
1

Electronic Supporting Information

Revealing the folding of single-chain polymeric nanoparticles at the 
atomistic scale by combining computational modeling and X-ray 

scattering
Stefan Wijker‡a, David Dellemme‡b, Linlin Denga, Bence Fehércd, Ilja K. Voetsd, Mathieu Surin*b, 
Anja R.A. Palmans*a

a Laboratory of Macromolecular and Organic Chemistry, Institute for Complex Molecular Systems (ICMS), Department 
of Chemical Engineering and Chemistry, Eindhoven University of Technology, Eindhoven 5600 MB, The Netherlands. b 

Laboratory for Chemistry of Novel Materials, Center of Innovation and Research in Materials and Polymers (CIRMAP), 
University of Mons - UMONS, Place du Parc 20, B-7000 Mons, Belgium. 
c HUN-REN-SU Nanobiophysics Research Group, Budapest, Hungary; HUN-REN-SU Biophysical Virology Research 
Group, Budapest, Hungary; Institute of Biophysics and Radiation Biology, Semmelweis University, 1094, Budapest, 
Hungary. 
d Laboratory of Self-Organizing Soft Matter, Department of Chemical Engineering and Chemistry, and Institute for 
Complex Molecular Systems, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, the Netherlands.

* To whom correspondence should be addressed
E-mail: Mathieu Surin: mathieu.surin@umons.ac.be; Anja R.A. Palmans: a.palmans@tue.nl
‡ Both authors contributed equally



2

Table of Contents

Table of Contents ........................................................................................................................................2

1. Materials and methods ........................................................................................................................3

1.1. Materials......................................................................................................................................3

1.2. Methods.......................................................................................................................................3

1.2.1. Fluorescence Spectroscopy .................................................................................................3

1.2.2. Densimetry ..........................................................................................................................3

1.2.3. log(P) calculations...............................................................................................................3

1.2.4. Dynamic Light Scattering (DLS) ........................................................................................3

1.2.5. Small-angle X-ray Scattering (SAXS) ................................................................................3

1.2.6. Atomistic scale MD simulations .........................................................................................4

2. Experimental Section ......................................................................................................................6

2.1. Polymer data summary................................................................................................................6

2.2. Fluorescence Spectroscopy .....................................................................................................6

2.3. Dynamic Light Scattering .......................................................................................................7

2.4. Small-angle X-ray Scattering ..................................................................................................8

2.5. Atomistic scale MD simulations ...........................................................................................14

3. References .........................................................................................................................................31



3

1. Materials and methods
1.1. Materials

Nile Red and phosphate buffered saline tablets were purchased from Merck or Fischer Scientific. Ultrapure water was 
obtained using a Milli-Q® ultrapure system. The polymers were synthesized previously.1,2 For the in-depth synthesis 
procedure and polymer characterization, we refer to the references mentioned. In ref 1, P7 is the same polymer as p(J) in this 
publication and P3 is p(J-BD). Likewise in ref 2, PDG is p(G-D) and P100BG is p(G-B).

1.2. Methods
1.2.1. Fluorescence Spectroscopy

The Nile Red fluorescence spectra shown in Figure S1 were recorded in previous research as described previously.1,2 In order 
to more accurately determine the emission maxima, Lowess smoothing was performed and the emission maxima was chosen 
as the wavelength corresponding to the maximum emission intensity after smoothing.

1.2.2. Densimetry
The density of polymer solutions was determined using a DMA 4500 M Anton Paar densitometer via the oscillating-tube 
technique. The densitometer was calibrated at 20.00 °C, using air and pure water as reference samples. The measured density 
was reproducible up to the 5th (last) digit. Each sample was measured twice. A solution of p(J) was measured at a 
concentration of 1.0 mg mL−1 at 20.00 °C. From these measurements, the apparent specific volume of p(J) in water 𝜈app (cm3 

g−1) was calculated according to 𝜈app =  1
𝑑s

∙ 1 ― 𝑑p 𝑑s

𝑐p
, with ds the density of the solvent (g cm−3), dp the density of the polymer 

solution (g cm−3), and cp the polymer concentration (g cm−3). 𝜈app was calculated as 0.8415 cm3 g−1. The apparent specific 
volume of p(J-BD) was assumed to be equal to that of p(J) due to the large mass fraction of Jeffamine@M1000 in p(J-BD). The 
apparent specific volumes were not determined for p(G-D) and p(G-B).
 

1.2.3. log(P) calculations
Values of the partition coefficient of the polymers were calculated using the MarvinSketch 20.11 software by ChemAxon Ltd 
using the ChemAxon method at an electrolyte concentration of 0.1M NaCl concentration. The log(P) of the polymers were 
calculated by summation of the log(P) of the monomer building blocks, calculation over the respective acrylamide monomers 
of the grafts, while ignoring the polymer end-groups. Using this method, the values of log(Pi) found were 8.71 for the BTA 
monomer, 3.00 for the Nile Red monomer, 4.34 for the dodecyl monomer, -2.42 for the glucose monomer, and -2.73 for the 
Jeffamine@M1000 monomer. The calculation of the polymer log(P) is calculated from the log(Pi) the value of the monomer, 
and the mol fraction of the monomer xi follows:

log 𝑃 =  
𝑖

(𝑥𝑖log(𝑃𝑖))

1.2.4. Dynamic Light Scattering (DLS)
Dynamic Light Scattering measurements were performed on a Malvern Instruments Zetasizer µV equipped with a λ = 830 nm laser 
in Sarstedt disposable cuvettes after sample filtration to remove dust at 20 °C. The scattering intensity was recorded at a fixed 

scattering vector 𝑞 =  4𝜋𝑛solvent

𝜆
∙ sin 𝜃

2
, with 𝑛solvent the refractive index of the solvent, θ the scattering angle in degrees and λ the 

wavelength of the laser in nm. nsolvent = 1.335. The scattering intensity was recorded in triplicate, at a scattering angle of 90°, at 13 
measurements of 3 seconds each. The fluctuations in the scattering intensity were automatically analyzed by the built-in CUMULANT 
algorithm to obtain the intensity, volume, and number distributions of dissolved particles. The apparent hydrodynamic radius RH 
was calculated from the diffusion coefficient of the particles D as RH = kBT/(6πηD), with kB the Boltzmann constant, T the temperature 
of the solution in K, and η the solvent viscosity. η = 1.0016 mPa s.3The final RH was taken from the intensity distribution as the average 
of the three measurements. The measurements of p(J-BD) were instead recorded on an ALV CGS-3 instrument equipped with an 
ALV-7004 digital correlator and a λ = 532 nm laser in cylindrical glass cuvettes (i.d. = 0.8 cm) after sample filtration with a Whatman 
200 nm PVDF syringe filter to remove dust. The scattering intensity was recorded at scattering angles of 30° to 150° with a step size 
of 10°, at 6 measurements of 15 seconds per angle. The fluctuations in the scattering intensity were analyzed by applying the CONTIN 
algorithm to the first order autocorrelation function derived from the trace of the scattering intensity using the After-ALV software 
by Dullware Inc. to obtain the decay rate Γ of the particles in solution. The diffusion coefficient of the particles D was derived from 
the slope in a plot of Γ as a function of q2

, from which RH was derived in the same manner as on the Zetasizer. 

1.2.5. Small-angle X-ray Scattering (SAXS)
SAXS was measured on beamline BM29 (BioSAXS) at ESRF.4 The scattering intensity I(q) was recorded as a function of the 
scattering vector q over the range 0.05 – 5 nm−1 using monochromatic X-rays with an energy of 12.5 keV as recorded on a 



4

Pilatus3 2M detector in vacuum. Here, 𝑞 = 4π
𝜆

∙ sin𝜃
2, with λ the X-ray wavelength (0.1 nm) and θ the scattering angle in degrees. 

