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Abstract

By means of large-scale computer simulations and small-angle neutron scattering
(SANS), we investigate solutions of single-chain nanoparticles (SCNPs), covering the
whole concentration range from infinite dilution to melt density. The analysis of the
conformational properties of the SCNPs reveals that these synthetic nano-objects share
basic ingredients with intrinsically disordered proteins (IDPs), as topological polydis-
persity, generally sparse conformations, and locally compact domains. We investigate
the role of the architecture of the SCNPs in their collapse behavior under macromolec-
ular crowding. Unlike in the case of linear macromolecules, which experience the usual
transition from self-avoiding to Gaussian random-walk conformations, crowding leads
to collapsed conformations of SCNPs resembling those of crumpled globules. This be-
havior is already found at volume fractions (about 30 %) that are characteristic of
crowding in cellular environments. The simulation results are confirmed by the SANS
experiments. Our results for SCNPs — a model system free of specific interactions
— propose a general scenario for the effect of steric crowding on IDPs: collapse from
sparse conformations at high dilution to crumpled globular conformations in cell envi-

ronments.

The compaction of individual polymer chains via single chain technology provides ver-
satile ultra-small soft nano-objects (5-20 nm), the so-called single-chain nanoparticles (SC-
NPs). ! Significant effort has been devoted in recent years to endow SCNPs with useful func-
tions for nanomedicine,® biosensing,” bioimaging®® and catalysis applications. % 2 Recent
investigations by small-angle neutron and X-ray scattering (SANS and SAXS) have shed light
on the conformational properties of the resulting SCNPs in solution.%11:13:14 These works
have revealed that, in general, SCNPs synthesized by means of state-of-the-art intrachain
folding/collapse techniques show sparse, nonglobular conformations in dilute conditions. '?
Computer simulations have elucidated the underlying physical mechanism for such sparse

morphologies. 4 In brief, the extended self-avoiding conformations of the linear precursor

chains, in the good solvent conditions of synthesis, favour bonding of functional reactive



groups that are separated by short contour distances. This mechanism promotes local glob-
ulation along the chain, but is not efficient for global, large-scale chain compaction.'41® The
particular topology of the SCNPs has interesting consequences on their scaling properties.
Thus, the size R of SCNPs in good solvent and high dilution scales with their molecular
weight M as R ~ M"Y, with an average exponent v &~ 0.5 (see compilation of literature data
in Ref.!?). This observation is rather different from the limits of self-avoiding linear chains!®
(Flory exponent v = 0.59) and globular spherical objects (v =1/3). Interestingly, the scal-
ing behavior v = 0.5 generally found for SCNPs in good solvent is similar to that of linear
chains in 0-solvent.'0 Indeed there are some analogies between the structure of SCNPs and
f-chains, both having locally compact regions in globally sparse conformations.

The former scaling properties of SCNPs are also strikingly similar to those of intrinsically
disordered proteins (IDPs) in dilute conditions, both having an average scaling exponent
v~ 0.5.17719 This behavior is rather different from that of denatured unfolded and globular
folded proteins, whose size scales with the number of residues in a similar fashion to self-
avoiding linear and globular collapsed polymers, respectively. In general, IDPs are not fully
disordered linear chains. Most of them have some degree of secondary structure. As a
consequence IDPs are topologically polydisperse: different IDPs can show very different
degrees of disorder and compactness.?’22 Though secondary structure is absent in current
SCNPs, we can still establish important analogies between the internal structure of IDPs
and SCNPs: i) SCNPs are also topologically polydisperse; !4 ii) as dicussed below, both IDPs
and SCNPs are characterized by the presence of locally compact, weakly deformable regions
(domains) of the polypeptide/polymer chain connected by flexible disordered segments.

IDPs are highly abundant in eukaryotes.?! The biological function of IDPs is founded
on their internal dynamics and flexibility, enabling them to respond quickly to environ-
mental changes and to bind with different cellular targets. It was early realized that, as
a direct consequence of their malleability, the structural, dynamic and associative proper-

ties of IDPs could be affected by macromolecular crowding in vivo, substantially differing



from the observations in vitro at highly dilute conditions. Indeed, in living cells the volume
fraction occupied by biomacromolecules typically ranges from 10% to 40 %.23 Beyond the
role played by eventual specific interactions with the crowders, the excluded-volume effects
created by such a reduction of the available space can have, by themselves, decisive effects
on the function of IDPs.

