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The control of primary and further structures of individualfolded/collapsed synthetic polymers has received significant attention
in recent years. However, the synthesis of single-chain nanoparticles (SCNPs) showing a compact, globular conformation in
solution has turned out so far highly elusive. By means of simulations, we propose two methods for obtaining globular SCNPs
in solution. The first synthesis route is performed in bad solvent, with the precursor anchored to a surface. In the second
route we use a random copolymer precursor with unreactive solvophilic and reactive solvophobic units, which form a single
core-shell structure. Both protocols prevent intermolecular cross-linking. After recovering good solvent conditions, the swollen
nanoparticles keep their globular character. The proposedmethods are experimentally realizable and do not require specific
sequence control of the precursors. Our results pave the wayto the synthesis via solvent-assisted design of a new generation of
globular soft nanoparticles mimicking global conformations of native proteins in solution.

1 Introduction

Single-chain nanoparticles (SCNPs) are unimolecular soft
nano-objects, consisting in individual polymer chains col-
lapsed to a certain degree by means of intramolecular bonding
(i.e., covalent, noncovalent or dynamic covalent bonds).1–4.
SCNPs are promising soft nano-objects for applications in
the fields of catalysis,5–8 drug delivery,9–12 sensing13 and
bioimaging.14–18 It is worth mentioning that SCNPs in solu-
tion synthesized by means of state-of-the-art intrachain fold-
ing/collapse techniques, show noncompact, nonglobular con-
formations as revealed by recent small-angle neutron scatter-
ing (SANS) and small-angle X-ray scattering (SAXS) mea-
surements, as well as complementary MD simulations.19 The
underlying physical mechanism for the noncompact morphol-
ogy of SCNPs in solution has been recently put forward.19–21

In brief, the typical extended self-avoiding conformationof
the foldable precursor chains, in the good solvent conditions
of synthesis, promotes intramolecular bonding to take place
mostly between reactive functional groups that are separated
by short contour distances. This fact promotes local globula-
tion along the chain, but is not efficient for global, large-scale
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chain compaction. Consequently, the morphology of current
SCNPs in solution resembles those observed in intrinsically
disordered proteins, having locally compact portions of the
chain connected by flexible segments.11,12 Even if this has
been a major step towards the synthesis of protein-like soft
nanoparticles, efficient methods for obtaining globular, com-
pact SCNPs in solution are still lacking.

It may be argued that by performing the SCNP synthesis
underbad solvent conditions (i.e., starting from a collapsed
precursor), intramolecular bonding between reactive groups
separated by long contour distances will be highly favored,
eventually leading to globular conformations of theswollen
SCNPs after recovering good solvent conditions. However,
from an experimental point of view, bad solvent conditions
are intrinsically associated to severe polymer insolubility and
hence intermolecular aggregation (except for unpracticalex-
treme dilution). This precludes direct SCNP synthesis un-
der such conditions. Consequently, alternative methods are
required to construct globular, soft nanoparticles in solution.

This manuscript reports two solvent-assisted design proto-
cols, implemented and validated through molecular dynam-
ics (MD) simulations, for the construction of SCNPs own-
ing globular morphologies in solution. By taking inspiration
from Merrifield synthesis using solid supports22, we envision
a first procedure (model I in Fig. 1) for performing the chain
folding/collapse under bad solvent conditions. Namely, fold-
able precursor chains are anchored to solid supports at suffi-
ciently low surface coverage to avoid intermolecular bonding.
Upon individual SCNP formation in bad solvent through in-
tramolecular bonding, the cleavage of the unimolecular par-
ticles synthesized in the globular state should be possible, as
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well as their transfer to good solvent conditions in order to
determine their structural properties (size and shape). The
second procedure is inspired by the general global confor-
mations of native globular proteins. Hence, we hypothesize
that decoration of the foldable precursor chains with unreac-
tive solvophilic and reactive solvophobic units may lead to
a core-shell conformation that isolates the solvophobic units
and prevent intermolecular aggregation. This will allow for
SCNP formation via intramolecular bonding of the solvopho-
bic groups. To understand the effect of the distribution of the
solvophilic/solvophobic units on the resulting SCNP morphol-
ogy, random vs. regular sequences of such units along the
foldable precursor chain are considered (models II-RAN and
II-REG in Fig. 1, respectively).