Samples were measured in a quartz glass capillary with a diameter of 1 mm at 20 °C using the sample changer mode. Samples 
were measured for 10 frames of 1 second each under flow to minimize radiation damage. Standard corrections were applied 
automatically at ESRF (empty capillary and solvent contributions, absolute scale corrections, etc.). The scattering intensity on 
absolute scale is a function of the weight-averaged molecular weight of the particles Mw (g mol−1), the weight concentration 
of particles c (g cm−3), the scattering length density difference per mass between particle and solvent ΔρM (cm g−1), Avogadro’s 
constant NA

 (= 6.0224·1023 mol−1), the form factor P(q) describing intraparticle interference, the structure factor S(q) 
describing interparticle interference, and incoherent background scattering as

𝐼abs(𝑞) = 𝑀w ∙ 𝑐 ∙ ∆𝜌2
M ∙ 𝑁―1

A ∙ 𝑃(𝑞) ∙ 𝑆(𝑞) + 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑.

The scattering length density difference per mass between particle and solvent ΔρM was calculated as
∆𝜌2

M = (𝜌polymer ― 𝜌solvent)2 ∙ 𝜈2
app.

Here ρpolymer is the scattering length density of the polymer, ρsolvent is the scatter length density of the solvent, and 𝜈app (cm3 g−1) 
is the apparent specific volume of the particles in solution. The scattering length density was calculated from the electron 
density of the solvent and particle respectively. The scattering length density of water, the solvent, was calculated as 9.47·1010 
cm−2 and the scattering length density of p(J) and p(J-BD) were calculated as 11.01·1010 cm−2. At low concentrations, the 
interparticle interference is negligible, and S(q) ≈ 1. The angular dependence of the scattering curve is therefore described by 
the form factor only. At sufficiently low scattering vector for small particles, we probe the entire particle, and the scattering 
curve reaches a plateau, corresponding to P(q) ≈ 1. We can then calculate the theoretical scattering intensity of our sample at 
a scattering angle of 0°, I(0)th, using the above equation by substituting P(q) = 1 and S(q) = 1. I(0) can also be determined from 
the scattering curve in tandem with the radius of gyration RG via the shape-independent Guinier analysis according to 𝐼(𝑞) ≈
𝐼(0)exp ∙ 𝑒―𝑞2𝑅2

G/3, in which ln(I(q)) is plotted against q2. A linear fit of the scattering data and extrapolation to q = 0 yields 
I(0)exp as the y-intercept at q = 0, and RG from the slope. The maximum q included in the Guinier analysis was constrained to 
qRG < 1.3, as the Guinier analysis does not hold for larger values. Datapoints at low q that show a clear upturn were not used 
for the fit. From this, the weight-averaged number of polymer chains per particle is calculated according to Nagg = I(0)exp/I(0)th.
Form factor fits were performed in SASfit.5 p(J) and p(J-BD) were fit using a factorized approach for long, thin objects as I(q) 
= P’(q)Pcs(q) + bg, with P’(q) the form factor of the long dimension, Pcs(q) the form factor of the cross-section, and bg a constant 
background term. The Worm PS3 function without excluded volume effects was chosen for P’(q), which describes the 
scattering objects as worm-like chains (see https://sasfit.org/#the-manual, page 371, section 9.2.4.7). The cross-section term 
Pcs(q) was described as a Boucher cylinder cross-section (see https://sasfit.org/#the-manual, page 343, section 9.2.2.5), to 
mirror the decrease in radial density of the chains at larger radius values as the grafts stretch out into the solvent. From this, 
the length of the scattering objects L, the Kuhn length lk, the cross-sectional radius Rcs, and the distribution width of the cross-
sectional radius σcs were determined as global parameters using a simultaneous fitting procedure to 5 different 
concentrations (cpol = 0.5 – 2.5 mg mL−1) in which chi-squared χ2 was minimized using the method of least squares. The shape 
parameter α was a fixed input parameter equal to the slope in a log-log plot of the scattering intensity I(q) against q between 
q = 0.8 – 1.2 nm−1 (see ESI Section 2.4). p(G-D) and p(G-B) were fit using two additive distributions as I(q) = P1(q) +P2(q) + bg, 
with P1(q) the form factor for ellipsoidal core-shell structures (see https://sasfit.org/#the-manual, page 461, section 9.6.4) 
to describe the small nanoparticles in solution, and P2(q) a power law to fit the observed scattering at low q originating from 
a small number of larger aggregates. P2(q) was chosen as the generalized Gaussian coil form factor with RG set outside the 
experimental range to model a single power law (see https://sasfit.org/#the-manual, page 418, section 9.4.1.5). From this, 
the polar radius Rpolar and the equatorial radius Req of the ellipsoid were determined, in addition to the thickness of the 
hydrophilic shell Rshell and the power law scaling x−1 (equal to the Flory exponent ν in the generalized Gaussian coil model). 
Similar to before, these parameters were determined as global parameters using a simultaneous fitting procedure to 5 
different concentrations (cpol = 0.5 – 2.5 mg mL−1) in which chi-squared χ2 was minimized using the method of least squares. 
In this additive model, the program did not accurately represent the uncertainty on the fit parameters, so the fitting procedure 
was repeated separately or each concentration, and the averaged parameter values with uncertainty are shown in Table S2 
underneath the simultaneous fit parameters labelled as ‘-averaged’. RG was fixed to 250 nm, such that the generalized 
Gaussian coil model regresses to a simple power law within the experimental q-regime. For the contrast terms of the shell, 
solvent, and core in the core-shell ellipsoid form factor model, εshell = 1, εsolvent = 0, and εcore = −1, respectively.

1.2.6. Atomistic scale MD simulations
MD simulations were carried out using the AMBER package.6 The polymer chains were assembled in several steps. First, the 
monomeric units and chain-ends were built individually with the Avogadro 1.2.0 software.7 Each of these residues was then 
assigned atomic partial charges following the RESP methodology, using the antechamber module of AMBER.8 The quantum 
calculations were done with the Gaussian 16 software.9 Note that partial charges previously assigned with the AM1-BCC 
methodology,6 led to unsatisfactory results, see Figure S17. The polymer chains were then built by assembling the monomers 
in the desired sequence, with randomized chirality, using the sequence command of the LEaP module of AMBER. The ratio 
between the α and β anomers of the glucosamine monomers was set as 60 % α and 40 % β, as measured experimentally in 
aqueous solution.10 Three different sequences were investigated for the p(J-BD) copolymers, to study the effect of the primary 
structure on the 3D conformations. The first one is a random copolymer, denominated as p(J-r-BD). The second one is a bloc 