A rapidly growing body of research has been devoted to the effect of macromolecular
crowding on the physical properties of IDPs. Because of the complexity of the cell envi-
ronment and the interplay between intervening factors (concentration, specific interactions,
internal structure of the IDP...) the effect of crowding is highly variable between differ-
ent IDPs, from playing a minor role to provoking dramatic changes with respect to dilute
conditions. > 726 In order to investigate separately the effect of purely steric interactions, a
series of experimental and simulation works have been performed in simple model systems
of IDPs and crowders.?" 30 Namely, linear polymers and big inert molecules have been used
to mimick the IDPs and crowders, respectively. Very recently, Kang et al. have presented
a detailed investigation on the size of a linear polymer chain in a concentrated solution of
colloidal spherical crowders.3? By using the crowder concentration and the size ratio A be-
tween the polymer and the crowder as control parameters, they have proposed a general
picture for the collapse of biopolymers under steric crowding. Thus, for long biopolymers as
DNA (large \) even weak crowding can lead to a coil-to-globule transition. This behavior
is however not possible for much shorter molecules as IDPs (~ O(100) residues) even in the
limit of close packing.3°

Though the former investigations on crowding effects on linear chains are important
highlights in our understanding of properies of IDPs in vivo, they miss a general structural
ingredient of IDPs. Namely, except in the limit of fully disordered IDPs, the linear topology
is a too simplified representation of their intramolecular conformations. As aforementioned,
IDPs generally contain some compact (ordered) regions or domains connected by flexible

segments. The topological contribution of these regions to the interaction with the crowders



is fundamentally different from that of linear segments, and may result in very different
collapse features for IDPs. With this idea in mind, in this Letter we aim to provide a
general framework for the role of the steric crowding effects on IDP conformations in cell
environments. We exploit structural analogies between SCNPs and IDPs and investigate
conformational properties of SCNPs in concentrated solutions. Noting that this question has
been essentially unexplored in the literature, the scope of our work is not limited to SCNPs
but also has important consequences for collapse of IDPs under crowding. Thus, SCNPs
provide a model system that shares universal structural features with IDPs —topological
polydispersity, global flexibility, global sparse conformations and presence of locally compact
domains— and is free of specific interactions, allowing to investigate separately the purely
steric, excluded-volume contributions to crowding.

For this purpose, we combine large-scale simulations of a generic bead-spring model for
solutions of SCNPs, and SANS experiments on real systems, covering the whole concentration
range from infinite dilution to melt density. We analyze the role of the internal degree of
disorder of the SCNP on its collapse behavior under macromolecular crowding. Our results
for SCNPs propose a general scenario for IDPs: steric crowding in cell environments generally
lead IDPs to adopt conformations resembling those of crumpled globular objects.3133 The
usual transition from self-avoiding to pure random-walk (Gaussian) conformations found for
linear macromolecules !0 is only a particular case, taking place in the limit of fully disordered
IDPs.

We have simulated a simple bead-spring model of the SCNPs!* in good solvent conditions,
see Supporting Information (SI) for details. A total of 200 SCNPs have been generated by
irreversible intramolecular cross-linking of linear chains (precursors) with the same number of
monomers (N = 200) and functional reactive groups (40%). An inspection of configurations
reveals that in general SCNPs adopt sparse topologies, with locally compact regions (see
Figure 1). In order to characterize such regions we introduce the concept of SCNP domains.

To identify the domains, we proceed as follows:



Voo e

Figure 1: Panels (a) and (b): Snapshots of two selected SCNPs at infinite dilution (p — 0).
The SCNPs belong to the 10% with the lowest nj'®* (a) and to the 10% with the lowest
asphericity (b); see text for definitions. Panels (c¢) and (d): snapshots at p = 0.4 for the same
SCNPs of panels (a) and (b), respectively. In all snapshots different domains are depicted
in different colors. Monomers not belonging to a domain are depicted in light blue.

(a)

i) We first identify rings in the cross-linked SCNP. Thus, if the functional monomers i; and
19 > 11 are bonded to each other, all the monomers i; <14 <19 form a ring.

ii) We establish that two rings belong to a same domain if they are mutually linked, i.e., if
there are monomers belonging to both rings.

iii) A ring is assigned to a domain if it is linked to at least one of the other rings contained in
that domain. A ring that is not linked to any other ring is considered a (single-ring) domain.
iv) Two domains merge into a single one if they have at least one ring in common.