Also this second route is experimentally realizable. The
control of the primary structure of synthetic polymers has
indeed received significant attention in recent years, as pio-
neered by Lutz et al.23, and it is envisioned that, working
along this line, the control over the secondary and tertiary
structure of synthetic polymers will be achieved via single-
chain technologies24. At the present time two examples of
non-covalent bonded SCNPs, constructed by tuning the hy-
drophilic/hydrophobic sequence and interactions of a random

copolymer, have been recently reported25,26. In such reported
cases the single-chain self-folding isreversible, i.e., the glob-
ular conformations are lost when restoring good solvent qual-
ity for all monomers. However,irreversible chemical bond-
ing should be easily implemented, producing SCNPs that keep
their globular conformation after recovering good solventcon-
ditions.

The manuscript is organized as follows: in section 2 we dis-
cuss the models and methods developed in our study. Sections
3 and 4 report about the results obtained via the two different
synthesis protocols (model I and II respectively). In section 5
we draw our conclusions.

2 Model and Methods

To investigate the feasibility of these new solvent-assisted de-
sign protocols (models I and II) for obtaining globular SC-
NPs, we modified the bead-spring model27 used in our pre-
vious coarse-grained MD simulations20,21 in order to include
solvophilic and solvophobic interactions along the precursor
chains. Now, the non-bonded pair interaction between beads
is given by:28
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By using the parameters28 α = π(2.25− 21/3)−1 and β =
2π − 2.25α, the non-bonded potential and its first deriva-
tive are continuous atr = 21/6σ . The quantitiesε, σ , and
τ = (σ2m/ε)1/2 (with m the bead mass) set the energy, length,
and time scales, respectively. In what follows we will use
Lennard-Jones (LJ) units,ε = σ = m= τ = 1. An attractive
tail, acting on a distance corresponding to the first neighbor
shell (21/6 ≤ r ≤ 1.5), can be switched-on and off by chang-
ing the depthφ . For φ = 0 the purely repulsive LJ, excluded
volume interaction is recovered, which represents the pairin-
teraction among solvophilic groups. By increasingφ the inter-
action between the solvophobic units can be tuned, eventually
inducing their collapsed state. All simulations were performed
at temperatureT = 1. To guarantee collapse at thatT, we used
a valueφ = 2 far below theΘ-point. Indeed, by analyzing the
derivative of the gyration radius of the precursor vs.φ , for
T = 1 theΘ-point was estimated to occur atφ ∼ 0.7. Per-
manent bonding between two connected beads is introduced
through a FENE (finitely extensible non-linear elastic) poten-

tial27,

VFENE(r) =−εKFR2
0 ln

[

1−

(

r
R0σ

)2
]

, (2)

with KF = 30 andR0 = 1.5. In order to stabilize the temper-
atureT = 1 of the system, we implement a Langevin thermo-
stat. For further simulation details see Refs.20,21.

We have investigated three different synthesis routes cor-
responding to different models for the chemical composition
of the precursor. Fig. 1 shows a schematic representation of
the investigated models. For the model I the architecture20,21

consists of a linear backbone ofN beads, each of them being
attached to a side group. There are two kinds of side groups,
which are randomly distributed along the backbone. A number
Nl of the side groups contain three beads. The free end beads
(green beads in Fig. 1) are the ‘reactive’ functional groupsthat
can form mutual bonds. The remainingN−Nl side groups
contain a single unreactive bead. The fraction of functional
groups is defined asf = Nl/N. This model has been used in
the study of the nanoparticle synthesis in bad solvent condi-