https://sasfit.org/#the-manual
https://sasfit.org/#the-manual
https://sasfit.org/#the-manual
https://sasfit.org/#the-manual
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copolymer, denominated as p(J-b-BD), in which all dodecyl and BTA side-chains are placed consecutively in the center of the 
chain. The third one is a multiblock copolymer, p(J-mb-BD). The dodecyl and BTA grafts are distributed in three clusters, at 
the beginning, the middle and the end of the copolymer. The glucose-based copolymers, p(G-D) and p(G-B), were only studied 
as random copolymers. Each polymer was simulated in triplicate, identified by the Roman numerals I, II and III. For the 
Jeffamine-based systems, the same sequence was used for all three replicates, i.e., p(J-r-BD) I, II and III all have the same 
sequence of monomers. For the glucose-based systems, a new (random) sequence was inputted for each replicate. All the 
force-field parameters for the polymers and their side-chains (Jeffamine, glucose, dodecyl, BTA and Nile Red) are parameters 
from GAFF 2.1.11 The starting structure of the polymer chains were reworked by hand to remove most of the steric clashes 
using the PyMOL software, which was also used to visualize all the MD snapshots.12 This step was followed by a geometry 
optimization in implicit solvation, with 1,000 steps of steepest descent followed by 9,000 steps of conjugated gradients. The 
stable molecules were then solvated in rectangular water boxes, ensuring a minimal distance between any solute atom and 
the edge of the box of 25 and 40 Å for the Jeffamine- and glucose-based systems, respectively. One Na+ ion was added to bring 
the system to electroneutrality. The OPC3 water model was used to describe the solvent.13 The hydrogen mass repartitioning 
(HMR) scheme was applied on all solute atoms, enabling the use of a timestep of 4 fs.14 All subsequent simulations were 
performed with the GPU version of AMBER.15 The MD protocol followed five steps. First, a 10,000 steps minimization (1,000 
steps of steepest descent and 9,000 steps of conjugated gradient) was carried out on the solvent molecules and ion only, using 
positional restraints on the solute with a force constant of 25 kcal.mol-1.Å-2. A second minimization step was carried out 
without restraints, with the same methodology. Then, the system was heated in 1 ns from 10 to 300 K in the NVT ensemble, 
with 1 more ns of equilibration under these conditions. During the heating step, positional restraints were applied on the 
solute atoms with a force-constant of 10 kcal.mol-1.Å-2. The temperature was maintained at 300 K with a Langevin thermostat, 
using a collision frequency of 1 ps−1. The system was then equilibrated for 10 ns in the NPT ensemble. The pressure was 
maintained at 1 bar with a Monte-Carlo barostat, and the pressure relaxation time was set at 2 ps. Finally, the production 
phase of the simulation was launched in the same conditions for 2 µs. This portion of the simulation was analyzed, saving a 
snapshot each ns. For all these steps, the cutoff for non-bonded interactions was fixed at 8.0 Å and the long-range electrostatic 
interactions were treated by the particle-mesh Ewald method. The SHAKE algorithm was applied to constrain bonds involving 
hydrogen atoms. Note that the simulations on the Jeffamine polymers were restarted after 1.2 µs: the last snapshot was 
extracted and re-solvated in a smaller solvent box, and the simulation was extended until 2 µs, such as to save computational 
time.

Accelerated MD (aMD) simulations were performed for 400 ns on the p(J) and p(J-r-BD) systems (starting from the snapshot 
extracted after 1.2 µs) and for 300 ns on the p(G-D) copolymer (starting from the initial extended conformation).16 The 
building of the system and the first four steps of the simulations, before the production phase, followed the protocol described 
above. However, the HMR scheme was not applied and the timestep was set to 2 fs. The p(G-D) aggregates of two or three 
chains were simulated with the same aMD protocol, for more than 1 µs. The macromolecules started as fully extended chains, 
with initial intermolecular contacts between some dodecyl moieties, such as to promote intermolecular assembly instead of 
single-chain folding. 
The basic principle of aMD is to provide a boost on the energy when the system reaches stable states, to facilitate transitions 
between local minima separated by high energy barriers. Here, two boosts were applied: one on the dihedral energy, and one 
on the potential energy. They depend on two boost parameters, E and α, which were determined as follows for the dihedral 
energy:

𝐸𝐷 = (4 𝑥 𝑁𝑟𝑒𝑠𝑖𝑑𝑢𝑒𝑠) + 𝐸𝑑𝑖ℎ𝑒𝑑, 𝑎𝑣𝑔
𝛼𝐷 = (0.8 𝑥 𝑁𝑟𝑒𝑠𝑖𝑑𝑢𝑒𝑠)

With ED and αD, the dihedral boost parameters, Nresidues, the number of solute residues and Edihed,avg, the average dihedral 
energy, measured over the 10 ns of equilibration in the NPT ensemble. Similarly, the boost parameters for the potential 
energy, EP and αP:

𝐸𝑃 = (0.2 𝑥 𝑁𝑎𝑡𝑜𝑚𝑠) + 𝐸𝑝𝑜𝑡, 𝑎𝑣𝑔
𝛼𝑃 = (0.2 𝑥 𝑁𝑎𝑡𝑜𝑚𝑠)

With Natoms, the total number of atoms in the system (including solvent) and Epot, avg, the average potential energy, measured 
during the 10 ns of equilibration in the NPT ensemble. Note that the boost parameters may be adapted for a higher or lower 
acceleration. 

After the simulations, all analyses were done with the cpptraj module of Amber.17 The root-mean-square deviations (RMSD) 
values were computed after removal of the translational and rotational movements, taking the first snapshot of the 
production phase as the reference structure. The radius of gyration (RG) is a measure of compactness and gives the average 
distance of an atom to the geometric center of the system. The RG was measured on all atoms except hydrogens. The solvent-
accessible surface area (SASA) measures the exposure of a group of atoms to its surrounding environment. The higher the 
SASA, the more the moiety is exposed. SASA values were calculated with the LCPO algorithm, using a van der Waals radius of 
1.4 Å for the solvent probe (i.e., the radius of a water molecule). Root-mean-square fluctuations (RMSF) are an indicator of 
the mobility of an atom or group of atoms. The higher the RMSF, the greater the positional fluctuations. First, translational 
and rotational movements were suppressed by aligning all structures to a reference, generally the first conformation of the 
production phase (for the RMSF calculated in the last 400 ns, the reference structure was the first of this time interval). Then, 
RMSF values were computed for each monomer on the backbone carbon atom bearing the side-chain. The fluctuations of the 
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dihedral angles were measured for all bonds in the backbone as their average deviation to their mean value. The fluctuation 
of one angle θA around its mean value θmean, calculated for the N conformations sampled, was computed as follows:

∑𝑁
𝑖 | [(𝜃𝐴,𝑖 ―  𝜃𝑚𝑒𝑎𝑛 + 180) 𝑚𝑜𝑑𝑢𝑙𝑜 360] ― 180 |

𝑁
To avoid the problem of working with a periodic variable, the mean dihedral angle was computed in the cartesian space.18 
Each individual angle, expressed in degrees in the range (-180° ; 180°), is converted in (x,y) coordinates. The average values 
over the N conformations of the x and y coordinates define the mean dihedral angle in the cartesian space. This angle is then 
converted back to polar coordinates, in degrees, as θmean. In the formula, the addition of 180° and the application of modulo 
360 are done to ensure that θi – θmean values are expressed in the range (0° ; 360°). Then, 180° are subtracted to measure the 
difference in the desired (-180° ; 180°) interval, and the absolute value is taken, as we are only interested in the absolute 
difference. The hydrogen bonds were detected with the hbond command of cpptraj, with distance and angle cutoffs of 3.0 Å 
and 135°, respectively. The asphericity parameter, whose value ranges between 0 for a perfect sphere and 1 for rod-like 
conformations, was computed based on the gyration tensor values, as described elsewhere.19 The simulated SAXS curves were 
generated using the CRYSOL 3.2.1 software.20 The average displaced solvent volume per atomic group, the contrast of the 
hydration shell and the relative background used to generate the simulated SAXS curves were optimized against the 
experimental SAXS curves. The discrepancy between the simulated and experimental curves is quantified by CRYSOL with a 
χ² value, which compares, for each data point (each q value), the simulated intensity and the experimental intensity. The 
higher the χ² value, the less the curves overlap. For the p(J) system, three average curves were obtained, at different times: in 
the range 520 – 700 ns, in the range 1820 – 2000 ns and in the last 100 ns of the accelerated simulation, to ensure that the 
conformations probed during the simulations remain in agreement with the experimental SAXS spectra over time. 10 
conformations of each replicate (p(J) I, p(J) II and p(J) III), one conformation each 20 ns (or each 10 ns for the aMD simulation) 
were extracted to compute the average curves. Similarly, the scattering curves of p(J-BD) were obtained by averaging over 
the three replicates of the three sequences, p(J-r-BD), p(J-b-BD), and p(J-mb-BD). The scattering curves of p(G-D) for one, two 
or three chains were obtained by averaging the spectra obtained for 10 conformations generated through aMD simulations.