Thus, a domain is a cluster of rings, where the criterion for clustering is having monomers
in common. The procedure of steps i)-iv) provides an unambiguous, well-defined criterion for
identifying domains based on the permanent connectivity structure of the SCNP. We find that
some monomers do not belong to any domain. Thus, such monomers form flexible segments
connecting domains. In average, 82 % of the monomers belong to some domain, though this
fraction varies between different SCNPs in the range of 50% to 100 %, as a consequence of
their topological polydispersity. Panels (a) and (b) of Figure 1 show snapshots of a sparse
and a compact SCNP at infinite dilution (p — 0, with p the density of monomers in the
solution, see SI). Panels (c) and (d) show the same SCNPs in a concentrated solution (see
discussion below). In Figure 1 the different domains, determined according to the procedure

above, are depicted in different colors. The monomers connecting the different domains are



depicted in light blue. As can be seen in Figure 1, the domain size can largely vary from a few
monomers to essentially the whole SCNP. Figure 2a shows the distribution, obtained from
all the simulated SCNPs, of the domain size, this being defined by its number of monomers
nq. As anticipated by inspection of the snapshots, a broad distribution is found, covering the
whole range of possible values, from the minimum single-ring domain (ngq = 3) to the whole
SCNP (ng =N =200). Most of the domains are small: 55 % of them have ng < 6 monomers,
and even 44 % have the minimum size ng = 3. This is a consequence of the self-avoiding
character of the linear precursor in good solvent conditions, which strongly promotes bonding
of functional monomers separated by short contour distances. This mechanism leads to the
formation of a large fraction of small rings that do not even share monomers with others
(i.e., single-ring domains). However, there is also a significant fraction of large domains (e.g.,
10% of the domains have nq > 90 monomers).

Since domains are formed by merging of several rings, they are expected to have a
strong internal degree of cross-linking and hence a relatively low deformability. To char-
acterize this feature we calculate the relative fluctuation of the domain size, defined as
§= [((Ré} - (Rg>2)/<R§)]1/2, where Ry is the radius of gyration of the domain, and the
brackets denote time average over the simulation trajectory of the domain. Figure 2b shows
results of § for SCNPs at infinite dilution, as a function of the number of monomers, nq, of
the domain. Domains with very few monomers (nq < 5) have very closed structures and, as
expected, are weakly deformable and show the lowest relative fluctuations. By increasing
the domain size, the value of § increases, until reaching an ultimate plateau for ng 2 50.
The plateau value d, ~ 0.09 indicates that even the largest domains have a low relative
deformability. It is worthy of remark that, in general, the whole SCNPs have a higher rel-
ative deformability than the domains (dgcnp > 0p for 85 % of the SCNPs, see ordinate in
Figure 2d below). These observations justify the introduction of domains as defined above
to characterize relatively compact, weakly deformable regions of the SCNPs, which can be

seen as counterparts of the domains in IDPs. Moreover, the above defined domains allow to
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Figure 2: (a): Distribution of the domain size nq. (b): Relative fluctuation § (see text) of
the domain vs. its number of monomers nq, at infinite dilution. To improve the statistics,
we average 0 over intervals ng < nq < nj, where ng,n; are consecutive multiples of 5. (c):
Distribution of nj®*. (d): Relative fluctuation dgcnp, at infinite dilution, of the SCNP vs.

its asphericity (a) (circles, bottom axis) and size of the maximum domain nj*** (squares,

top axis). Data for nj'®* are normalized by 400, providing a common abscissa for a fair
comparison of the dispersion of both data sets.

introduce a structural/geometrical characterization of internal disorder in SCNPs. We note
that, in the case of IDPs, quantification of disorder is usually based on chemical criteria cor-
related with the formation of secondary structure (e.g., the charge-hydropathy plot?!). Still,
the need of specific structural or geometrical parameters to characterize internal disorder in
nano-objects like SCNPs or IDPs seems imperative to look for correlations between disorder
and functionality. On this basis, a meaningful parameter to identify internal disorder in a
SCNP can be given by the size of its largest domain (defined by the number of monomers,
ng®*, in that domain). Thus, SCNPs with low n7'** can be considered more disordered than
those with high n{**. Figure 2c shows the distribution of n{***. A very broad distribution is

found, extending from nj** ~ 20 to the maximum size ng'®* = N = 200. This demonstrates



that SCNPs, in analogy with IDPs, can exhibit architectures with very different degree of
disorder, being formed by the connection of several small domains, by a single big domain, or
by combinations of small and big domains. Figure 2d demonstrates the correlation between
internal disorder and relative deformability dgonp of the SCNP (see squares). This is also an
indication of the correlation between disorder and functionality, since indeed dgcnp reflects
internal mobility — a relevant parameter in the context of potential functionality.