2 | 1–9

Page 2 of 9Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



Fig. 1 Schematic representation of the polymer precursor for the
three investigated models. Green beads are the reactive functional
groups (solvophobic in all cases). Dark-blue and light-blue beads
are the unreactive solvophobic and solvophilic units, respectively. In
models II-RAN and II-REG the sequence of solvophobic and
solvophilic units is random and regular, respectively.

tions, i.e., all the monomers are solvophobic during the cross-
linking process. As mentioned above, real synthesis cannot
be performed at arbitrarely high dilution. Thus, in practice, if
the nanoparticle synthesis is performed at bad solvent condi-
tions the system unavoidingly undergoes aggregation andin-
termolecularcross-linking. However, this propensity can be
prevented by bonding the individual precursors to a surface,
prior to lowering the solvent quality below theΘ-point and ini-
tiating cross-linking. If the density of polymers in the surface
is suficiently low, anchoring to the surface avoids contact be-
tween different polymers and intermolecular aggregation,irre-
spective of the solvent quality. To model a non-penetrable sur-
face, a purely repulsive external LJ-potential,Vs(z), has been
imposed to all beads in the system of model I:

Vs(r) =

{

4ε
[

(σ
z

)12
−
(σ

z

)6
+ 1

4

]

z≤ 21/6σ
0 z> 21/6σ

(3)

with z the normal distance to the planez= 0. One of the end
beads of the backbone is linked to a fixed point of the plane
z= 0, through the same FENE potential of Eq. 2. The whole
precursor is initially placed at the sidez> 0, so that the poten-
tial Vs(z) prevents penetration (z< 0) of the surface.

The system of models II-RAN and II-REG is a copolymer
containing two kind of units: a single unreactive solvophilic
bead, and a second unit formed by two solvophobic beads.
One of the solvophobic beads is unreactive, whereas the other
is a reactive functional side group, directly attached to the

main backbone. Thus, the backbone is formed by all the un-
reactive (solvophobic or solvophilic) groups (see Fig. 1).In
the model II-RAN the solvophobic and solvophilic units are
randomly distributed along the copolymer. A regular distribu-
tion is instead used in the model II-REG, where the repeating
basic pattern is just dictated by the value off . The cross-
interaction between solvophilic and solvophobic units is in all
cases purely repulsive (φ = 0).

The reactive groups in the three models are monofunctional,
i.e, they can form a single bond with other functional groups
within the same chain. Thus, a new bond between two func-
tional groups is formed if two conditions are fulfilled: i) none
of them are bonded to other functional group, and ii) they are
at a mutual distancer < 1.3σ (‘capture distance’). A ran-
dom choice is made in case of multiple options (several func-
tional groups within the same capture distance). When a new
bond is formed, the two involved beads interact through the
FENE potential of Eq. 2. We have to stress that cross-linking
is irreversible, i.e, when a new bond is formed, this is perma-
nent (the FENE interaction is switched on for the rest of the
simulation). However, the self-assembling of the solvophobic
groups is reversible. Consequently the nanoparticles can be
swollen by restoring the purely repulsive LJ potential (φ = 0)
for the non-bonded interaction among all monomers, mimick-
ing good solvent conditions for all species.

The simulation protocol has three steps. First the precursor
is equilibrated, with the attractive tail of the non-bondedpo-
tential switched on (φ = 2) for all the solvophobic beads (all
the beads in the case of model I). Thus, the precursor adopts a
collapsed conformation, which in models II-RAN and II-REG
corresponds to a core-shell structure where the solvophobic
units are isolated by the solvophilic ones (see below). In the
second step the cross-linking is activated by allowing the func-
tional groups to form mutual bonds. Finally, after completing
the cross-linking, good solvent conditions are imposed forall
beads by switching off the attractive interactions (φ = 0), and
the nanoparticle adopts a swollen conformation. In model I the
nanoparticle is moreover cleaved from the surface by remov-
ing the potential of Eq. 3. In these conditions an acquisition
run is performed for analysis of the nanoparticle structureob-
tained from each model. For each value ofN and f at least
100 independent trajectories are simulated.