2. Experimental and Modeling Section
2.1. Polymer data summary

Table S1 summarizes the polymer properties described in the rest of the ESI. Mn,th is the polymer’s theoretical molecular 
weight determined via 19F-NMR (nuclear magnetic resonance), the molar mass dispersities (Ð) of the backbone, Ðbb, and 
functionalized polymer chain, Ðpol,, respectively, determined via SEC as described in previous publications.1,2 The polymers 
have a narrow distribution in backbone dispersity and relatively narrow distribution after functionalization. The dispersity 
of the glucose-functionalized polymers could not be determined due to limited solubility in organic solvents available for SEC-
analysis. log(P) is the partition coefficient of the polymers (ESI Section 1.2.3). All 4 polymers have a low log(P) value of 
approximately -1 or even lower, indicating that, in general, the polymers are expected to be hydrophilic in nature and will 
dissolve well in water. λmax is the emission maximum of physically encapsulated Nile Red (p(J) and p(J-BD)1 or the Nile Red 
attached to the polymer backbone.2 The emission spectra are combined into Figure S1. The spectra are interpreted in more 
detail in ESI Section 2.2. RH is the hydrodynamic radius of the nanoparticles determined via DLS, which is interpreted in more 
detail in ESI Section 2.3. RG is the radius of gyration of the nanoparticles and I0 is the scattering intensity at 0 angle, both 
determined via the Guinier analysis of the SAXS data outlined in ESI Section 2.4. They were determined by extrapolation of 
the Guinier fit to q = 0. RG is given as the average over the polymer concentrations of 0.5 – 2.5 mg mL−1, while I0 is given for 
cpol = 2.5 mg mL−1. Nagg is the weight-averaged number of polymer chains per particle calculated as described in ESI Section 
1.2.5, given as average over the concentration range 0.5 – 2.5 mg mL−1. The shape parameter α was a fixed input parameter 
for the form factor fits of p(J) and p(J-BD) equal to the slope in a log-log plot of the scattering intensity I(q) against q between 
q = 0.8 – 1.2 nm−1 over the concentration range 0.5 – 2.5 mg mL−1as outlined in ESI Section 2.4.

Table S1: Summary of the experimentally determined polymer properties using SEC, DLS and SAXS. 

Polymer Mn,th
(kg mol−1)

Ðbb
a

(-)
Ðpol

b

(-)
log(P) 

(-)
λmax 
(nm)c

RH 
(nm)c

RG 
(nm)d

I0 
(cm−1)d

Nagg 
(-)

α 
(-)d

p(J) 204 1.14 1.32 -2.42 652 11.8 ± 3.0 11.1 ± 0.8 0.21 1.1 ± 0.2 4.0 ± 0.2
p(J-BD) 177 1.14 1.27 -0.96 631 7.9 ± 0.5 9.3 ± 0.7 0.14 0.9 ± 0.2 3.2 ± 0.1
p(G-D) 25 1.14 - -1.61 632 5.5 ± 2.4 3.8 ± 0.2 0.017 - -
p(G-B) 27 1.14 - -2.10 635 9.6 ± 3.7 8.5 ± 0.5 0.11 - -
a) Determined by SEC in THF. b) Determined by SEC in DMF. c) Determined using DLS for p(J) and p(J-BD) in water and for 
p(G-D) and p(G-B) in PBS at pH = 7.4. d) Determined by SAXS in water.

2.2. Fluorescence Spectroscopy
The normalized Nile Red emission spectra for the different polymers either functionalized with Nile Red in the case of glucose-
functionalized polymers, or physically encapsulating it in the case of Jeffamine-functionalized polymers, are shown in Figure 
S1. For p(J) and p(J-BD), the spectra are recorded in pure water at a polymer concentration of 1 mg mL−1 and a Nile Red 
concentration of 10 μM. For p(G-D) and p(G-B), the spectra are recorded in PBS at pH = 7.4 at a polymer concentration of 3 
μM in PBS. The shape of the emission spectra is similar in all cases. Importantly, a clear difference is observed in the emission 
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maxima between polymers due to the solvatochromic nature of Nile Red. The emission maximum of λ = 652 nm observed for 
p(J) indicates that the Nile Red experiences a water-rich environment, confirming that p(J) does not form hydrophobic 
compartments. This is expected, as p(J) is completely functionalized with hydrophilic Jeffamine@M1000 grafts. The other 3 
polymers show a significant blue-shift of their emission maxima compared to p(J), indicating that the Nile Red is experiences 
a significantly less hydrophilic environment. This indicates that these polymers are able to significantly shield Nile Red 
molecules from the bulk water, by providing hydrophobic compartments within their solution structures. This experiment 
therefore shows that the partial grafting of p(J-BD), p(G-D), and p(G-B) with hydrophobic grafts (dodecyl and BTA grafts) 
allows for the formation of hydrophobic compartments within the polymer particles in water. Moreover, the emission maxima 
of the Jeffamine-decorated p(J-BD) is similar to that of p(G-D), indicating that the shielding of Nile Red is not significantly 
influenced by the choice of hydrophilic graft between Jeffamine@M1000 and glucose. Interestingly, p(G-B) shows a slightly 
higher emission maximum at λ = 635 nm compared to λ = 632 nm for p(G-D), which indicates that the 5% BTA grafts of p(G-
B) are less successful at shielding the Nile Red from the water-rich environment compared to the 15% dodecyl grafts of p(G-
D).

Figure S1: Normalized fluorescence emission spectra of Nile Red for the different polymers for the functionalized Nile Red (p(G-D) 
and p(G-B) in PBS or after physically encapsulating Nile Red (p(J) and p(J-BD)) in water. 

2.3. Dynamic Light Scattering
The intensity and volume distributions of the hydrodynamic radius RH as determined via DLS are shown in Figure S2A and 
S2B, respectively. DLS on p(J) and p(J-BD) were performed at a polymer concentration of 1 mg mL−1

 and a temperature of 
20.00 °C in pure water, whereas p(G-D) and p(G-B) were performed at a polymer concentration of 3 µM and a temperature of 
25.00 °C in PBS. Importantly, DLS experiments on the different polymers in the aqueous media identify two size populations 
in the intensity distributions. Whereas the scattering contribution of the larger species is large in the intensity distribution, 
the corresponding volume distributions highlight that this larger species constitutes only a small fraction of the scattering 
species in solution. We therefore attribute the smaller majority species to our polymeric nanoparticles, and the larger 
minority species aggregates thereof in all cases. The hydrodynamic radii reported in Table S1 were derived from the intensity 
distribution. The hydrodynamic radii lie in the range of 5-12 nm. Without interpreting the exact numbers too much, it seems 
that p(J) forms larger particles than p(J-BD), which would be in good agreement with the formation of locally folded 
hydrophobic domains in p(J-BD) compared to a fully extended structure for p(J). Similarly, p(G-D) seems to form smaller 
particles compared to p(G-B). This is in line with the pronounced tendency of BTA to form aggregates which has also been 
observed in previous work.21,22 
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Figure S2: A) The intensity distribution and B) the corresponding volume distribution of the particle sizes present in aqueous 
solution of the different polymers as determined via DLS. 