We also introduce a geometrical parameter, the asphericity a, that can be related to
the degree of disorder of the SCNP. This is calculated as® a = (1/2)[(I2 — I1)? + (I3 —
)2+ (I3 — I5)?)/[I1 + I + I3]?, where I1, I3, I3 are the eigenvalues of the radius of gyration
tensor of the macromolecule. Because of the topological polydispersity, each individual
SCNP has a different asphericity (a), where brackets denote time-average over the trajectory
of the SCNP. The asphericity is a strong predictor of the internal mobility of the SCNP.
This is demonstrated in Figure 2d (circles), which shows the strong correlation between
the fluctuation dgcnp of the whole SCNP at p — 0 and the asphericity. In what follows
we will discuss the conformational properties of SCNPs as a function of their degree of
disorder. After the discussion above, we will use the size of the maximum domain, nj**, to
discriminate the most disordered SCNPs (lowest n}§***). We will use instead the asphericity
(a) to discern the most ordered SCNPs (lowest (a)). Indeed (a) is better correlated than
ng® with low deformability (Figure 2d), providing a highly discriminative characterization
of order in terms of funcionality.

Now we investigate crowding effects on concentrated solutions of SCNPs, by analyzing the
density dependence of their conformational properties. Because of the observed topological
polydispersity, each SCNP may be expected to show a different collapse behavior under
crowding conditions. This is confirmed in Figure 3a, which shows the compression ratio
of the radius of gyration, r = (<R§> / (Rg()))l/ 2, with increasing density p, where Ry is the
radius of gyration at infinite dilution. Results are given for the average over all the SCNPs,

as well as for the 10 % most ordered and most disordered SCNPs (according, respectively,
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Figure 3: (a): Reduction of the radius of gyration with increasing density. Different data
sets (see legend) show results averaged for all the SCNPs, and for the 10 % of SCNPs with
the lowest asphericity (most ordered SCNPs) and the lowest ng'®* (most disordered SCNPs).
For comparison, we include data for the linear precursors. Dashed lines are fits to power-laws
~ p~*. The values of = are given in the legend. (b): For the same groups of macromolecules
of (a), density dependence of the scaling exponent v of the form factor in the fractal regime.
Arrows in both panels indicate the overlap density p*.

to their values of asphericity and nj'®*).

For comparison we include the results for the
solutions of the linear precursors. By increasing concentracion there is a sharp crossover
from almost p-independent behavior to power-law behavior. The crossover occurs at the
overlap density (indicated by arrows in Figure 3). The latter is defined as p* = N (Dgo)_‘g/ 2
with Dgg the diameter of gyration at p — 0, and corresponds to the density for the onset
of intermolecular contacts at all the macromolecular peripheria. The power-laws r ~ p=*
observed in Figure 3a for p > p* are characterized by different exponents, varying from the
well-known value z = 0.12 for the linear chains'®3? to 2 ~ 0.22 for the 10% most ordered
SCNPs.

Insight on the effect of crowding on the average intramolecular structure of the SCNPs
can also be obtained by analyzing their form factor as a function of concentration. The
form factor is defined as w(q) = (N~'Y; expliq- (rj; —r1)]), where ¢ is the wavevector,
r; ) are monomer positions and the sum is restricted over monomers in the same SCNP.

