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Abstract 27 

Amphiphilic ABA-triblock copolymers, comprised of poly(2-oxazoline) and poly(2-oxazine) blocks, can 28 

solubilize poorly water-soluble molecules; they form micelles with exceptionally high drug loading. In 29 

previous work, experimental studies have shown that even minor structural changes can have a 30 

significant impact on the maximum loading capacity for several different drugs. In an effort to shed 31 

light on the molecular interactions underlying the structure-property-relationships we performed all-32 

atom molecular dynamics simulations on a selection of curcumin-loaded polymer micelles that have 33 

been experimentally characterized in detail. We investigated polymer-drug interactions in different 34 

micelle compositions, i.e. different drug loadings as well as variation of polymer structures of the inner 35 

hydrophobic core and the outer hydrophilic shell. Interestingly, the system with the highest 36 

experimental loading capacity also showed the highest amount of drug molecules encapsulated by the 37 

hydrophobic core in silico. Furthermore, in systems with a lower loading capacity the outer A blocks 38 

showed a greater extent of entanglement with the inner B blocks. Our results from hydrogen bond 39 

analyses corroborate the hypotheses of previous experimental studies: poly(2-butyl-2-oxazoline) B 40 

blocks, found experimentally to have a reduced loading capacity for curcumin in comparision to poly(2-41 

propyl-2-oxazine), established fewer but longer-lasting hydrogen bonds. This possibly results from the 42 

additional methylene group in the backbone of poly(2-propyl-2-oxazine)  to allow for different sidechain 43 

conformations around the hydrophobic cargo, compared to poly(2-butyl-2-oxazoline). This was further 44 

investigated by an unsupervised clustering of monomers within smaller model systems mimicking the 45 

different micelle compartments. In addition, an exchange of the hydrophilic poly(2-methyl-2-oxazoline) 46 

A blocks with the slightly more hydrophobic poly(2-ethyl-2-oxazoline) leads to a higher percentage of 47 

A blocks interacting with hydrophobic drugs and a reduced hydration of the corona; this suggests an 48 

impairment of micelle solubility or colloidal stability. This study demonstrates how all-atom molecular 49 

dynamics simulations can help in dissecting the effects of small structural changes in poly(2-50 

oxazoline)-based micelles; we argue that it will pave the way for a more rational a priori design based 51 

approach to the development of drug delivery systems in the future.  52 
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Introduction 53 

Poor solubility of therapeutically valuable drugs as well as new potential drug candidates represents 54 

an increasing challenge for the pharmaceutical industry. One way to tackle this problem is to make 55 

use of sophisticated drug delivery systems (DDS) that achieve efficient transportation of the 56 

(potentially toxic) compound to its biological target.1,2 Besides widely established vehicles like 57 

liposomes, amphiphilic polymer micelles consisting of ABA-triblock copolymers of poly(2-oxazoline)s 58 

(pOx) and / or poly(2-oxazine)s (pOzi) resemble an interesting alternative and have been shown to 59 

provide maximum loading capacities (LC) of up to and more than 50 wt% for a variety of 60 

therapeutically valuable drugs, e.g. paclitaxel.3 Such formulations are usually prepared via hydration of 61 

a thin film containing the polymers and drugs, after removal of the ethanol solution.4,5 As for any other 62 

polymer micelle based formulation, the more hydrophobic B blocks are believed to function as the 63 

main drug reservoir, i.e. the part of the micelle where the drugs are encapsulated, whereas the more 64 

hydrophilic A blocks serve as a “protective”, solubilizing corona of the micelle (Figure 1). Composed 65 

largely of hydrophobic elements but also more polar tertiary amides, these polymeric entities contain 66 

readily-modifiable sidechains and thus represent a versatile chemical toolbox that has garnered much 67 

attention in biomedical sciences in recent years.6–9 68 

 69 

Figure 1: Structural model of ABA triblock copolymer-based poly(2-oxazoline) micelles and chemical 70 
structures of the three polymers investigated in this study (PipBoc = N-Boc-piperazine, Pid = 71 
piperidine). Terminology for the six systems (A = pMeOx, A* = pEtOx, [10/X] = w/w ratio), molecular 72 
weight and maximum LC values from literature10,11 are listed on the right.  73 
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Micelle loading capacity has been investigated experimentally in great detail for a variety of drugs and 74 

pOx/pOzi variants, and a strong dependence on the B block monomer type has been found.3,12 For 75 

example, poly(2-methyl-2-oxazoline)35-b-poly(2-propyl-2-oxazine)15-b-poly(2-methyl-2-oxazoline)35-N-76 

Boc-piperazine (A-pPrOzi-A) has been shown to provide drastically superior drug loading for curcumin 77 

(CUR), with a LC of 11.9 g/L given a polymer feed of 10 g/L, in comparison to  poly(2-methyl-2-78 

oxazoline)35-b-poly(2-propyl-2-oxazine)15-b-poly(2-methyl-2-oxazoline)35-piperidine (A-pBuOx-A) 79 

comprising a constitutional isomer as B block repeat units (LC: 3.2 g/L).10 The underlying reason for 80 

this difference remained unknown until now. Based on small angle neutron scattering (SANS) and 81 

nuclear magnetic resonance spectroscopy (NMR) experiments, detailed structural models of these 82 

micelles have recently been postulated: within systems with lower LC, the A blocks start to interact 83 

with the drugs even at lower loadings, potentially leading to the desolvation of the protective corona 84 

which may then in turn lead to micelle agglomeration.13,14 While initial studies focused on 85 

systematically exchanging B blocks in order to characterize loading capacities for different drugs, 86 

recent studies have shifted the focus towards modifying the hydrophilic A blocks, potentially also 87 

interacting with the cargo. Exchanging pMeOx with the slightly more hydrophobic poly(2-ethyl-2-88 

oxazoline) (pEtOx) has been shown to tremendously reduce the maximum LC of CUR for pPrOzi-89 

based systems (A*-pPrOzi-A*, LC: 3.9 g/L). It is believed that the more hydrophobic A block promotes 90 

more interactions with the hydrophobic guest molecule, potentially more readily impairing micelle 91 

solubility.11 92 

While all these previous experimental studies provide a clear structural model on the general 93 

constitution of these micelles, detailed investigations into the driving polymer-drug interactions remain 94 

rather elusive to such techniques, but these are needed to explain in more detail the observed 95 

differences in micelle properties. Thus, in this work, we aim to provide, for the very first time, a detailed 96 

look into the dynamics of these polymer micelles, using all-atom molecular dynamics simulations 97 

based on the structural models established by previous SANS and NMR experiments. The only other 98 

recent study that has performed simulations on similar systems only reported basic density profiles.15 99 