2.4. Small-angle X-ray Scattering
The scattering curves of the different polymers are shown in Figure S3. The curves of p(J) and p(J-BD) share similar features: 
An (approach to a horizontal) scattering plateau at low q (q < 0.1 nm−1), a power law regime at intermediate q (0.1 < q < 0.6 
nm−1), and another power law regime at high q (0.6 < q < 1.5 nm−1), until only incoherent background scattering is observed 
(q > 1.5 nm−1). These scattering features are in good agreement with the theoretical scattering curves of semi-flexible polymer 
chains. Crucially, the presence of the intermediate and high q power law regime is consistent with semi-flexible polymers, 
and not with fully flexible polymers that can be described as generalized Gaussian coils (only a single power law scaling 
regime expected) or fully rigid polymers (expected power law scaling at intermediate q is 𝑞―1 instead). The horizontal plateau 
at low q corresponds to scattering originating from the entire particle. Via the Guinier analysis in this regime, shown in Figure 
S4, RG and I0 can be determined. The power law at intermediate q (0.1 < q < 0.6 nm−1) is expected to be apparent in nature, as 
the chain dimensions of p(J) and p(J-BD) are too small for excluded volume effects to play a significant role in the folding 
behavior, as these effects should only become evident above L/lk > 50 (see Table S2).23 At high q (0.6 < q < 1.5 nm−1), the 
observed power law changes once more as we probe even smaller distances. Here, the scattering originates from features 
smaller than the cross-sectional radius Rcs (particle surface), and the slope depends on the smoothness of the surface. A fractal 
dimension analysis in this regime yields the shape parameter α used in the form factor fitting of p(J) and p(J-BD). The curves 
of p(G-D) and p(G-B) share similar features to each other. In contrast to p(J) and p(J-BD), both show a scattering peak around 
q = 1 – 2 nm−1. This feature can be indicative of core-shell formation, explored in the form factor fits shown in Figure S5. At 
low q, p(G-D) shows an approach to a horizontal scattering plateau (q < 0.1 nm−1), in addition to an upturn indicative of 
scattering from aggregate structures. On the other hand, p(G-B) does not show a horizontal plateau, indicating that it forms 
larger structures in solution. Moreover, the scattering intensity at low q of p(G-B) is approximately 10 times higher than that 
of p(G-D), which is another indication that p(G-B) forms larger structures than p(G-D).
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Figure S3: SAXS curves of the concentration series of A) p(J), B) p(J-BD), C) p(G-D), and D) p(G-B) in water measured at ESRF.4 

The upturn at low q values is also visible in the Guinier plot (Figure S4A), comes from the presence of (a small amount of) 
larger aggregates, in agreement with the DLS data. RG and I0 are determined via the shape-independent Guinier analysis, 
summarized in Table S1. The aggregation number Nagg was determined from I(0)exp/I(0)th for p(J) and p(J-BD) to assess 
whether the particles comprise a single polymer chain or more (Table S1). Nagg was found to be close to 1 for p(J) and p(J-BD), 
indicating that they are mostly present in solution as single-chain polymeric nanoparticles, with the number of larger 
aggregates being small in comparison. RG is found to be 9 – 11 nm for p(J) and p(J-BD), again consistent with small 
nanoparticles in solution. There is a small decrease in RG for p(J-BD) compared to p(J), consistent with a higher degree of chain 
compaction likely resulting from the formation of local hydrophobic domains in p(J-BD). Consistent with the larger 
hydrodynamic radius and the higher scattering intensity of p(G-B) compared to p(G-D), RG = 8.5 nm for p(G-B) compared to 
3.8 nm for p(G-D). A fractal dimension analysis to the power law regime observed at q = 0.8 – 1.2 nm−1 via a fractal dimension 
analysis yields the shape factor α as the observed power law, equal to 4.0 for p(J) and 3.2 for p(J-BD). This value is used as 
fixed parameter in the form factor fitting of the cross-section of these two polymers using a Boucher cylinder cross-section 
term (Figure S5).
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Figure S4: A) Guinier plots of the different polymers with linear fits used to determine RG and I0 via the shape-independent Guinier 
analysis. B) Fractal dimension analysis of p(J) and p(J-BD) performed at q = 0.8 – 1.2 nm−1.

The form factor fits of the different polymers are shown in Figure S5. p(J) and p(J-BD) are fit as worm-like chains without 
excluded volume parameters, and p(G-D) and p(G-B) as core-shell ellipsoids with a power law to capture aggregate scattering, 
using a simultaneous fitting procedure over the concentration range (see ESI Section 1.2.5 for the full description of the 
model), yielding the global parameters summarized in Table S2. Different form factor models were explored. For the 
Jeffamine-based polymers, (core-shell) sphere, (core-shell) ellipsoid, and (core-shell) cylinder form factors could not properly 
fit the scattering curves. Additionally, a form factor model for generalized gaussian coils, which generally captures the 
scattering of fully flexible polymer chains well, did not agree with the experimental results. For the glucose-functionalized 
polymers, (core-shell) sphere, ellipsoids, and (core-shell) cylinder models did not work. See Tables S3 – S10 and Figure S7. In 
addition, both the generalized gaussian coil and worm-like chain models could not reproduce the scattering features properly. 
The current models shown here provided the best fit to the data. Due to the small dimensions of the polymer chains, the q-
regime in which different parameters contribute to the scattering curve partially overlap. Therefore, multiple parameters 
show correlation. The current fits given in the text are stable, which was checked by changing one of the parameters to a fixed 
different value and optimizing the fit again. In all cases, the other parameters could not compensate for the change in the 
parameter value, resulting in fits with poorer goodness-of-fit compared to the fits given here. The form factors fits agree well 
with the experimental data. The form factor model of a worm-like chain used for the Jeffamine-based polymers agrees well 
with the global picture of the polymer chains obtained from the MD simulations, in which p(J) and p(J-BD) adopt globally 
stretched polymer conformations. The global parameters obtained for p(J) and p(J-BD) show similar dimensions, with one 
crucial difference: lk is much smaller for p(J-BD) than for p(J), which is in good agreement with the extended nature of p(J) 
and the local formation of hydrophobic pockets for p(J-BD) that we obtained from the MD simulations. The form factor model 
used for the glucose-based polymers of a core-shell ellipsoid agrees well with the picture obtained from the MD simulations. 
The fit quality for p(G-D) is very good, with the power law reproducing the low q upturn, while the core-shell ellipsoid form 
factor reproduces the rest of the scattering features. The global parameters obtained from the simultaneous fitting procedure 
agrees well with the average of the individual fit (‘-averaged’). The global parameters describe the p(G-D) nanoparticles as 
prolate core-shell spheroids, with the polar radius of the core 3 times larger than the equatorial radius, surrounded by a 
hydrophilic shell. The dimensions are all in the nm range, agreeing well with the formation of small core-shell nanoparticles 
comprising a single hydrophobic core. In good agreement with the other analyses, p(G-B) seems to form particles with larger 
dimensions (and/or different particle shapes including spherical and cylindrical objects may coexist), with a more 
pronounced prolate character owing to a larger Rpolar compared to Req.
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Figure S5: Simultaneous form factor fits of a worm-like chain without excluded volume interactions with global parameters for A) 
p(J) and B) p(J-BD). Simultaneous form factor fits of an additive core-shell ellipsoid and power law to fit aggregates with global 
parameters for C) p(G-D) and D) p(G-B). Fits were performed in SASfit,5 see ESI Section 1.2.5. for a detailed explanation of the models. 

Table S2: Overview of the global parameters resulting from the form factor fits using a worm-like chain without excluded 
volume interactions for P(J) and P(J-BD) and a core-shell model for p(G-D) and p(G-B) to the scattering curves of the different 
polymers. 

Polymer L (nm) lk (nm) Rcs (nm) σcs(-) α (-)* bg (cm−1) χ2
 (-)

p(J) 55 ± 0 21 ± 0 2.1 ± 0.0 0.27 ± 0.00 4.0 0.0001 ± 0.000001 3.39
p(J-BD) 52 ± 1 7.0 ± 0.2 1.7 ± 0.1 0.24 ± 0.00 3.2 0.0001 ± 0.000001 3.94
Polymer Rpolar (nm) Req (nm) Rshell (nm) RG(nm)** x−1 (-) bg (cm−1) χ2

 (-)
p(G-D) 3.35 1.00 2.00 250 0.86 0.0001 1.37
- averaged 3.31 ± 0.14 1.04 ± 0.02 1.90 ± 0.05 250 0.75 ± 0.04 0.0002 ± 0.0001 0.90 ± 0.13
p(G-B) 6.84 1.19 3.15 250 0.50 0.0001 5.74
- averaged 6.79 ± 0.16 1.19 ± 0.01 3.16 ± 0.04 250 0.49 ± 0.01 0.0001 ± 0.0001 5.2 ± 3.8

The following parameters obtained from the fitting procedure are listed: the length of the scattering objects L, the Kuhn length 
lk, the cross-sectional radius Rcs, and the distribution width of the cross-sectional radius σcs,, and the incoherent background 
level bg, in which chi-squared χ2 is the error of the fit. The radius of gyration RG, the polar radius of the ellipsoid Rpolar, the 
equatorial radius of the ellipsoid Req, the thickness of the hydrophilic shell Rshell and the power law scaling x−1 (equal to the 
Flory exponent ν in the generalized Gaussian coil model). *α was determined in Figure S4B and fixed to the tabulated values 
during the fitting procedure. **RG was fixed to the tabulated values during the fitting procedure to ensure the integrity of the 
power law fitting of the low-q upturn.
 
