and 5 µg/mL) and Lys-Ang II (1000, 750, 500, 250, 125, and 25 µg/mL). (C) 

Coupling efficiency was quantified as the molar ratio of Lys-Ang II to PEG in Lys-Ang II-PEG-PLA 

micelles. For EDC/NHS-catalyzed Lys-Ang II functionalization of carboxy-PEG5k-PLA10k it was 

found to be 94.4 ± 2.7% (mean ± std.). Prepared nanoparticles were determined to carry 29.9 ± 

9.0% (mean ± std.) Lys-Ang II ligand. (D) DLS characterization was done for each particle lot 

prepared for investigation of the three employed inhibitors M-β-CD, Baf A1, and Dyn. 

Hydrodynamic diameter dh (z-average) was determined as 71.5 ± 0.5 (M-β-CD), 71.6 ± 0.2 (Baf 

A1),  73.1 ± 0.5 (Dyn), and 69.8 ± 0.5 (M-β-CD chol-dep). Polydispersity indices (PDI) were 0.13, 

0.11, 0.15, and 0.13 (all error-bars reflect standard deviation). All data was derived from intensity-

based distributions (E) DLS distribution curves and raw correlation data for each particle lot 

(dashed lines indicate std., N = 3).

PPM 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

7.260

5.162

3.633

1.561

Figure S3. 1H-NMR (CDCl3, 400 MHz) of carboxy-PEG5k-PLA10k block copolymer. δ (ppm): 

1.561 (-C(CH3)H-, APLA CH3 = 0.8514), 3.633 (-OCH2CH2-, APEG set to 1), 5.162 (-C(CH3)H-, APLA CH 

= 0.2752), 7.260 (solvent peak).
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Figure S4. Cholesterol Quantification Assay (A) Scheme gives an overview about the sample 

preparation for AmplexTM Red-based cholesterol quantification assay. (B) Effect of possible 

residues of endopeptidase trypsin on the enzyme-stability of cholesterol oxidase (chol-oxidase) 

and horseradish peroxidase (HRP) was tested by performing the assay in presence and absence 

of 0.016% trypsin measuring 4 µg/mL cholesterol standard. Normalized fluorescence intensity 

detected was compared via un-paired two-tailed t-test (P = 0.729, t = 0.356, df = 10; ns. - not 

significant). (C) A serial dilution of cholesterol standard (8, 4, 2, 1, and 0.5 µg/mL) was prepared 

and measured (ex/em: 544/590 nm) on plate-reader to confirm linearity of obtained results and 

absence of significant background fluorescence. (D) To confirm linearity and absence of 

background fluorescence for cholesterol measurements in cells, cell pellets (300, 150, 75, and 

37.5 k rMCs) were prepared and treated as shown in the scheme (for details refer to materials 

and methods section; all error-bars reflect standard deviation).
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Figure S5. Residual sum of square analysis for binding curve models equation (13) and 
(14) To evaluate overlay of predicted binding curves with experimental data obtained in 

nanoparticle binding experiments, residual sum of square (RSS) values were plotted against δ. 

RSS values were determined for nanoparticle binding data against predicted data derived from 

basic binding curve model accounting for δ (Eq. 13) and binding curve model with Hill-extension 

(Eq. 14). Best overlay was found for δ = 0.10 employing binding curve model with Hill-extension 

(error-bars reflect standard deviation)
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Table S1. Predicted Binding Data derived from δ-sensitive Model (Eq. 13) Data yielded from binding curve predictions employing basic δ-

sensitive model (Eq. 13). aDissociation constant KD for free ligand Lys-Ang II was derived from saturation curve analysis using one-site specific 

binding model (see Quantification and Statistical Analysis).

𝛿

0 0.01 0.05 0.10 0.15 0.20 0.30 0.50 0.75 1.0

𝑐𝑁𝑃 [𝑀]  𝑁𝑡
(14)

 𝐾𝐷 [𝑀]
a

𝐸 𝐸𝑚𝑎𝑥

1.00E-12 9.24E-6 1.94E-4 9.33E-4 1.85E-3 2.77E-3 3.69E-3 5.52E-3 9.17E-3 1.37E-2 1.82E-2

3.16E-12 2.92E-5 6.13E-4 2.94E-3 5.84E-3 8.72E-3 1.16E-2 1.73E-2 2.84E-2 4.20E-2 5.53E-2

1.00E-11 9.24E-5 1.94E-3 9.25E-3 1.82E-2 2.71E-2 3.57E-2 5.26E-2 8.47E-2 0.122 0.156

3.16E-11 2.92E-4 6.10E-3 2.87E-2 5.55E-2 8.09E-2 0.105 0.149 0.226 0.305 0.369

1.00E-10 9.23E-4 1.90E-2 0.0854 0.157 0.218 0.270 0.357 0.481 0.581 0.649

3.16E-10 2.91E-3 5.78E-2 0.228 0.370 0.468 0.540 0.637 0.745 0.814 0.854

1.00E-9 9.16E-3 0.163 0.483 0.650 0.736 0.788 0.847 0.902 0.933 0.949

3.16E-9 2.84E-2 0.380 0.747 0.855 0.898 0.921 0.946 0.967 0.978 0.983

1.00E-8

~2000 1.08E-7

8.46E-2 0.660 0.903 0.949 0.965 0.974 0.982 0.989 0.993 0.995
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Table S2. Predicted Binding Data derived from δ-sensitive Model modified via Hill-extension (Eq. 14) Data yielded from binding curve 

predictions employing δ-sensitive model modified via Hill-extension (Eq. 14). aDissociation constant KD for free ligand Lys-Ang II was derived from 

saturation curve analysis using one-site specific binding model. bHill-coefficient was derived from binding curve analysis of Ca2+ mobilization data 

obtained for Lys-Ang II functionalized nanoparticles employing four-parameter nonlinear regression model (see Quantification and Statistical 

Analysis).

𝛿

0 0.01 0.05 0.10 0.15 0.20 0.30 0.50 0.75 1.0

𝑐𝑁𝑃 [𝑀]  𝑁𝑡
(14)

 𝐾𝐷 [𝑀]
a

 b𝑛 𝐸 𝐸𝑚𝑎𝑥

1.00E-12 3.93E-8 3.46E-6 3.49E-5 9.61E-5 1.74E-4 2.65E-4 4.81E-4 1.02E-3 1.85E-3 2.82E-3

3.16E-12 2.14E-7 1.88E-5 1.90E-4 5.22E-4 9.46E-4 1.44E-3 2.61E-3 5.51E-3 9.96E-3 1.51E-2

1.00E-11 1.16E-6 1.02E-4 1.03E-3 2.83E-3 5.12E-3 7.79E-3 1.40E-2 2.93E-2 5.19E-2 7.71E-2

3.16E-11 6.33E-6 5.57E-4 5.59E-3 1.52E-2 2.72E-2 4.09E-2 7.19E-2 0.141 0.229 0.312

1.00E-10 3.44E-5 3.02E-3 2.96E-2 7.76E-2 0.132 0.188 0.296 0.471 0.618 0.712

3.16E-10 1.87E-4 1.62E-2 0.142 0.314 0.453 0.558 0.696 0.829 0.898 0.931

1.00E-9 1.02E-3 8.23E-2 0.475 0.713 0.818 0.873 0.926 0.963 0.980 0.987

3.16E-9

~2000 1.08E-7 1.47

5.50E-3 0.328 0.831 0.931 0.961 0.974 0.985 0.993 0.996 0.997
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1.00E-8 2.92E-2 0.726 0.964 0.987 0.993 0.995 0.997 0.999 1.00 1.00
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