Herein, we want to provide a better mechanistic understanding of the reported phenomena, derived 100 

from the observed polymer-drug interactions, in order to drive forward a more rational a priori 101 

formulation design of these DDS in the future. For this purpose, we simulated three different polymer 102 

micelles at two different drug loadings each ([10/2] and [10/6] polymer/drug mass [w/w] ratios). CUR, a 103 

pharmacologically relevant molecule naturally occurring in rhizomes of Curcuma longa L. and showing 104 
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antioxidant and anti-tumor effects,16 was chosen as the model compound and has been extensively 105 

characterized experimentally as a cargo in previous work.10,11,13,14,17,18 The investigated systems are A-106 

pPrOzi-A (additionally labeled [10/2] or [10/6], depending on the polymer/drug mass [w/w] ratio), A*-107 

pPrOzi-A* exchanging pMeOx-based A blocks with pEtOx while keeping a similar mass ratio between 108 

hydrophilic and hydrophobic repeat units (with the hydrophobic units making up around 30 % of the 109 

polymer mass), as well as A-pBuOx-A containing the structural isomer pBuOx as B block.10,11 Thus, 110 

these systems represent exemplary cases in which an exchange of the A or the B blocks leads to a 111 

significant decrease in the maximum loading capacity.  112 
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Computational models and methods 113 

Parameterization 114 

Similar to a previous simulation study involving polymer micelles, parameterization was performed on 115 

the basis of a modular building block approach.19 Small trimers with the desired repeat units were first 116 

built in Avogadro 1.2.0.20 For each oligomer, four energy minimized conformations were generated via 117 

openBabel 3.0.021 using the GAFF force field22 and subsequently uploaded to the PyRED server23–25 118 

in order to perform a multi-conformational RESP fitting,26 using Gaussian16 C.0127 with the Hartree-119 

Fock/6-31-G* level of theory for charge derivation. Hereby, each monomer defined a single residue 120 

and was constrained to have a net charge of zero. Using this approach, atom types and bonded 121 

parameters were adapted from the Amberff14SB force field set,28 similar to a previous modeling study 122 

involving pEtOx.29 The termini N-Boc-piperazine (PipBoc) and piperidine (Pid) were modeled in their 123 

protonated states and capped with corresponding MeOx/EtOx monomers. The loaded drug CUR was 124 

modeled in the keto-enol tautomer form, as previous studies suggested this to be the major form 125 

present within these micelles.3,30,31 Charges were derived analogously via PyRED using Gaussian16 126 

C.01 (HF/6-31-G*), and atom types and bonded parameters were subsequently adapted from the 127 

GAFF2 force field22 using antechamber via acpype 2022.6.6.32,33 128 

Micelle modeling 129 

The schematic workflow of the modeled systems is shown in Figure 2. To model the starting structures 130 

of the micelles based on the structural insights given from previous experimental work, polymers of the 131 

desired lengths were first built in a stretched-out conformation using tleap from AmberTools22.34 Each 132 

polymer chain was then initially relaxed by performing an energy minimization (maximum of 2000 133 

cycles) followed by a short 600 ps-long simulation in Generalized Born implicit solvent35 (12 Å distance 134 

cutoff) using sander from AmberTools22.34 For each micelle, 35 polymers were then inserted in a 135 

loosely spherical orientation using packmol 18.16936,37 (similar to other recent micelle modeling 136 

studies38,39), leaving approximately 33 % of the core volume empty for solvation, assuming a 137 

placement of ~50 % of the CUR molecules in this area (the exact number of polymers constituting 138 

each micelle was not known a priori from experiments). After placement of the polymers with 139 

hydrophilic A blocks oriented towards the outside and hydrophobic B blocks towards the inside, the 140 

desired amount of CUR molecules for a [10/2] or [10/6] polymer/drug w/w ratio was inserted randomly 141 

within a sphere that spanned the volume of the hydrophobic core as well as parts of the hydrophilic 142 

corona. Details of the chosen packmol settings for this pre-assembly of polymers and drugs can be 143 
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found in the Supporting Information (Figure S1). For each micelle, the best solution found by packmol 144 

after 50 optimization loops was then solvated in a cubic box with TIP3P water,40 with a minimum 145 

polymer-to-border distance of 10 Å. Chloride ions were used for subsequent neutralization. Structures 146 

and topologies were then converted to GROMACS files using ParmEd from AmberTools22.41  147 

For additional sampling data on polymer-drug interactions while limiting the computational costs, we 148 

artificially separated the environment of the hydrophilic corona and the hydrophobic core. To do so, 149 

small cubic simulation boxes (~ 5 nm box length) filled with randomly placed shorter hexamer variants 150 

of pMeOx / pEtOx / pPrOzi / pBuOx (capped with methyl groups), in addition to CUR and water 151 

molecules were created via packmol, in accordance with the respective polymer, drug and water atom 152 

densities found after 1.75 µs within the area of the corona and the micelle core of the first replicas 153 

(treating polymer densities as one type, either A or B blocks). Hence, for these model systems atom 154 

numbers were scaled down to a volume of 125 nm³ from the simulations of the entire micelles. Core 155 

densities were taken as an average across the volume up to 2 nm from the micelle center, whereas 156 

shell densities were taken from the distribution between 4 and 5 nm from the respective center. 157 

 158 

Figure 2: Modeling workflow for the simulated systems. (A) Polymers were initially built and relaxed 159 
via tleap and loosely spherical micelles modeled using packmol with an amount of CUR molecules 160 
equaling a [10/2] or [10/6] polymer/drug w/w ratio, given a system of 35 polymers. Two replicas of 161 
each system were simulated, totaling 3.5 µs respectively. (B) In addition, smaller model systems with 162 
hexamers were built according to polymer, drug and water atom densities in core and shell areas of 163 
the first replicas after 1.75 µs; the simulations were then carried on for at least 2 µs. 164 

Simulation setup  165 
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All simulations were performed using GROMACS 2022.01.42 A general equilibration protocol for each 166 

micelle can be described as follows: after initial energy minimization (5000 steps, steepest descent) 167 

100 ps in a NVT ensemble were conducted at 300 K, applying the Velocity-rescale thermostat43 with 168 

separate coupling constants of 0.1 ps-1 for the polymers, as well as for drugs and solvent. The leap-169 

frog integrator44 was used with 2 fs time steps. Particle-Mesh Ewald summation45 was applied for 170 

electrostatics (1.0 nm cutoff distance, 0.125 nm Fourier spacing). H-bonds were constrained using the 171 

LINCS algorithm.46 100 ps in NPT ensemble were followed by applying the Parrinello-Rahman 172 

barostat47–49 with a coupling constant of 4.5e-5 bar-1 and a reference pressure of 1.0 bar. 173 