For the model I we have explored precursor lengths 25≤
N ≤ 1600 and a broad range off -values (0.04≤ f ≤ 0.72).
For the models II-RAN and II-REG we have explored lengths
44 ≤ N ≤ 414 at fixed f = 0.30. Larger values off in
the amphiphilic systems are not useful in practice, since the
solvophilic units are not sufficient to fully isolate the solvo-
phobic core from the solvent. On the other hand, small frac-
tions (f . 0.2) do not lead to a single core-shell structure ex-
cept for very smallN. Instead, the solvophobic units aggre-
gate into separate cores and the precursor forms a sparse chain
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of connected globules, each globule containing a single core-
shell. Cross-liking of these multi-core systems does not yield
globular nanoparticles and will be discussed elsewhere.

3 Results and discussion: model I

10 100 1000N

10
1

10
2

ν =
 0.

31

ν = 0.
26

ν = 0.46

ν = 0.47

(a) (b)

ν =
 0.

30

f = 0.04  model I
f = 0.08  model I
f = 0.20  model I
f = 0.40  model I
f = 0.72  model I
f = 0.04 collapsed prec.
f = 0.39  SP2

1 10 100 800s

10
-3

10
-2

10
-1

P
(s

)

<
 R

g >
2

Fig. 2 Model I (swollen nanoparticles): a) Average squared radius
of gyration vs. the backbone lengthN for all the investigated
fractions f of functional groups. We include results (f = 0.04, open
circles) for the collapsed unlinked precursor (i.e., in badsolvent and
prior to initiating cross-linking), as well as for SCNPs of model SP2
with f = 0.39 (inverted triangles)20,21. Symbols are simulation
data. Solid and dashed lines are fits to power-lawsR2

g ∼ N2ν (the
representative exponents are indicated). b) Normalized histogram of
contour distancess between the bonded functional groups of the
nanoparticle, forN = 800 and severalf -values.

Fig. 2a shows results for theN-dependence of the average
squared radius of gyration,〈R2

g〉, of the swollen nanoparticles
of model I. Data are represented for all the investigated range
of f . The symbols correspond to the MD data. The lines are
fits of the data to the scaling law29 〈R2

g〉 ∼ N2ν . We include
representative results (f = 0.04) for the collapsed precur-
sor (i.e., in bad solvent and prior to initiating cross-linking),
which as expected shows the exponentν ≈ 1/3 character-
istic of globular objects.29 For comparison we also include
results for the SCNPs of the model SP2 (casef = 0.39) of
Refs.20,21In the model SP2 cross-linking is performed starting
from the same precursor of model I, but in good solvent con-
ditions (φ = 0) for all beads. Moreover there are two different
types of functional groups (in identical proportion) and only
bonding between groups of the same type are permitted. This
model mimics synthesis of single-chain nanoparticles by using
orthogonal chemistry, which leads to more compact objects
than their counterparts with a single type of functional groups,
though these are still far from globular conformations.20,21