The Kratky plots of the polymers are shown in Figure S6. As expected for semi-flexible polymer chains with large grafts, the 
Jeffamine-based polymers show a peak in the Kratky plot, which indicates that their radii can be resolved beyond the 
background.24,25 Importantly, the shape of the peak is different between the polymers. p(J) shows a broader peak than p(J-
BD), indicating a more compact structure for the latter. Tailing is visible at higher q, indicating that the structures are not fully 
compacted, in good agreement with the previous analyses. Finally, around q = 0.25 nm−1, p(J) shows an inflection point, which 
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is not discernable for p(J-BD). The inflection point corresponds to the transition from the Guinier regime to the observed 
power law regime at intermediate q, corresponding to a lower lk for p(J-BD) compared to p(J). The Kratky plots for the glucose-
based polymers are quite symmetric around their first peak, consistent with folded structures. The second peak is caused by 
the observed scattering peak in the log-log scattering curve that we assigned to the formation of a hydrophobic core.

Figure S6: Kratky plots of the different polymers.

The fits corresponding to the alternative, unsuccessful models are given below (Figure S7). Fits were performed in SASfit,5 
see ESI Section 1.2.5. for a detailed explanation of the models. The following parameters obtained from the fitting procedure 
are listed: the sphere radius R, the length of the scattering objects L, the Kuhn length lk, the cross-sectional radius Rcs, the 
radius of gyration RG, the polar radius of the ellipsoid Rpolar, the equatorial radius of the ellipsoid Req, the thickness of the 
hydrophilic shell Rshell, the Flory exponent ν , the incoherent background level bg, in which chi-squared χ2 is the error of the 
fit. For the sphere model, see https://sasfit.org/#the-manual, page 57, section 3.1.1. For the core-shell sphere model, see 
https://sasfit.org/#the-manual, page59 , section 3.1.2. For the ellipsoid model, see https://sasfit.org/#the-manual, page 454, 
section 9.6. For the core-shell ellipsoid model, see https://sasfit.org/#the-manual, page 461, section 9.6.4. For the cylinder 
model, see see https://sasfit.org/#the-manual, page 475, section 9.7.6. For the core-shell cylinder model, see 
https://sasfit.org/#the-manual, page 476, section 9.7.7. For the generalized Gaussian chain model, see 
https://sasfit.org/#the-manual, page 416, section 9.4.4.1. For the worm-like chain model, see https://sasfit.org/#the-manual, 
page 365, section 9.2.4.5, for which the cross-section term Pcs(q) was described as a Boucher cylinder cross-section see 
https://sasfit.org/#the-manual, page 343, section 9.2.2.5.

Table S3: Overview of the global parameters resulting from the form factor fits using a sphere model to the scattering curves 
of the different polymers. 

Polymer R (nm) bg (cm−1) χ2
 (-)

p(J) 4.0 ± 0.0 0.0003 ± 4e-6 1231
p(J-BD) 5.7 ± 0.0 0.0005 ± 76 61
p(G-D) 3.9 ± 0.0 0.0008 ± 3e-6 23
p(G-B) 6.1 ± 0.0 0.0005 ± 3e-6 254

Table S4: Overview of the global parameters resulting from the form factor fits using a core-shell sphere model to the 
scattering curves of the different polymers. 

Polymer R (nm) Rshell (nm) bg (cm−1) χ2
 (-)

p(J) 5.9 ± 0.0 1.7 ± 0.0 0.0004 ± 4e-6 202
p(J-BD) 5.8 ± 0.0 0.1 ± 0.5 0.0005 ± 4e-6 61
p(G-D) 3.7 ± 0.0 1.3 ± 0.0 0.0007 ± 4e-6 22
p(G-B) 6.1 ± 0.0 0.0 ± 13 0.0005 ± 3e-6 255

https://sasfit.org/#the-manual
https://sasfit.org/#the-manual
https://sasfit.org/#the-manual
https://sasfit.org/#the-manual
https://sasfit.org/#the-manual
https://sasfit.org/#the-manual
https://sasfit.org/#the-manual
https://sasfit.org/#the-manual
https://sasfit.org/#the-manual
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Table S5: Overview of the global parameters resulting from the form factor fits using an ellipsoid model to the scattering 
curves of the different polymers. 

Polymer Rpolar (nm) Req (nm) bg (cm−1) χ2
 (-)

p(J) 45 ± 0 3.3 ± 0.0 0.0002 ± 4e-6 17
p(J-BD) 22 ± 0 3.5 ± 0.0 0.0003 ± 4e-6 3.4
p(G-D) 7.1 ± 0.0 3.0 ± 0.0 0.0007 ± 3e-6 12
p(G-B) 17 ± 0 4.3 ± 0.0 0.0004 ± 3e-6 56

Table S6: Overview of the global parameters resulting from the form factor fits using a core-shell ellipsoid model to the 
scattering curves of the different polymers. 

Polymer Rpolar (nm) Req (nm) Rshell (nm) bg (cm−1) χ2
 (-)

p(J) 41 ± 0 0 ± 135 3.3 ± 11.9 0.0002 ± 4e-6 16
p(J-BD) 79 ± 1 3.2 ± 1.0 0 ± 1837 0.0003 ± 4e-6 9.5

Table S7: Overview of the global parameters resulting from the form factor fits using a cylinder model to the scattering curves 
of the different polymers. 

Polymer L (nm) R (nm) bg (cm−1) χ2
 (-)

p(J) 1000* 3.0 ± 0.0 0.0002 ± 4e-6 19
p(J-BD) 34 ± 0 3.3 ± 0.0 0.0004 ± 4e-6 5.3
p(G-D) 10 ± 0 2.8 ± 0.0 0.0007 ± 3e-6 13
p(G-B) 26 ± 0 4.1 ± 0.0 0.0004 ± 3e-6 53

Table S8: Overview of the global parameters resulting from the form factor fits using a core-shell cylinder model to the 
scattering curves of the different polymers. 

Polymer L (nm) R (nm) Rshell (nm) bg (cm−1) χ2
 (-)

p(J) 1000* 3.0 ± 1.0 0 ± 65 0.0002 ± 5e-6 19
p(J-BD) 34 ± 0 3.3 ± 1.1 0 ± 72 0.0004 ± 6e-6 5.3
p(G-D) 14 ± 0 3.8 ± 0.0 0.7 ± 0.0 0.0006 ± 3e-6 9.4
p(G-B) 26 ± 0 0.9 ± 0.0 2.9 ± 0.0 0.0003 ± 3e-6 38

*L was fixed for the fit to converge.

Table S9: Overview of the global parameters resulting from the form factor fits using a generalized Gaussian coil model to 
the scattering curves of the different polymers. 

Polymer RG(nm) ν (-) bg (cm−1) χ2
 (-)

p(J) 9.5 ± 0.0 0.42 ± 9e-5 0.0002* 25
p(J-BD) 7.1 ± 0.0 0.36 ± 0.00 0.0001 ± 5e-6 5.7
p(G-D) 3.7 ± 0.0 0.22 ± 0.00 0.0006 ± 4e-6 12
p(G-B) 6.3 ± 0.0 0.25 ± 0.00 0.0003 ± 3e-6 99

*bg was fixed to prevent a negative bg.

Table S10: Overview of the global parameters resulting from the form factor fits using a worm-like chain without excluded 
volume interactions model to the scattering curves of the different polymers. 