This NPT run was then continued for 10 ns, following a simulated annealing protocol50,51 to help 174 

overcome larger energetic barriers: the system was quickly heated up to 385 K within the first 800 ps 175 

and cooled down again to 300 K in the last 500 ps. Snapshots were written out every 10 ps. The 176 

hydrophilic A blocks, initialized in an extended conformation, rapidly condensed onto the hydrophobic 177 

core; this lead to a shrinkage of the micelle that allowed for a smaller simulation box to be used. The 178 

final snapshot was then stripped off from an excess of bulk water, by removing every water molecule 179 

whose oxygen atom was positioned more than 1.0 nm away from any polymer. Single CUR molecules 180 

and chloride ions in bulk water were removed as well. The structure was then resolvated in a cubic 181 

box and used for continuation of the simulation. This 10 ns-long equilibration protocol was repeated 182 

several times (up to a total of 60 ns) in order to successively reduce the initial box lengths of around 183 

22 - 28 nm down to 16 - 18 nm. The simulation was then continued at 300 K up until 500 ns were 184 

simulated. In order to promote further equilibration, systems were heated up again to 385 K and 185 

simulated for an additional 1.5 µs at elevated temperature. The systems were then cooled down again 186 

to 300 K and simulated until a total of 2.5 µs were reached (Table 1). 187 

In order to account for a possible dependence of results on the randomly created initial polymer 188 

starting conformations and positions of CUR molecules, we subsequently performed an additional 189 

replica of each system using another set of starting structures generated via packmol. Averaging the 190 

fraction of CUR molecules starting within the core in both replicas for each polymer type and drug 191 

loading respectively, similar amounts of drugs for A-pPrOzi-A, A*-pPrOzi-A* and A-pBuOx-A systems 192 

are located near the B blocks at the beginning of the simulations (~55% for every [10/2] loading and 193 

~45% for every [10/6] loading). For these second replicas, the first equilibration phase up until 500 ns 194 

was performed analogously as described above. Then, for the following equilibration phase, systems 195 

were heated up to 385 K, simulated for 500 ns and cooled down to 300 K for a final 200 ns. Shorter 196 
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time lengths were chosen based on the convergence of properties in the first replicas (see also Figure 197 

S2 and 5). 198 

The last 100 ns at 300 K from each simulation were treated as final production run and used for further 199 

analyses. Simulations of smaller model systems were conducted with analogous initial energy 200 

minimizations and 100 ps runs in NVT and NPT ensembles. The NPT run was then continued for at 201 

least 2 µs at 300 K (Table 2). 202 

Table 1: List of simulated systems. Different replicas are labeled with suffixes 1 and 2. Time lengths of 203 
equilibration phases, numbers of CUR molecules, in addition to final box lengths are listed. A removal 204 
of CUR molecules located in the bulk phase during initial equilibration is noted with minus signs. 205 

System name 

(35 polymers each) 

CUR molecules 

(% in core at 

start) 

First 

equilibration at 

385 K [ns] 

Continuation 

at 300 K [ns] 

Second 

equilibration at 

385 K [ns] 

Final run 

at 300 K 

[ns] 

Box 

length 

[nm] 

A-pPrOzi-A-[10/2].1 166 (67.8) 60 440 1500 500 16 

A-pPrOzi-A-[10/6].1 496 (40.7) 60 440 1500 500 16 

A*-pPrOzi-A*-[10/2].1 160 (38.1) 60 440 1500 500 16 

A*-pPrOzi-A*-[10/6].1 482 (42.2) 60 440 1500 500 16 

A-pBuOx-A-[10/2].1 164 (57.6) 40 460 1500 500 16 

A-pBuOx-A-[10/6].1 490 - 3 (39.9) 20 480 1500 500 17 

A-pPrOzi-A-[10/2].2 166 (45.0) 40 460 300 200 16 

A-pPrOzi-A-[10/6].2 496 - 2 (51.0) 60 440 300 200 18 

A*-pPrOzi-A*-[10/2].2 160 (67.5) 20 480 300 200 17 

A*-pPrOzi-A*-[10/6].2 482 (47.8) 20 480 300 200 17 

A-pBuOx-A-[10/2].2 164 (53.3) 20 480 300 200 17 

A-pBuOx-A-[10/6].2 490 (51.0) 20 480 300 200 18 

  206 
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Table 2: Additional simulation boxes, with polymer, drug and water atom densities in accordance with 207 
the conditions found within the core (C) and the shell (S) of the first replicas after 1.75 µs. 208 

System name Hexamers CUR molecules Water molecules Simulation time [µs] 

A-pPrOzi-A-[10/2].C 34 139 157 3.06 

A-pPrOzi-A-[10/2].S 105 17 1052 2.34 

A-pPrOzi-A-[10/6].C 50 104 182 2.48 

A-pPrOzi-A-[10/6].S 92 79 409 2.40 

A*-pPrOzi-A*-[10/2].C 65 66 267 2.38 

A*-pPrOzi-A*-[10/2].S 87 26 805 2.35 

A*-pPrOzi-A*-[10/6].C 31 150 170 2.54 

A*-pPrOzi-A*-[10/6].S 73 82 345 2.38 

A-pBuOx-A-[10/2].C 58 80 248 2.35 

A-pBuOx-A-[10/2].S 103 21 1063 2.33 

A-pBuOx-A-[10/6].C 71 47 375 2.25 

A-pBuOx-A-[10/6].S 82 87 532 2.36 

Analysis 209 

All analyses were performed using cpptraj from AmberTools2234 and mdanalysis 2.0.52,53 If not 210 

otherwise mentioned, combined values for every nanosecond in the last 100 ns from both replicas of 211 

each system were used for comparison. From these data, boxplots were created showing the 212 

interquartile range of values, with median values marked as black lines. Levels of significance for 213 

differences between median values were further evaluated by conducting unpaired two-samples 214 

wilcoxon tests (p-values: *** = <0.001, ** = <0.01, * = <0.05, NS. = not significant).54,55 Images were 215 

created using VMD 1.9.356 and PyMOL 2.3.0.57 2D polymer-drug interaction plots were generated 216 

using ProLIF 1.0.0.56.58 The asphericity 𝑄 of micelles was calculated via rdkit 2022.03.559 based on 217 

the last 100 ns with 10 ns steps (10 snapshots) and is defined as: 218 

𝑄 =  
(𝜆2 −  𝜆1)2  + (𝜆3 − 𝜆1)2 + (𝜆3 − 𝜆2)2 

2 (𝜆1 + 𝜆2 + 𝜆3)2
 219 

with 𝜆1, 𝜆2 and 𝜆3 representing the three eigenvalues of the radius of gyration tensor.60,61 Hydrogen 220 

bonds were calculated using distance and angle cutoffs of 3.5 Å and 120°. Hydrogen bond 221 

autocorrelation functions 𝐶(𝜏) were calculated, defined as: 222 

𝐶(𝜏) =  〈
ℎ𝑖𝑗(𝑡0) ℎ𝑖𝑗(𝑡0  +  𝜏)