The scaling exponent for the model SP2 isν ≈ 1/2, reflect-
ing gaussian-like conformations,29 and is essentially indepen-
dent of f .20,21Results in Fig. 2a demonstrate the efficiency of
the cross-linking route in bad solvent: even with a very small
fraction of functional groups, a considerable reduction ofthe
exponentν for theswollennanoparticles can be obtained com-
pared to those synthesized in good solvent conditions. This
is due to the efficiency of the used protocol in increasing the
probability of bonding at long contour distance, with respect
to the good solvent case. The contour distance,s= |i − j|
is defined as the number of backbone beads comprised be-
tween the two backbone beads (i, j) to which the side groups
of the mutually bonded functional groups are attached.20,21 In
Fig. 2b, we show the distributionP(s) of the contour distance
between bonded functional groups in the nanoparticle, for dif-
ferent f -values at fixedN = 800. A clear increase, by more
than one order of magnitude with respect to nanoparticles syn-
thesized in good solvent, is found at larges values. Because
of the highly folded conformation of the backbone in the glob-
ular state, the probability of contact between two functional
groups is weakly dependent on their contour distance, except
in the limits s→ 1 ands→ N. As a consequence,P(s) for
the nanoparticles synthesized in bad solvent forms a plateau at
1≪ s≪ N (Fig. 2b). In the extreme limits,s→ 1 ands→ N,
the probabilities are trivially high and low, respectively, for all
the solvent conditions.

A detailed analysis of the scaling behavior of〈R2
g〉 in Fig. 2a

reveals interesting features. Asinglescaling exponentν ≈ 1/3
(as expected for globular objects), is observed for high fraction
of functional groupsf ≥ 0.4. This value confirms that for high
enoughf , the swollen nanoparticles have globular conforma-
tions, as opposite to the open sparse conformations (ν ≈ 1/2
irrespective of f ) observed for nanoparticles synthesized in
good solvent.20,21 In contrast to the good solvent case20, a
strong and complex dependence onf emerges for the scaling
behavior of the nanoparticles of model I. Thus, forf ≤ 0.2
two different scaling exponents are found, which depend on
the length of the backbone. In particular forsmallprecursors,
by decreasingf we observe a progressive increase ofν, ap-
proaching the exponentν ≈ 1/2 that is obtained for nanoparti-
cles synthesized in good solvent. Indeed, independently from
the quality of the solvent, for small values of bothN and f the
number of bonds in the fully cross-linked nanoparticle is too
low to form globular objects (e.g., just two bonds forN = 100
and f = 0.04). However, in bad solvent conditions, there is a
significant advantage connected to the possibility of tuning the
nanoparticle structure by changingf . For cross-linking in bad
solvent the increase off does provide an efficient route for
creating long-range loops, and the expected exponentν = 1/3
is found for f > 0.2. On the other hand, in good solvent the
growth of f mostly produces bonds at short contour distances
that are inefficient for global compaction20,21, andν shows
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Fig. 3 Distributions of the time-averaged radius of gyration and
asphericity forN = 800 and severalf -values, obtained for the
swollen nanoparticles of model I (typical snapshots shown in (b)).
For comparison we include the distributions for the model SP2 with
N = 800 andf = 0.39.21

just minor changes withf .

For longprecursors, the opposite behavior is observed: de-
creasingf yields lower values ofν. Thus, for the lowest inves-
tigated fractions of functional groups,f = 0.04 andf = 0.08,
large nanoparticles scale with exponentν ≈ 1/4. This scaling
behavior at very lowf resembles that obtained for vulcan-
ized networks (ν = 1/4 in mean-field approach),29 which are
obtained by cross-linking of strongly overlapped long linear
chains with a very low fraction (f ≪ 1) of reactive monomers
per chain. The precursor lenght for the crossover between
the small and large-N regimes of〈R2

g〉 depends on the frac-
tion of functional groups, increasing fromN ∼ 100 at f = 0.2
to N ∼ 300 at f = 0.04. This is consistent with the fact that, as
discussed above, a critical number of bonds is needed for effi-
cient compaction of the fully cross-linked nanoparticle. Thus,
for lower f that critical number will arise at largerN.