Fig. S1 in the SI displays representative cases of the obtained form factors, showing that

crowding does not only lead to a reduction of the size, but also to a change in the shape
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of the macromolecule. This becomes evident by inspection of the slope of w(g) in the
fractal regime, 6 (Rgfl/? < ¢ <b7!, where b is the bond length. This range corresponds
to 0.2 < ¢ <1 for the simulated systems. In the fractal regime the form factor scales as
w(q) ~ ¢/, with v the scaling exponent.'® Figure 3b shows the density dependence of v
for the same groups of macromolecules of Figure 3a and S1. Concomitant with the reduction
of the macromolecular size with increasing density, there is a decrease of the exponent v. This
is a signature of the collapse to more compact conformations. As expected, the exponent for
the linear chains changes from the Flory value (v ~ 0.59), characteristic of isolated (p — 0)
self-avoiding chains in good solvent, to the value v = 1/2 characteristic of the Gaussian
conformations!% at melt density (p— 1). A different behavior is found for the SCNPs. At
p — 0 the average form factor shows an exponent v = 0.46, similar to the average value
v ~ 0.5 found for isolated IDPs.!” By increasing density there is a transition to an ultimate

28) at p > 0.4. The observed exponent v ~ 1/3 is consistent with

exponent v~ 0.36 (w(q) ~q~
globular conformations (fractal dimension!® D =1 ~! ~ 3). However these do not correspond
to homogeneous compact spheres, which in the range <R§>*1/ 2 < ¢ <b~! would be dominated
by Porod scattering (w(q) ~ ¢~*) followed by oscillatory behavior.1® Instead, the observed
scaling behavior resembles that characteristic of the crumpled globular conformations recently
observed in melts of polymer rings.3' 33 These conformations are characterized by relatively
large compact regions surrounded by extended protrusions. As anticipated in Figure 1(c-d),
the inspection of snapshots confirm that indeed these are the general conformations of the
SCNPs at concentrated solutions. Fig. S2a in the SI shows a portion of the simulation box
for a solution of SCNPs at p=0.3. It becomes evident that crumpled globular conformations
are much more compact and less interpenetrated than the conformations of linear chains at
the same density (Fig. S2b in the SI).

Figure 3b includes the density dependence of v for the 10% most ordered and most

disordered SCNPs. The data reveal that very different degrees of internal disorder result

in very different scaling exponents for the SCNPs. As anticipated by their low asphericity
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values, the most ordered SCNPs are already crumpled globular objects at infinite dilution
(v = 0.33). Crowding at high densities changes the exponent to v = 0.29. This is close
to the behavior w(q) ~ ¢~ * for homogeneous spheres, though the SCNPs still contain local
inhomogeneities and voids (see Figure 1d). In the case of the most disordered SCNPs we find
an exponent v = 0.55 at infinite dilution, close to the Flory exponent v = 0.59 for perfectly
linear chains in good solvent. This is consistent with the small size of the domains in the
most disordered SCNPs (n}*** < 0.2N for the selected 10 %). By increasing concentration the
exponent changes to an ultimate value v ~ 0.39, somewhat higher than the average v ~ 0.36
for SCNPs, but clearly below the value v = 1/2 expected for melts of linear chains, 0 as well
as for melts of Gaussian rings (where the ring architecture is kept but the chain uncrossability
condition is removed).3! In summary, in close analogy with the case of polymer rings, the
particular architecture of the SCNPs in combination with the chain uncrossability condition
results in very different topological interactions from those of linear chains. As a consequence,
linear chains and SCNPs show a very different collapse behavior under macromolecular
crowding (collapsing to Gaussian chains and crumpled globules, respectively).

It is worthy of remark that crumpled globular conformations (v ~ 1/3) for the SCNPs
are not only found at melt densities (p ~ 1). They are generally observed already at con-
centrations of p ~ 0.3 (see data averaged over all SCNPs in Figure 3b). Even in the case
of the 10% most disordered SCNPs we observe at such concentrations exponents v ~ 0.4,
clearly below that of Gaussian chains (v =1/2). Since an occupied volume fraction of about
30% is usual in cellular environments, the results presented here for concentrated solutions
of SCNPs potentially provide a general scenario for understanding collapse behavior of IDPs
under crowding conditions in vivo.