ℎ𝑖𝑗(𝑡0)²
〉 223 

where ℎ𝑖𝑗(𝑡0) = 1 and ℎ𝑖𝑗(𝑡0  +  𝜏) = 1 if a hydrogen bond is detected at times 𝑡0 and 𝑡0  +  𝜏  between 224 

atoms 𝑖 and 𝑗, with 𝜏 representing the maximum lag time of 250 ps (step size: 10 ps).62 These were 225 
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computed for the last 100 ns of the larger micelles, as well as for the whole trajectories regarding the 226 

smaller model systems. 227 

For generating distance histograms, all monomers within 20 Å distance to each CUR molecule at the 228 

end of the simulations were selected and their distance towards different drug moieties calculated for 229 

the last 100 ns. In order to perform additional density analyses of different polymer moieties around 230 

drug molecules, first each CUR molecule was aligned to the same position, with respect to one of its 231 

phenols or its keto-enol functional group. This was performed on a 3 x 3 x 3 nm³ grid with 1 Å 232 

resolution. After this procedure, obtained occupancy values at each grid point around every CUR 233 

molecule in the system were added up and divided by the number of analyzed frames (last 250 ns) 234 

and drug molecules; as a result, the average number of polymer atoms of interest found at each grid 235 

element per frame around a single CUR moiety was obtained. For the visualization of hotspots, 236 

threshold values representing 65 % (core) or 50 % (shell) of the respective highest occupancy grid 237 

value of the density map were chosen.  238 

For the case of the smaller model systems, an additional g3 analysis was performed on the last 50 ns 239 

of each simulation (with 10 ps time steps). The procedure was developed by Sukhomlinov et al.63,64 240 

and is described in more detail in a recent study by Davies et al.65 A radial-angular three-particle 241 

distribution function is used to create heatmaps from intra-residue angles and distances. For every 242 

time step and every selected atom 𝐵 of each monomer, the distance �⃗�𝐵𝐶 to any other atom 𝐶 within the 243 

selection is computed, given an angle Ɵ𝐴𝐵𝐶 between atoms 𝐴 (the nearest atom to 𝐶), 𝐵 and 𝐶 (see 244 

also Figure 12A, top right). For this analysis, four atoms present within every monomer type were 245 

selected: the amide nitrogen and oxygen, in addition to the first sidechain carbon atom and the second 246 

backbone carbon atom of the respective residue. Termini of the hexamers were excluded and a 247 

distance cutoff of 6 Å was chosen. Generated heatmaps of all 12 different model systems were then 248 

combined into a single similarity matrix using mean structural similarity index metrics (SSIM).66 The 249 

latter are computed by dividing each heatmap into 𝑁 smaller equally-sized windows with lengths 𝑥𝑖 250 

and 𝑦𝑖 and comparing their variance ơ² and covariance ơ𝑥𝑦, with correction factors 𝑐1 and 𝑐2:65 251 

𝑆𝑆𝐼𝑀 =
1

𝑁
∑ 𝑆𝑆𝐼𝑀 (𝑥, 𝑦)

𝑁

𝑖=1

=  
1

𝑁
∑

(2µ𝑥𝑖
µ𝑦𝑖

 + 𝑐1)(2ơ𝑥𝑖𝑦𝑖
 +  𝑐2)

(µ𝑥𝑖
2  + µ𝑦𝑖

2 + 𝑐1)(ơ𝑥𝑖
2  + ơ𝑦𝑖

2 + 𝑐2)

𝑁

𝑖=1

 252 

Analogously to Davies et al.,65 the generated similarity matrix was then reduced to a 2D dataset via t-253 

distributed stochastic neighbor embedding (t-SNE)67 and subsequent density-based spatial clustering 254 
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(DBScan).68 A perplexity of 50 was used for t-SNE and a minimum sample size of 25 monomers with a 255 

distance threshold 𝜀 of 0.25 was chosen. Finally, a principal component analysis (PCA) was performed 256 

to assess conformations of the different clusters.69 Thus, using the described g3 analysis method, 257 

monomers of all systems were effectively clustered according to differences in intra-residue angle and 258 

distance distributions.  259 



13 
 

Results and discussion 260 

In order to dissect the structure-property-relationships of ultrahigh drug-loaded pOx/pOzi-based 261 

micelles on a molecular level we performed all-atom molecular dynamics simulations of three 262 

exemplary systems at polymer/drug mass ratios of [10/2] and [10/6]: A-pPrOzi-A-[10/2] and A-pPrOzi-263 

A-[10/6], A*-pPrOzi-A*-[10/2] and A*-pPrOzi-A*-[10/6] (exchanging A = pMeOx with A* = pEtOx), as 264 

well as A-pBuOx-A-[10/2] and A-pBuOx-A-[10/6] (exchanging pPrOzi with pBuOx). Two replicas for 265 

each system were conducted (2.5 µs and 1 µs respectively), using elevated temperatures (385 K) 266 

during equilibration to overcome potential energy barriers. We subsequently analyzed various 267 

properties regarding overall micelle compositions and specific polymer-drug interactions. 268 

Micelle structures and hydration 269 

Within each system, the initially stretched-out hydrophilic A blocks rapidly condense onto the 270 

hydrophobic B blocks, albeit the protonated and rather flexible PipBoc/Pid termini orient themselves 271 

outwards and remain relatively solvent-exposed. CUR molecules get entangled quickly between the 272 

polymer chains and show very limited movement once this has occurred. All micelles reach a radius of 273 

gyration (Rg) between 4.2 and 4.8 nm, with [10/6] systems showing slightly higher values (Figure 3A). 274 

As expected, at higher drug loadings more CUR molecules can be observed in the outer (A block) 275 

region of the micelles at the end of the simulations (Figure S3). Possibly, these could result in 276 

hydrophobic patches on the micelle surface, suppressing hydrophilic A blocks from functioning as 277 

solubilizing corona and ultimately leading to aggregation at drug concentrations that exceed the 278 

maximum LC. 279 

In the case of A-pPrOzi-A the hydrophobic core and hydrophilic corona seem to exhibit a more 280 

pronounced phase separation, compared to A*-pPrOzi-A* and especially A-pBuOx-A in which B 281 

blocks show a greater extent of entanglement with the A blocks, i.e., A blocks interpenetrate the 282 

hydrophobic domain to a higher degree; this could be detrimental to the functionality of the former as a 283 

solubilizing corona. This interpenetration becomes evident when observing not only the atom densities 284 

of A blocks (Figure S4), but also e.g. the Rg ratios between B blocks and entire micelles: we clearly 285 

see the lowest value for A-pPrOzi-A (Figure 3B). Also, the B block solvent-accessible surface area 286 