In Fig. 3 we show typical snapshots of the obtained swollen
nanoparticles of model I, for fixedN = 800 and different frac-
tions of funtional groups. Nanoparticles with lowf are less
compact and spherical, and present more protrusions than the
densely cross-linked nanoparticles obtained for highf . As
discussed in Refs.20,21, irreversible cross-linking from differ-
ent initial realizations of a same precursor leads to topologi-
cally polydisperse nanoparticles (different connectivity in the
network of bonds). This feature can be quantified by comput-
ing the distributions of thetime-averagedradius of gyration
R̄g and asphericity parameter ¯a. The latter quantifies devi-
ations from a sphero-symmetrical shape (a = 0). The time-
averaged values ofRg anda for an individual swollen nanopar-
ticle are just obtained by averaging their corresponding instan-
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REG cross-linked
RAN unlinked
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ν = 0.36

<
R
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ν = 0.33

Fig. 4 Amphiphilic systems (models II): a) Results for the average
squared radius of gyration vs. the backbone lengthN. Full symbols
are simulation data for the swollen nanoparticles of model II-RAN
(circles) and II-REG (squares), i.e., obtained from precursors with
random and periodic composition pattern, respectively. Weinclude
results (open symbols) for the collapsed unlinked precursors (i.e., in
bad solvent and prior to initiating cross-linking). Lines are fits to
power-laws〈R2

g〉 ∼ N2ν (exponents indicated). b) Histogram of
contour distancess between the bonded functional groups of the
nanoparticles withN = 400. Because of the specific periodic
distribution of the reactive groups along the REG-precursor, bonds
are only formed for integer multiples ofs= 3, as indicated by the
vertical dotted lines. As a consequence the amplitude of the
normalizedP(s) for the REG-system is much higher than for the
RAN-system. To facilitate the comparison,P(s) for the REG-system
has been scaled by 1/3.

taneous values over the acquisition run.20,21 Fig. 3 shows the
distributionsP(R̄g) and P(ā) for fixed N = 800 and differ-
ent values off . For comparison we include the correspond-
ing results for the model SP2 withf = 0.39. The results in
Fig. 3 confirm that, even for very smallf = 0.04, the swollen
nanoparticles synthesized in bad solvent are much less sparse
and much closer to the spherical shape than their counterparts
synthesized in good solvent with highf . By increasingf in
the model I, nearly spherical conformations are obtained for
f ≥ 0.4, as shown by the narrow distributionsP(ā) centered
at ā∼ 0.02.

4 Results and discussion: model II

Now we discuss the results found for the nanoparticles ob-
tained from the amphiphilic precursors of models II-RAN and
II-REG, i.e., with random (RAN) and regular (REG) composi-
tion pattern, respectively. Fig. 4a shows theN-dependence of
the average squared radius of gyration. Whereas the swollen
nanoparticles of both systems have a very similar size for
N ≤ 100, for longer precursors they display a very different
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behavior. This can be effectively described by a power-law
〈R2

g〉 ∼ N2ν . As obtained in model I, for the RAN-system
we find the exponentν ≈ 1/3 expected for a globular ob-
ject. On the contrary, for the REG-system the data can be
described with the Flory exponentν = 0.59, characteristic
of self-avoiding chains.29 These rather different features for
the RAN- and REG-systems can be understood by inspec-
tion of the conformations (Figure 5) and scaling behavior
(Fig. 4a) of the respective collapsed precursors. For small
lengths (N ≤ 100) the collapsed precursor adopts a nearly
spherical core-shell conformation, irrespective of the charac-
ter (random or regular) of the composition pattern. In the
case of the RAN-system, the nearly spherical core-shell con-
formation of the collapsed precursor is found over the whole
N-range (Figure 5). This is confirmed by its scaling behav-
ior (ν ≈ 1/3, open circles in Fig. 4a). In this situation cross-
linking of the solvophobic groups within the core has analo-
gies with the model I, and the nanoparticles of model II-RAN
keep their globular conformation after swelling. This is con-
sistent with the exponent observed for the swollen nanoparti-
clesν ≈ 1/3 (full circles in Fig. 4a). The situation for long
precursors (N > 100) in the REG-system is rather different.
Though the equilibrium conformation of the precursor in the
collapsed state is still a single solvophobic core surrounded by
a solvophilic shell, its shape at longN is far from spherical. In-
stead, due to the regular sequence of the solvophilic and sovo-
phobic groups, an elongated tubular conformation is formed
(Figure 5). Indeed the scaling behavior of the collapsed pre-
cursor (Fig. 4a), shows an exponentν ≈ 0.73 intermediate be-
tween that expected for self-avoiding chains (ν = 0.59) and
rigid rods (ν = 1). In such a situation cross-linking between
solvophobic groups separated by large contour distances will
be strongly unfavored, in close analogy with the synthesis in
good solvent conditions. This is consistent with the much
steeper decay ofP(s) at longs in the REG-system than in the
RAN-system (see comparison in Fig. 4b forN = 400).