Polymer L (nm) lk (nm) Rcs (nm) α (-)* bg (cm−1) χ2
 (-)

p(G-D) 14 ± 0 6.5 ± 0.0 2.6 ± 0.0 4 0.0007 ± 3e-6 13
p(G-B) 17 ± 0 241 ± 1 4.0 ± 0.0 4 0.0004 ± 3e-6 43

*α was fixed to the value of 4, similar to p(J).



14

Figure S7: Different form factor fits to the experimental data of polymers (A) p(J), (B) p(J-BD), (C) p(G-D) and (D) p(G-B). 
None of the models used (sphere, cylinder, ellipsoid or general Gaussian coil), even not when using core shell (cs) models, fit 
well to the experimental data. 

2.5. Results of MD simulations
A snapshot of p(J) I in its water box and with the 35,000 closest water molecules, and the final MD snapshots of all systems 
are shown in Figure S8. As mentioned in Section 1.2.6, three replicates were realized for each polymer and are distinguished 
by the Roman numerals I, II or III. The sequences are represented as color bars. The color legend is shown below the 
snapshots. First, a snapshot of p(J) I is shown inside its rectangular water box, all 797,257 water molecules being explicitly 
represented. The snapshot on its right shows p(J) I with its 35,000 closest water molecules, highlighting its important 
hydration. The hydrophilic p(J) systems remain extended, being more or less coiled. The p(J-r-BD) copolymers exhibit 
multiple hydrophobic clusters along the chain, leading to local folding and compaction but not to global collapse. All three 
replicates do not contain the same clusters, indicating that their formation depends on the “random” encounters between the 
hydrophobic groups during the simulations. These encounters are influenced by the primary structure, as, for example, the 
two dodecyl units isolated at the beginning of the sequence of monomers remain isolated in the 3D structures. The p(J-b-BD) 
copolymers all display an important coiling around the single hydrophobic core. The p(J-mb-BD) systems contain three 
distinct clusters, as pre-organized in their primary structure. The p(G) hydrophilic polymers exhibit a similar behavior as p(J), 
remaining extended coils. The glucose-based copolymers, however, are able to collapse into SCPNs. The p(G-D) and p(G-B) 
systems adopt similar conformations, core-shell structures, with the formation of one well-defined hydrophobic core 
surrounded by the glucose moieties. The formation of the core is not instantaneous, and the system may remain in partly-
folded states for some time (see the final structure of p(G-D) I).
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Figure S8: MD snapshots of the three replicates (I, II, III) for each polymer under study.

Additionally, the structures obtained by MD simulations were compared to those derived from SAXS experimental data. The 
χ² values, which assess the quality of the fit between the simulated and experimental curves, are shown for the different 
systems in the Table S11. The χ² values were also calculated excluding the first 50 points for the p(G-D) copolymers, because 
the upturn detected experimentally at the beginning of the spectrum (see Figure 2C in the main text) is caused by a population 
of aggregates. This upturn cannot be reproduced by our MD simulations, being performed on a small number of chains. For 
this reason, the χ² value displayed in the second column is more meaningful for p(G-D). 
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Table S11: Fit quality of the obtained SAXS curves from the MD simulations as compared to the experimental data.

Polymer χ2
 (-) χ2 excluding first 50 data points (-)

p(J) – range 520 to 700 ns
p(J) – range 1820 to 2000 ns
p(J) – accelerated MD

2.7 ± 0.4
2.4 ± 0.6
3.2 ± 0.7

p(J-BD) – range 520 to 700 ns
p(J-BD) – range 1820 to 2000 ns
p(J-BD) – accelerated MD

0.5 ± 0.2
0.8 ± 0.4
1.0 ± 0.3

p(G-D) 1 chain 120 ± 7 53 ± 4
p(G-D) 2 chains 18 ± 3 3.7 ± 0.7
p(G-D) 3 chains 12 ± 1 3.1 ± 0.4

The evolution of the root-mean-square deviations (RMSD) values over time for all systems is shown in Figure S9. The RMSD 
values have converged at the end of the simulations, suggesting that the polymers have reached proper equilibration. Bigger 
fluctuations are observed for the p(G) systems, showing that these macromolecules remain flexible and do not stabilize into 
one specific conformation: they may coil and extend again over time. In some cases, the RMSD values converge to different 
values for different replicas of the same microstructure (see for example p(J-r-BD)). It reflects that, for a given microstructure, 
different conformations may be achieved. The data also show the evolution of RMSD values for the p(G-D) aggregates of two 
and three chains, which ran for 1920 and 1290 ns of aMD simulation, respectively (note that the accelerated protocol biases 
the sampling, meaning that these timescales cannot be considered as true or “physical” times).
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Figure S9: Evolution of the RMSD values with time for the (A) p(J), (B) p(J-r-BD), (C) p(J-b-BD), (D) p(J-mb-BD), (E) p(G), (F) p(G-D), 
(G) p(G-B) systems and (H) p(G-D) aggregates of two and three chains. 

The data concerning the radii of gyration of the Jeffamine-based polymers are shown in Figure S10A-E. Figure S10A shows 
the evolution of RG as a function of time for the three replicates of p(J) and p(J-r-BD). The RG decreases in all cases, but it 
stabilizes at lower values for the copolymers. In some cases, all replicas of a given microstructure do not converge to the same 
value, indicating that the same microstructure can lead to different conformations, as mentioned above for the RMSD plots. 
The evolution of RG as a function of time for the other microstructures of p(J-BD) is shown in Figure S8B-C. The box plot in 
Figure S8D shows the distribution of values measured over the last 400 ns of the simulation, showing clearly that all 
copolymers, no matter the sequence, adopt more compact structures than the hydrophilic p(J). The boxes are colored 
according to the system that they represent. The lines delimiting a box represent the first and third quartiles, whose values 
are annotated at the edges of the box. The line inside a box indicates the mean value. The error bar is given as mean ± 1.5 x 
standard deviation. Statistics are given in the table below, Figure S10E. As for all the other analyses, the statistics for a given 
system are computed on its three replicates. 

The RG values from the simulations of Jeffamine based systems are RG = 9.5-10 nm for p(J) and RG = 6-8.5 nm for p(J-BD) when 
taking all different microstructures into account. Notably, the RG values for the polymers with hydrophobic grafts are smaller 
than those of p(J) polymer. The observed trend is consistent with the experimentally derived RG values from SAXS where we 
find higher values for p(J) compared to p(J-BD) (RG = 11.1 nm for p(J) and RG = 9.3 nm for p(J-BD)). Given the fact that 
experimental samples have a molar mass dispersity (both polymers) as well as a heterogeneity in microstructures (for p(J-
BD)), the simulated RG values are well in line with the experimentally derived ones. 
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Figure S10: Evolution of RG for the (A) p(J) and p(J-r-BD), (B) p(J-b-BD) and (C) p(J-mb-BD) polymers during a 2000 ns simulation. 
(D) Overview of the RG values obtained for the different polymers and microstructures averaged over the last 400 ns of the 
simulation. (E) Table summarizing the data.
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The same data is provided for the glucose-based polymers in Figure S11A-E. The distributions of values for the p(G-D) and 
p(G-B) single-chain systems are narrower, as they form well-defined core-shell SCPNs. Data is also shown for p(G-D) 
aggregates of two or three chains, showing that they stabilize into slightly larger particles as the number of chains increases.

Figure S11: Evolution of RG for the (A) p(G) and p(G-D), (B) p(G-B) polymers during a 2000 ns simulation and (C) p(G-D) aggregates 
of two or three chains (1920 and 1290 ns of aMD simulation, respectively). (D) Overview of the RG values obtained for the different 
single-chain systems, averaged over the last 400 ns of the simulation. (E) Table summarizing the data for the single-chain systems.
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Figure S12A-B displays the data concerning the SASA of the Nile Red moiety, included in the glucose-based polymers. In Figure 
S12A, the boxes are colored according to the system that they represent (p(G) in blue, p(G-D) in green and p(G-B) in yellow). 
For each system, the box on the left represents the values measured over the first 400 ns and the box on the right, the values 
measured over the last 400 ns. In all cases, the SASA values are lower at the end of the simulations, indicating that Nile Red 
becomes less exposed to the solvent. The values are lower in the p(G-D) and p(G-B) systems, where the formation of core-
shell SCPNs helps to bury the hydrophobic moieties. The lines delimiting a box represent the first and third quartiles, whose 
values are annotated at the edges of the box. The line inside a box indicates the mean value. The error bar is given as mean ± 
1.5 x standard deviation. Statistics are given in the table below, Figure S12B.