(SASA) in contact with A blocks is significantly lower for A-pPrOzi-A in comparison to A*-pPrOzi-A* 287 

and A-pBuOx-A at the same level of drug loading (Figure 3C). It should be noted that pPrOzi is less 288 

hydrophobic than pBuOx; the stronger phase separation between pMeOx and pPrOzi is therefore not 289 

self-evident but may be explained by reduced miscibility of Ox and Ozi repeat units. The asphericity 𝑄 290 
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of all systems is close to zero, within a similar range as found in previous modeling studies for 291 

spherical micelles (Table S1).60,70,71 292 

 293 

Figure 3: Boxplots showing (A) the radii of gyration of polymer atoms, (B) the ratio of radii of gyration 294 
between B block atoms and every polymer atom and (C) the percentage of B block SASA that is in 295 
contact with A blocks. Levels of significance for differences in median values are marked (p-values: *** 296 
= <0.001, ** = <0.01, * = <0.05, NS. = not significant). 297 

Overall, atom densities of individual micelle constituents demonstrate that, in contrast to e.g. lipid 298 

bilayers of liposomes, each structure contains small amounts of water even within the inner 299 

hydrophobic core (making up to around ~10 % of atoms, Figure S4) and much more so in the outer 300 

regions of the hydrophilic shell. These structures are thus not completely desolvated, which conforms 301 

to previous hypotheses and results from pyrene fluorescence assays;5 this suggests water plays an 302 

important role in the formation of this form of DDS.13,14 Upon closer examination of the H-bonds (HB) 303 

that A block oxygens are able to form with water, a lower level for the less hydrophilic A*-pPrOzi-A* is 304 

found (Figure 4A), which is in agreement with the hypothesis of a reduced solvation of this corona. A-305 

pPrOzi-A with the highest maximum LC also shows the largest number of H-bonds both for [10/2] and 306 

[10/6] loadings. Performing an analogous analysis on the B blocks reveals, as expected, lower 307 

numbers (Figure 4B). Interestingly, for A-pBuOx-A the amount of H-bonds is much larger in 308 

comparison to A-pPrOzi-A and A*-pPrOzi-A*. However, this seems not to be a result from higher water 309 

contents within the core (compare Figure S4), but rather from the above described lack of clear 310 

separation between the core and shell areas. Hence, in these instances, solvent-exposed B blocks in 311 

the outer regions of the micelles are present to a greater extent (image in Figure 4D). Radial 312 

distribution functions (RDF) for water oxygens around polymer amide oxygens reveal similar results to 313 
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these H-bond analyses (Figure 4C and 4D): for A blocks the highest hydration is found for the case of 314 

A-pPrOzi-A and the lowest for A*-pPrOzi-A*. 315 

 316 

Figure 4: H-bonds between water hydrogens and (A) A block oxygens as well as (B) B block oxygens. 317 
Additionally, RDF plots for water oxygens found around (C) A block oxygens and (D) B block oxygens 318 
are illustrated. In (D) an exemplary snapshot of A-pBuOx-A-[10/2] illustrates how B blocks are solvent-319 
exposed on the surface, leading to much higher solvation. Levels of significance for differences in 320 
median values are marked (p-values: *** = <0.001, ** = <0.01, * = <0.05, NS. = not significant). 321 

Generally speaking, water soluble pOx and pOzi are known to be thermoresponsive, they show a 322 

lower critical solution temperature (LCST) type behavior, promoting phase separation upon higher 323 

temperatures.72 In particular, pPrOzi has a LCST at around 11°C.73 During equilibration, the systems 324 

were heated up to 385 K for extended time periods in which micellar structures remained intact. 325 

However, according to the reported LCST behavior, hydration decreased as can be observed by the 326 

amount of H-bonds formed between water molecules and polymer repeat units over time (Figure 5). 327 

This phenomenon has been observed in other simulation studies with LCST type polymers as well, 328 

describing a reduction in “hydrophobic hydration”.74 Upon cooling down to 300 K towards the end of 329 
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the simulations, solvation quickly increases, more readily for the A blocks than the B blocks, but not 330 

quite to the same level as before the temperature increase (compare Figure 5A/B and C/D). 331 

Interestingly, the number of H-bonded and water-bridged A-A pairs are mostly identical to their values 332 

before the second equilibration at 385 K (Figure 5B). These bridging interactions could possibly 333 

resemble energetically favorable hydration patterns that are thus established very quickly again after 334 

cooling down. Such bridges represent a considerable quantity of A-water H-bonds and are most 335 

commonly found for A-pPrOzi-A (Figure 5E), which also shows the highest corona hydration overall 336 

(Figure 4A). 337 

 338 

Figure 5: (A) Quantity of H-bonds between A block oxygens and water hydrogens shown over time 339 
(color legend given for all plots in the middle left). Dashed black lines and arrows within the plot 340 
indicate times for the first replicas at which systems were heated up to 385 K (500 ns) and decreased 341 
again to 300 K (2 µs) for the second equilibration phase at elevated temperatures and the subsequent 342 
final production run (see also Table 1). Grey dashed lines and arrows indicate the same for the 343 
second replicas (500 ns and 800 ns). (B) Bridging H-bonds between A blocks. (C) and (D) show 344 
analogous calculations for B blocks. (E) Total amount of bridging H-bonds detected for the shells. 345 
Levels of significance for differences in median values are marked (p-values: *** = <0.001, ** = <0.01, 346 
* = <0.05, NS. = not significant). 347 

As conducting equilibrations of larger systems with high degrees of freedom at elevated temperatures 348 

is a well-established method50,75,76 to escape possible metastable states (first simulations on such 349 
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micelles applied a temperature of 333 K15), the reduction in solvent within the core after exposure to 350 

elevated temperatures could indicate that the initial placement by packmol, leaving approximately 351 

33 % space within the core available for solvent molecules, partly lead to an artificially high solvation 352 

in the beginning of the simulations; this effect was especially pronounced for the case of A*-pPrOzi-A*-353 

[10/2].1 and A*-pPrOzi-A*-[10/6].1, wherein larger water clusters were observed temporarily during the 354 

first equilibration phase at 300 K within the core, but vanished after extended simulation times at 385 355 