As expected from the observed scaling behavior of〈R2
g〉 at

N > 100, the swollen nanoparticles obtained from the RAN-
and REG-systems are globular and sparse, respectively; see
representative snapshots forN = 400 in Fig. 6. This is con-
firmed by computing the corresponding distributions of time-
averaged radii of gyration and asphericities (see Fig. 6). The
swollen nanoparticles of the RAN-system are obviously much
smaller and spherical than those of the REG-system. This
amazing result opens new ways to obtaining globular single-
chain nanoparticleswithout precise sequence-control. Still,
this method is less sucessful than the route of model I (synthe-
sis in pure bad solvent). Indeed with just a 4 % of functional
groups the asphericities of the nanoparticles of model I are
similar to those of the RAN-system withf = 0.30 (both dis-
tributions are peaked at ¯a∼ 0.1, see Fig. 3b and Fig. 6b). On
the other hand, from an experimental point of view, the imple-

mentation of method II-RAN is easier than that of method I
(this requiring surface anchoring and cleavage steps).

Fig. 5 Snapshots of equilibrated precursors in bad solvent, prior
cross-linking: Model II-RAN (top) and Model II-REG (bottom), for
fixed f = 0.3 and two different lengths of the backbone.

It is worth noting that the observed exponent,ν ≈ 0.59,
for the swollen nanoparticles of the model II-REG is higher
than that found for synthesis in good solvent (ν ≈ 1/2).20,21 It
seems that cross-linking within the solvophobic core, in addi-
tion to the regular distribution of the reactive groups, creates a
locally tight network of bonds. This might induce an effective
local stiffness in the swollen nanoparticles favoring expanded
coils (ν ≈ 0.59) over the gaussian-like (ν ≈ 0.5) conforma-
tions that are obtained by synthesis in good solvent. Whether
the scaling withν ≈ 0.59 in the REG-system extends to the
large-N limit or is an intermediate regime, prior to an ultimate
crossover toν = 1/2, is an open issue. Indeed the computa-
tional cost necessary to reach the equilibrium core-shell struc-
ture for longer precursors (N > 103) is considerably higher
than for the systems investigated here.

In the attempt to further highlight the differences in the par-
ticular globular conformations of the swollen nanoparticles,
while changing the synthesis protocol, we calculate their scat-
tering form factors,w(q).29 Data ofw(q) are represented in
Fig. 7 for all the investigated cases of Models I and II-RAN.
For a fair comparison between the different data sets,w(q)
is normalized byw(q = 0) = Nmon, i.e, by the number of
monomers of the nanoparticle, and wavevectors are scaled by
the respective radius of gyration. As a general feature, af-
ter the Guinier regime which corresponds toqRg < 1,29 we
observe a sharp drop of the curve, typical of soft colloids
with a global spherical structure (e.g., microgels, high func-
tionality stars, spherical brushes/micelles).30–33Thereafter the
behavior of the nanoparticles synthesized from Model I de-
pends on the fractionf of functional groups. For smallf ,
we find a regime qualitatively similar to the one observed for
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Fig. 6 Amphiphilic systems (models II): for the swollen
nanoparticles, (a) distributions of the time-averaged radius of
gyration (a) and asphericity (b). Circles and squares correspond to
the RAN- and REG-models, respectively. All results correspond to
the caseN = 400 andf = 0.30. The snapshots in (a) correspond to
characteristic configurations of the swollen nanoparticles in both
models.