Figure S12: (A) Distribution of the SASA values measured for the Nile Red moiety in the different polymers, averaged over the last 
400 ns of the simulation. (B) Table summarizing the data.
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Data on the backbone mobility is presented through root-mean-square fluctuations (RMSF) measurements in Figure S13A-C. 
The RMSF values measured over the first and last 400 ns for all systems are shown in Figure S13A and S13B, respectively. 
The lines delimiting a box represent the first and third quartiles. The line inside a box indicates the mean value. The error bar 
is given as mean ± 1.5 X standard deviation. The last line of the table displays the difference between the median value 
calculated over the last 400 ns and the one calculated over the first 400 ns. It shows a spectacular decrease for the p(G-D) and 
p(G-B) systems, meaning that their backbone became much less mobile when forming SCPNs. The lower decrease observed 
for the other systems can be attributed to their stabilization during the course of the simulation. This data is summarized in 
the table below, Figure S13C.

Figure S13: Distribution of the RMSF values over the (A) first and (B) last 400 ns of the simulations. (C) Table summarizing the data.
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Data on the fluctuations of the backbone dihedral angles for the glucose-based systems, measured over the first and last 400 
ns, is shown in Figure S14A-B. In Figure S14A, the three columns on the left indicate the percentage of the backbone dihedral 
angles which exhibited fluctuations superior than 20° around their mean value, for each system (p(G) in blue, p(G-D) in green 
and p(G-B) in yellow), over the first 400 ns. The columns on the right indicate this percentage for the last 400 ns. For the p(G-
D) and p(G-B) copolymers, only around 10 % of the dihedral angles are still undergoing significant fluctuations during the 
last part of the simulation, showing that conformational sampling became limited as the SCPNs formed. This data is 
summarized in the table below, Figure S14B.

Figure S14: (A) Percentage of the backbone dihedral angles undergoing fluctuations superior than 20° in the glucose-based systems, 
over the first and last 400 ns. (B) Table summarizing the data.
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Data on the intramolecular H-bonds in the glucose-based polymers is shown in Figure S15A-B. In Figure S15A, the boxes are 
colored according to the system that they represent (p(G) in blue, p(G-D) in green and p(G-B) in yellow). For each system, the 
box on the left (right) represents the values measured over the first (last) 400 ns. The lines delimiting a box represent the 
first and third quartiles, whose values are annotated at the edges of the box. The line inside a box indicates the mean value. 
The error bar is given as mean ± 1.5 X standard deviation. Data is summarized in the table below, in Figure S15B. The last line 
of the table displays the difference between the median value calculated over the last 400 ns and the one calculated over the 
first 400 ns. The number of intramolecular H-bonds increases significantly for the p(G-D) and p(G-B) copolymers, suggesting 
that these interactions contribute to stabilize the SCPNs.

Figure S15: (A) Distribution of the number of intramolecular H-bonds in the different polymers, averaged over the first and last 400 
ns of the simulation. (B) Table summarizing the data.
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Figure S16A-B shows data on the hydrogen bonding interactions with the solvent. In Figure S16A, the graph displays the 
average number of H-bonds performed by each kind of side-chains with the solvent, per conformation, in all systems. The 
dodecyl chains are not represented, as they do not possess any H-bonds donor or acceptor. The Jeffamine grafts are, by far, 
the residues involved in the most frequent H-bonds with the solvent. The graph also suggests that the number of interactions 
with the solvent is not influenced by the system to which a graft belongs, i.e., a Jeffamine graft performs 18 H-bonds with the 
solvent, whether it is in the hydrophilic polymer p(J) or a copolymer p(J-BD). The data is summarized in the table below, 
Figure S16B.

Figure S16: (A) Number of hydrogen bonding interactions with the solvent per conformation, for all kinds of side-chains in each 
system, averaged over the last 400 ns. (B) Table summarizing the data.
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Figure S17A displays the effect of the set of partial charges (AM1-BCC or RESP) on the conformations adopted by the p(J) 
polymers. The typical value of the charges computed on the atoms in the middle of a Jeffamine chain are represented in red 
and green for the oxygen and carbon atoms, respectively (not shown for hydrogen atoms). It seems that the charges of the 
heavy atoms computed with the AM1-BCC methodology are underestimated, the Jeffamine chains being weakly polar. It leads 
to the formation of compact, folded globules for these polymers, which is contradictory to experimental measurements. The 
RESP methodology leads to much better results, as the Jeffamine grafts remain hydrated and extended in the solvent, 
preventing compaction of the polymer. These results can be observed on Figure S17B for simple PEG chains, which where 
simulated during 200 ns in explicit water solvent. They tend to form compact structures when using AM1-BCC charges but 
remain extended when using RESP charges, as indicated by the evolution of the RG over time. The last snapshot is shown for 
each set of partial charges (left: AM1-BCC, right: RESP). It shows that even commonly used parameters may be inaccurate, 
and may lead to very wrong predictions. Careful validation against experimental measurements is mandatory.

Figure S17: Investigation of the effect of the set of partial charges (AM1-BCC or RESP) on the conformations adopted by (A) the p(J) 
polymers and (B) simple PEG chains.



28

Data concerning the asphericity parameter, measured for all systems during the last 400 ns of the simulations, is shown in 
Figure S18A-B. In Figure S18A, the boxes are colored according to the system that they represent. The lines delimiting a box 
represent the first and third quartiles. The line inside a box indicates the mean value. The error bar is given as mean ± 1.5 X 
standard deviation. This data is summarized in the table, Figure S18B. The Jeffamine-based systems feature the higher values, 
as expected given their rod-like character. A small decrease can be observed for the p(J-BD) copolymers, which are slightly 
less extended due to the formation of the hydrophobic domains. The values measured for the p(G) polymers are more 
dispersed, highlighting their coiling and uncoiling over time. Finally, the p(G-D) and p(G-B) systems exhibit the values closest 
to zero, characterizing their folding into (non-perfectly) spherical SCPNs.

Figure S18: (A) Distribution of the asphericity parameter of each system, averaged over the last 400 ns. (B) Table summarizing the 
data. 
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The data concerning the SASA values of the hydrophobic grafts (dodecyl and BTA) over the last 400 ns are presented in Figure 
S19A-B. In Figure S19A, the graph shows that the SASA values do not change much depending on the system, indicating that 
the shielding of the hydrophobic moieties is similar in the extended p(J-BD) chains and in the p(G-D) and p(G-B) SCPNs. The 
values are even slightly lower for the Jeffamine-based polymers, whose extended conformations do not lead to exposure of 
the hydrophobic units to the solvent, thanks to the nature of the Jeffamine grafts. The data are summarized in the table below, 
Figure S19B.

Figure S19: (A) Average SASA value for each kind of hydrophobic moiety in all systems, measured over the last 400 ns. (B) Table 
summarizing the data.
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Additional simulated SAXS curves are presented in Figure S20A-D. The curves were measured at the end of the simulation 
(range 1820-2000 ns) or generated from aMD simulations, for both p(J) and p(J-BD) systems. They show that the agreement 
with the experimental curves remains good over time, as confirmed by their χ² values, presented in Table S11.

Figure S20: Experimental (black squares) and simulated (open circles) SAXS curves in water. (A) P(J) curve simulated in the range 
1820 – 2000 ns. (B) P(J) curve generated from aMD simulations. (C) P(J-BD) curve simulated in the range 1820 – 2000 ns. (D) P(J-
BD) curve generated from aMD simulations. 
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