K and the final subsequent period at 300 K (Figure S5). While we cannot rule out the possibility of 356 

such phenomena occurring (potentially also contributing to an impairment of loading capacity of 357 

hydrophobic drugs), we would like to note that the micelle water content within the core after additional 358 

equilibration (~ 10 %) is within a similar range to what was reported recently for all-atom simulations of 359 

unloaded, triblock copolymer-based Pluronic L64 micelles (10 – 18 %, also pre-assembled via 360 

packmol).39 361 

To investigate overall CUR mobility in the micelles, we analyzed the differences in distances of CUR 362 

molecules from the center of the micelle between the start and the end of the simulations. Values of 363 

up to 6 nm are recorded in single instances (Figure S6A), suggesting that the conducted protocol is 364 

able to capture possible movements of drug molecules across the amphiphilic structure, though a 365 

large fraction of the cargo remained rather rigid after initial compaction of the micelle and 366 

entanglement between the polymer chains (mostly values below 1 nm are recorded). Inspecting the 367 

standard deviations of each of these distances indicates that drug molecules within the outer parts of 368 

the micelle show the largest movement along the radial axis (Figure S6B). In accordance with the 369 

highest experimental LC, A-pPrOzi-A systems show a larger quantity of CUR molecules within the 370 

core (Figure 6A and 6B), which, despite slightly larger Rg values of micelles (Figure 3A), show reduced 371 

distances to the micelle center (Figure 6C). In accordance with drug loadings within the core, standard 372 

deviations for molecule distances are also, marginally but significantly, smaller (Figure 6D). 373 
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 374 

Figure 6: (A) Amount of drugs within 5 Å of A block atoms. (B) Amount of drugs within 5 Å of B block 375 
atoms. (C) Average distances of drugs from the micelle center (geometric center of B block atoms). 376 
(D) Standard deviation for distances of drugs to center. Levels of significance for differences in median 377 
values are marked (p-values: *** = <0.001, ** = <0.01, * = <0.05, NS. = not significant).  378 
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Polymer-drug interactions 379 

Now that we have characterized the overall micelle compositions, we proceed to dissect polymer-drug 380 

interactions and dynamics in greater detail. First, we describe the general interaction patterns that 381 

were found across all systems after systematic investigations of the local drug environments. 382 

Afterwards, further analyses of CUR-polymer H-bonds are presented. Finally, distances between 383 

specific polymer and CUR moieties are compared. 384 

Overview 385 

Within each system, CUR molecules can be seen establishing H-bonds to polymer carbonyl oxygens 386 

of the tertiary amides via their phenolic hydroxyl groups (Figure 7A, 7B, 7C-II and 7D-III), sometimes 387 

including bridging water molecules (Figure 7C-III and 7D-II). This conforms to previous NMR studies13 388 

of A-pPrOzi-A systems and might result in an effective (yet transient) polymer cross-linking. In every 389 

system, about 90 % of such links established via directly double-H-bonded CUR molecules are formed 390 

intermolecularly between different chains. This could possibly impact solubility and colloidal stability 391 

when occurring in the corona, in particular between two individual micelles (not implemented in the 392 

present model). In accordance with this experimental study, the keto-enol moiety rarely establishes 393 

similar interactions. CUR-polymer H-bonding affecting overall hydrophilicity of delivery systems has 394 

also been discussed as an important factor for drug solubilization in recent modeling studies regarding 395 

(PEG-)chitosan-based DDS.77,78 Apart from these interactions, the lipophilic drug molecules are 396 

embedded within the mostly hydrophobic backbones and sidechains of the polymers. Within areas of 397 

high CUR concentrations, π-π stacking and CUR-CUR H-bonds (Figure 7A-II) can be observed, with 398 

the carbonyl group of the keto-enol moiety also partly functioning as an acceptor. At high drug 399 

loadings, CUR molecules in the outer regions of the micelles do not diffuse into the bulk water but 400 

rather move around on, or stick to, the surface of the corona; as a result the latter becomes more 401 

hydrophobic. In vitro, such a situation would be expected to lead to micelle-micelle interactions, 402 

compromising colloidal stability. As noted before, when maximum LC is exceeded in vitro for the 403 

systems investigated here, it is not the drug that is precipitating, but the drug-loaded micelles form a 404 

gel phase of polymer and drug, in line with the hypothesis of physically cross-linked micelles.30 it could 405 

be postulated that, in an in vivo environment, such sticky patches possibly increase the strength of the 406 

interaction with either a cell membrane or a protein, e.g. serum albumin, affecting drug release, 407 

endocytosis and pharmacokinetics. 408 
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 409 

Figure 7: Exemplary polymer-drug interactions. Snapshots of different micelles are shown with 410 
transparent polymers and drugs and a single selected CUR molecule shown as yellow VDW spheres. 411 
For this molecule images on the right show interactions with the polymers and other CUR molecules, 412 
with additional pictures showing specifically both phenolic hydroxyl groups. Examples of CUR 413 
molecules near (A) pPrOzi, (B) pMeOx, (C) pEtOx and (D) pBuOx are illustrated, showing residues 414 
within 5 Å of the respective drug. Additional 2D polymer-drug interaction fingerprints for the examples 415 
shown are given in Figure S7 and S8. 416 

Hydrogen bond analysis 417 

As the described H-bonds might be crucial for explaining differences in drug loading capacities, these 418 

were analyzed in more detail. The ratio between CUR-B and CUR-A H-bonds is highest for the case of 419 

the A-pPrOzi-A systems (Figure 8), in line with higher drug loadings within the core (see above). 420 
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 421 

Figure 8: Percentage of (A) A block oxygens and (B) B block oxygens forming H-bonds with CUR 422 
molecules. (C) Ratio between percentage of H-bond forming B blocks and A blocks. Levels of 423 
significance for differences in median values are marked (p-values: *** = <0.001, ** = <0.01, * = <0.05, 424 
NS. = not significant). 425 

RDF analyses provide further insight into the differences between the systems regarding these H-426 

bonds (Figure 9). For the A blocks, A*-pPrOzi-A*-[10/2] and A*-pPrOzi-A*-[10/6] (along with A-pBuOx-427 

A-[10/6]) show higher peaks than the other systems (first maximum at 2.8 Å, Figure 9A-I), 428 

corroborating the hypothesis of overall increased drug-polymer interactions within pEtOx-based shells 429 

compared to the pMeOx-based structures. Two additional smaller maxima can be found for the latter 430 

(4 – 8 Å, Figure 9A-II and 9A-IV), which can represent other oxygens of the same CUR molecule (e.g. 431 

the keto-enol group), but also other drug molecules in the vicinity. In contrast, pEtOx-based systems 432 

show only one additional broader peak (Figure 9A-III). For the B blocks, [10/6] systems show lower 433 

values than [10/2] systems as more drugs are located in the outer shell (Figure 9B). For each ratio 434 

though, A-pPrOzi-A systems show the highest peaks, reflecting the higher loading within the core. The 435 

first peak can also be found at 2.8 Å (Figure 9B-I), followed by several smaller local maxima between 436 

4 and 8 Å (Figure 9B-II, 9B-III and 9B-V). Interestingly, these additional peaks are similar for pPrOzi-437 

based structures whereas for pBuOx-based systems the most distant peak at around 7 Å (Figure 9B-438 