isolated polymer chains in good solvent, where the form fac-
tor scales asq−1/νF, with νF = 0.59 the Flory exponent.29

For small f , the swollen nanoparticle contains very long lin-
ear segments between cross-linking points. Such long seg-
ments can be seen, at intermediate length scales, as diluted
chains, leading to the observed scaling inw(q). Instead,
by increasing the number of functional groups, and conse-
quently the compactness of the related nanoparticles, an oscil-
latory behavior emerges, which is reminiscent of the one ex-
pected for hard-spheres.30 Here the oscillations quickly damp
as a consequence of the intrinsic deformability of the soft
nanoparticles. A similar trend is observed for soft colloids
with high monomer concentration in the interior.30,32,33 Fi-
nally, at qRg > 50 we observe the peak corresponding to
the nearest-neighbour monomer correlation (2π/q≈ σ ), fol-
lowed by the higher-q harmonics. At low and intermediate
q-values (qRg < 15), the curve observed for Model II-RAN
and f = 0.30 is very similar to the one obtained for Model I
at a lower fraction of functional groups,f = 0.20. The differ-
ence between both curves at higherq is related to the different
local architecture of the respective models (longer side groups
in Model I, see Fig. 1).

5 Conclusions

In summary, by using computer simulations we have pro-
posed two new routes for the design of globular single-chain
nanoparticles, an issue that has remained elusive with usual
synthesis protocols, which instead lead to open sparse ob-
jects.19–21 The two new routes proposed here are based on
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Fig. 7 Scattering form factor calculated for Model I (severalf
values) and Model II-RAN (f = 0.30). In all casesN = 400.

tuning the solvent quality, are experimentally realizablewith
state-of-the-art methods, and do not require specific sequence
control. In the first route (method I) cross-linking is performed
in bad solvent conditions with the precursors anchored to a
surface, at a density sufficiently low to prevent interchaincon-
tact. After completing the cross-linking, the nanoparticles are
cleaved from the surface. In the second route (method II) a
random copolymer with unreactive solvophilic and reactice
solvophobic monomers is used, tuning the fraction of both
monomers in order to form a single core-shell structure. The
solvophilic shell prevents intermolecular aggregation, and the
cross-linking of the solvophobic units is purely intramolecular.
In both routes, after completing cross-linking and restoring
good solvent conditions, theswollensingle-chain nanoparti-
cles are globular objects, as confirmed by the analysis of their
scaling behavior and asphericity parameter. It is worth noting
that amphiphiles with regular sequence are not useful for pro-
ducing globular nanoparticles, unlike their (easier to synthe-
size) counterparts with random sequence. Although the cross-
linking protocol based on amphiphiles with random compo-
sition is less sucessful than the route of the method I, from
an experimental point of view, the method II should be more
easily implemented. To conclude, the two solvent-assistedde-
sign protocols reported in this manuscript and validated by
MD simulations pave the way to the synthesis of real glob-
ular soft nanoparticles, mimicking the global conformation of
globular native proteins in solution for their use in catalysis
and nanomedicine, among other potential uses.

We acknowledge financial support from the Projects
MAT2012-31088 (MINECO) and T-654-13 (GV), and gener-
ous allocation of CPU time from CSUC (Spain).
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For Table of Contents Use Only

Typical configurations of swollen single-chain nanoparticles, obtained by two different routes. These are based on in-
tramolecular cross-linking under bad solvent conditions for the reactive groups. Good solvent conditions (leading tonanoparticle
swelling) are restored after completing cross-linking. Green beads are the solvophobic reactive groups. The other beads are the
unreactive groups: solvophobic (dark blue) and solvophilic (light blue).
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