We can provide experimental evidence to the above proposed scenario by means of SANS
experiments on real SCNPs. On the one hand, we consider SCNPs in highly diluted solution
with a good solvent consisting of small molecules. On the other hand, the SCNPs are dis-

persed in a bulky matrix of polymeric crowders of comparable dimensions. Exploiting the
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determined by SANS and represented against the reduced variable q(Ré)l/ 2. linear precursor
chains and the corresponding SCNPs at high dilution, and SCNPs immersed in a linear
polymeric matrix. Solid lines are fits to generalized Gaussian coil functions, Eq. (1). Dashed
lines are power-law fits, w(q) ~ ¢ Y. in the fractal regime. The scaling exponents v are
indicated. (b): as panel (a) for the simulation results. The first peak at high-¢ in the
simulations (¢ ~ 7 in absolute units) corresponds to the typical bond distance and next
peaks are higher harmonics. These local scales are out of the experimental SANS window.

huge difference in the scattering length of the hydrogen and deuterium nuclei, SANS experi-
ments reveal the form factor of the protonated entities on systems where protonated macro-
molecules are surrounded by a deuterated environment. Protonated SCNPs were obtained
through Michael addition-mediated multidirectional self-assembly of individual polymeric
chains (precursors) based on methyl methacrylate. The obtained SCNPs were dispersed in
a good solvent (deuterated dimethylformamide, dDMF) or in a bulky matrix of deuterated
poly(ethylene oxide) (APEO). The weak (favorable) interaction between the two polymers3?
assures thermodynamic miscibility in the SCNP/dPEO system. The molecular weights of
dPEO and the SCNPs were very similar (96 and 92 kg/mol, respectively). To measure
the form factor (intramolecular correlations) avoiding contributions of the structure factor
(all correlations) to the measured signal, the used concentration of SCNPs was very low
(2 mg/mL in the solution and 4% in weight in the dPEO matrix). As reference, we also
investigated the analogous dilute solution of linear precursors in dDMF. More details about
the synthesis, sample preparation and experimental conditions can be found in the SI.

The results for the three samples investigated are presented in Figure 4a. The intensity

13



has been normalized by its ¢ — 0 asymptotic value, delivering directly the normalized form
factor w(q)/w(0) of the labeled macromolecules in the deuterated environment. Using as
abscissa the reduced variable q(Ré)l/ 2 the differences in the fractal regime can be clearly
appreciated. The slope of the curves strongly increases in dilute solution from the precursor
to the SCNP, and from the SCNP in dilute solution to the crowded environment imposed by

the PEO-chains. As can be seen in Figure 4a, the data can be well described by generalized

36

s ) ) v

with U = (2v+ 1)(21/+2)q2<R§>/6 and y(a,x) = [§t% Lexp(—t)dt. These fits (solid lines in

Gaussian coil functions

Figure 4a) provide simultaneously the radius of gyration and the scaling exponent v. Still, the
same values of v are found within the error bars of simple power-law fits w(q) ~ ¢ Y7 in the
fractal regime (dashed lines). The obtained scaling exponents are v = 0.59 for the precursors
in dilute solution (as expected for self-avoiding linear chains), 0.46 for the SCNPs in dilute
solution and 0.37 for the SCNPs in the bulky sample. The compaction revealed by this
parameter is accompanied by the concomitant reduction of the macromolecular dimensions,
characterized for this molecular weight by radii of gyration of 8.5 nm (precursor in dilute
solution), 6.8 nm (SCNPs in dilute solution) and 5.8 nm (SCNPs in bulky environment).
Figure 4b shows the corresponding simulation results for the linear chains and SCNPs at
p — 0, and for the SCNPs diluted in a mixture with linear chains (at bulk-like total density
p = 0.85). Remarkably, the exponents found in the experiments are in full agreement with
the simulations, confirming the collapse scenario proposed for SCNPs under macromolecular
crowding.

In summary, we have presented for the first time a global picture for the conformational
properties of SCNPs in solution, covering the whole concentration range from infinite dilution

to melt density. Our simulation results are confirmed by SANS experiments. By identifying
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in the SCNP structure weakly deformable compact regions (domains) connected by flexible
segments, we establish a structural analogy with IDPs. Thereby, the generic trends reported
here propose a general scenario for the non-specific, purely steric effects of macromolecular
crowding on IDPs in cell environments. These effects lead by themselves to the collapse of
the IPDs into crumpled globular conformations. Only in the limit of fully disordered linear

architectures, IDPs adopt Gaussian conformations under crowding conditions.

Supporting Information

Description of the simulated model, simulation procedure, sample preparation and SANS
measurements. Representative form factors (Figure S1) and simulation snapshots in concen-

trated solutions (Figure S2).
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Concentrated solutions of single-chain nanoparticles (left) and linear
chains (right).
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