IV) essentially vanishes. Findings from these RDF analyses clearly hint at distinctly different orderings 439 

of CUR molecules within micelles depending on the types of monomers interacting with the cargo. 440 
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 441 

Figure 9: RDF plots describing the normalized radial atom density of (A) CUR oxygens around each A 442 
block polymer oxygen and (B) B block polymer oxygen. Detected peaks up to 1 nm distance are 443 
labeled, with the first resembling the polymer-drug H-bonding. 444 

We further investigated the lifetime of such interactions, by calculating the respective autocorrelation 445 

functions applying distance cutoffs in accordance with the first minima in the RDF plots described 446 

above (3.3 Å for A blocks and 3.6 Å for B blocks). With the exception of A-pBuOx-A-[10/2].2 A blocks 447 

generally show longer lifetimes at lower loadings where fewer CUR molecules are located in the outer 448 

regions of the micelles (Figure 10A), albeit no difference between pMeOx and pEtOx is noted. 449 

Lifetimes between systems containing the same A or B blocks can be expected to differ, as changes 450 

in hydration, local drug concentration in core and shell areas and the size of the interfacial area 451 

between A and B blocks (where drugs are in contact with different types of repeat units) depend on 452 

the structure of the whole ABA-triblock copolymer but affect disruption of the investigated H-bonds. In 453 

conclusion though, the findings for the B blocks (Figure 10B) corroborate previous fluorescence 454 

upconversion studies, in which greater interaction lifetimes were also detected for pBuOx-based 455 

structures, which were interpreted as a result of lower CUR mobility.17 Our MD experiments 456 

corroborate that micelles bearing pPrOzi hydrophobic domains with a much higher LC actually 457 

establish weaker interactions with the cargo than pBuOx. 458 
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 459 

Figure 90: Exponential decay fits for hydrogen bond time autocorrelation functions 𝐶(𝜏) of H-bonds 460 
between phenolic CUR hydroxyl groups and (A) A blocks as well as (B) B blocks. Slower decays 461 
correspond to longer interaction lifetimes. 462 

Distance analysis 463 

We further investigated possible preferred orientations of polymer moieties around CUR molecules by 464 

calculating distance histograms, combining data from all systems based on the respective polymer 465 

types (Figure 11). Most histograms show very similar distributions, though some smaller differences 466 

are noticeable; as A-pPrOzi-A systems showed a generally higher drug loading within the core, PrOzi 467 

repeat units are more likely to be found near CUR molecules compared to B block monomers of 468 

systems containing A*-pPrOzi-A* or A-pBuOx-A (Figure 11A-I to 11A-III, 11B-I to 11B-III and 11C-I). 469 

This is also the case for the highest peak in Figure 11B-II, resembling H-bonds between the polymer 470 

oxygens and the phenolic hydroxyl groups. For the case of A-pBuOx-A, small additional peaks are 471 

detectable (Figure 11A-I and 11C-I). Additionally, the maxima are shifted around 1 Å closer in 472 

comparison to A-pPrOzi-A and A*-pPrOzi-A* (Figure 11A-III, 11C-II and 11C-III). This suggests that A-473 

pBuOx-A (with overall lower loading in the core than A-pPrOzi-A) is able to approach CUR molecules 474 

more closely, especially the keto-enol group via its longer sidechain, which may result in a tighter 475 

packing of the cargo (possibly corroborating previous fluorescence uptime conversion studies,17 see 476 

above). With respect to the A blocks, most histograms are comparable between the different systems, 477 

with the exception of the pEtOx sidechains that show larger distances to the aromatic drug moieties in 478 

comparison to pMeOx (Figure 11A-VI). Overall, these analyses illustrate only subtle differences 479 

between the orientations of the different monomer types around CUR molecules. Most distances show 480 

rather broad peaks, with the exception of the case involving CUR-polymer H-bonds (Figure 11B-II and 481 

11B-V). In contrast to the latter, possible H-bonds between polymer oxygens and keto-enol groups are 482 

not detected, shown by broader peaks at larger distances (Figures 9C-II and 9C-V). Thus, while RDF 483 
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analyses hint at different CUR orderings depending on the types of monomers interacting with the 484 

cargo (Figure 9), differences in these histograms are overall very subtle. 485 

Additional occupancy density hotspots of polymer moieties were calculated for all CUR molecules of 486 

selected systems to complement these measurements (Figure S9). In each case the most pronounced 487 

hotspot for the polymer carbonyl oxygen is found near the phenolic hydroxyl groups of the drug. 488 

Densities of backbones are highest below and underneath the aromatic rings, whereas edges of the 489 

CUR molecules were more often observed to be flanked by polymer sidechains. Polymer amides near 490 

aromatic drug moieties could promote further interactions, as was recently observed for the case of 491 

poly(2-phenyl-2-oxazine)-based structures79 in addition to aromatic amino acids.29 In contrast to 492 

hotspots around the aromatic rings, densities around the keto-enol tautomer are much more diffuse for 493 

all polymer moieties, suggesting, once more, only weak interactions with this functional group. 494 

 495 

Figure 11: Histograms for distances between different polymer moieties (backbones, oxygens, 496 
sidechains) and CUR moieties (A = rings; B = hydroxyl groups; C = keto-enol oxygens), marked with 497 
yellow lines. In each case values for B blocks are shown on top (labels I to III) and values for A blocks 498 
on bottom (labels IV to VI). Data is shown in each plot combined for all A-pPrOzi-A (red), A*-pPrOzi-A* 499 
(blue) and A-pBuOx-A systems (gray). 500 

Model systems 501 
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Finally, to collect more statistics on the characterized polymer-drug interactions, smaller model 502 

systems were built via packmol (~ 5 nm box lengths) and simulated for at least 2 µs. These were 503 

modeled with shorter homooligomers (hexamers), as well as drug and water atom densities in 504 

accordance with core and shell areas derived from the first replicas of the full micelle after 1.75 µs of 505 

simulation. Even though these correspond to conditions during the equilibration phase at elevated 506 

temperatures, differences in hydrogen bond autocorrelation functions between repeat units, collected 507 

for the whole trajectories, qualitatively agree with findings for larger systems (Figure 10). Overall, A 508 

blocks showed longer lifetimes for the case of lower drug loadings (Figure S10A), whereas, within the 509 

core, H-bonds formed via pBuOx B blocks showed slower decays compared to systems containing 510 

pPrOzi (Figure S10B). Differences in absolute values can result from the usage of shorter, inherently 511 

more flexible hexamers. 512 

These smaller model systems were further used to perform a so-called g3 analysis in an analogous 513 

way as recently performed for lipid bilayers.65 Herein, intra-residue radial-angular three-particle 514 

distributions of each monomer of all systems were analyzed to create heatmaps. Similarities of these 515 

were summed into a single matrix which was subsequently reduced to 2D data via unsupervised 516 

machine learning methods (t-SNE, DBScan, PCA). This procedure was performed in order to detect 517 

additional potential differences in monomer conformations (Figure 12). In order to compare all 518 

polymers analogously, we analyzed the distributions for four atoms found in every monomer type: the 519 

amide nitrogen and oxygen, as well as the first sidechain carbon atom and the second backbone 520 

carbon atom of the respective residue (Figure 12A, top right). Due to much shorter residues in 521 

comparison to e.g. lipids and the limited selection of atoms, the resulting heatmaps showed only a few 522 

hotspots (Figure 12B, as well as S11 and S12). 3 clusters were found by the dimensionality reduction 523 

algorithm, whereas the biggest cluster 3 contains almost all pOx monomers (Figure 12C). In contrast, 524 

pPrOzi monomers are nearly equally divided into clusters 1 and 2. While heatmaps of clusters 2 and 3 525 

are very similar, cluster 1 contains mostly pPrOzi monomers with distinctly different conformations 526 

according to the distances along PC1 in the PCA. Visual inspection of exemplary monomers reveals 527 

that these are more likely to contain trans arrangements of the monomer alkyl sidechain with respect 528 

to the backbone of the respective residue (Figure 12A). In contrast, pOx monomers make up only 529 

about 20 % of this cluster (Figure 12D). 530 
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 531 

Figure 10: Results from g3 analysis. (A) Conformations of exemplary pPrOzi residues (showing every 532 
10 ns of the last 50 ns) found in clusters 1 and 2, with atoms selected for analysis marked in the top 533 
right. (B) Corresponding g3 heatmaps of residues from (A), with red arrows indicating changes on the 534 
right. (C) Dimensionality reduction showing each monomer as a point in a 2D plot after t-SNE and 535 
subsequent PCA. (D) Cluster composition (left) and distribution of monomer types (right).  536 
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Based on these findings, dihedral angles in the larger micelle systems were further investigated 537 

(Figure 13). Interestingly, pBuOx shows a strongly increased ratio between cis and trans oriented alkyl 538 

sidechains (1:1) for repeat units found near CUR. In contrast, this ratio stays constant (mostly trans) 539 

for the case of pPrOzi. Thus, g3 analysis combined with subsequent angle analyses on larger systems 540 

suggests that the BuOx repeat units are affected by CUR loading with regard to their sidechain 541 

orientations, whereas PrOzi repeat units, bearing an additional methylene group within the backbone 542 

not directly bound to any tertiary amide, retain the same percentage of trans arrangements of alkyl 543 

sidechains near the hydrophobic cargo. This could possibly be a deciding factor for the previously 544 

experimentally determined overall preference of pOzi over pOx monomers for CUR loading.10 545 

 546 

Figure 113: Distributions of dihedral angles measured between the first sidechain carbon atoms, the 547 
carbonyl carbon atoms, the amide nitrogens and the first backbone carbon atoms (marked orange). 548 
These are shown separately for monomers with a minimum distance of (A) > 8 Å (minus sign) and (B) 549 
< 4 Å (plus sign) to any CUR molecule (pPrOzi = red, pBuOx = gray). Values are summed up for every 550 
nanosecond in the last 100 ns. 551 

Smaller model systems are often built as a stand-in for investigations of much larger polymeric 552 

structures, including pseudo-micelles with shorter / fewer polymers and drugs.38,80–82 To our 553 

knowledge, this is the first time that additional sampling data on the individual hydrophobic and 554 

hydrophilic micelle compartments based on specific conditions obtained from initial all-atom 555 

simulations of larger structures with full-length polymers has been gathered. While we present here 556 

only a very preliminary look into this, we believe this method could prove useful for other DDS 557 

modeling studies as well, especially when applying resource-intensive machine learning approaches 558 

such as the g3 analysis described above. 559 
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Conclusion 560 

In this study, all-atom molecular dynamics simulations of nanoformulations of three exemplary ABA-561 

triblock pOx/pOzi-based amphiphilic micelles at two different drug loadings were conducted on 562 

microsecond time scales, in order to dissect for the first time the underlying polymer-drug interactions 563 

and dynamics on a molecular level. For the case of A*-pPrOzi-A*, featuring EtOx hydrophilic repeat 564 

units, and especially A-pBuOx-A with lower experimental LC, the A blocks showed a greater extent of 565 

entanglement with B blocks, which might impact solubilization and colloidal stability of such a DDS. In 566 

agreement with previous experimental studies,11,14 A-pPrOzi-A showed higher hydration of the shell in 567 

comparison to the case for A*-pPrOzi-A* with the more hydrophobic pEtOx corona; it also contained 568 

more drugs within the core than the other structures. At higher [10/6] loadings, more drugs could be 569 

found on the micelle surface, which corroborates earlier experimental findings and is expected to 570 

reduce hydrophilicity of the corona, ultimately leading to micelle aggregation, as observed 571 

experimentally for A*-pPrOzi-A* and A-pBuOx-A systems at this loading (exceeding maximum LC). 572 

Analysis of polymer-drug interactions showed CUR effectively (physically and intermolecularly) cross-573 

link chains via H-bonds between its phenolic hydroxyl groups and polymer carbonyl oxygens, 574 

corroborating previous NMR experiments.13 In line with differences in drug distributions across 575 

micelles, H-bonds between CUR and B blocks were most commonly found for the case of A-pPrOzi-A, 576 

though lifetimes of such interactions were higher for pBuOx. This agrees with previous fluorescence 577 

studies, hinting at stronger interactions of CUR with the latter and could result from different sidechain 578 

conformations of pPrOzi compared to pBuOx.17 579 

Admittedly, we must acknowledge the fact that the investigated systems were loosely pre-assembled 580 

based on experimentally derived structural models from previous studies, suggesting spherical 581 

micelles with A blocks positioned in the outer and B blocks in the inner core.13,14 The amount of 582 

polymers constituting a micelle was not known a priori, but this could certainly impact multiple aspects 583 

of the resulting structures, e.g. thickness of the corona. While longer time scales (via future coarse-584 

graining approaches) might help characterizing overall micelle structures, this study focused on and 585 

provides significant data for detailed analysis of local polymer-drug interactions. Important to note, 586 

such interaction patterns, involving H-bonds, are only accessible via all-atom simulations. We will now 587 

investigate systems involving e.g. different A and B blocks or therapeutically valuable drugs, such as 588 

paclitaxel with a higher LC for A-pBuOx-A.10 Cheminformatics-driven prediction models have already 589 

helped in a priori designing optimized pOx/pOzi-based formulations.83 With additional simulations we 590 
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aim to complement such approaches providing detailed insight into the underlying dynamics of these 591 

DDS in future studies.  592 
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