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The control of primary and further structures of individé@ltled/collapsed synthetic polymers has received sigmitiattention

in recent years. However, the synthesis of single-chairparticles (SCNPs) showing a compact, globular confoionait
solution has turned out so far highly elusive. By means olu&itions, we propose two methods for obtaining globular B€N

in solution. The first synthesis route is performed in badiesai, with the precursor anchored to a surface. In the seconu
route we use a random copolymer precursor with unreactiw@ghbilic and reactive solvophobic units, which form a dang
core-shell structure. Both protocols prevent intermalgccross-linking. After recovering good solvent condiiso the swollen
nanoparticles keep their globular character. The propasetthods are experimentally realizable and do not requieeip
sequence control of the precursors. Our results pave théomig synthesis via solvent-assisted design of a new geore et
globular soft nanoparticles mimicking global conformas®f native proteins in solution.

1 Introduction chain compaction. Consequently, the morphology of current
SCNPs in solution resembles those observed in intringicall
Single-chain nanoparticles (SCNPs) are unimolecular sofglisordered proteins, having locally compact portions @& th
nano-objects, consisting in individual polymer chains-col chain connected by flexible segmefts2 Even if this has
lapsed to a certain degree by means of intramolecular bgndinbeen a major step towards the synthesis of protein-like sor.
(i.e., covalent, noncovalent or dynamic covalent borld$). nanoparticles, efficient methods for obtaining globulame
SCNPs are promising soft nano-objects for applications irpact SCNPs in solution are still lacking.
the fields of catalysi$;® drug delivery?>-1? sensing® and
bioimaging1+ 181t is worth mentioning that SCNPs in solu-
tion synthesized by means of state-of-the-art intrachalih- f
ing/collapse techniques, show noncompact, nonglobular co
formations as revealed by recent small-angle neutroneseatt
ing (SANS) and small-angle X-ray scattering (SAXS) mea-
surements, as well as complementary MD simulatibhiEhe
underlying physical mechanism for the noncompact morphol

. . 1
ogy of SCNPs in solution has been recently put forwstd: hence intermolecular aggregation (except for unpractxgal

In brief, the typical extended self-avoiding conformatioh treme dilution). This precludes direct SCNP synthesis un-

tr}e foldhabl_e precursor c_halns, 'T th? gobod 39"’9” cokmhtllo der such conditions. Consequently, alternative methoes ar
of synthesis, promotes intramolecular bonding to takeeplac required to construct globular, soft nanoparticles in sofu

mostly between reactive functional groups that are sepdrat , . . .

by short contour distances. This fact promotes local gesbul 1 hiS manuscript reports two solvent-assisted design protu

tion along the chain, but is not efficient for global, largmie  CIS: implemented and validated through molecular dynam
ics (MD) simulations, for the construction of SCNPs own-

a Donostia International Physics Center (DIPC), Paseo MdmieeLardiza- NG 9|0bU|?_r morphologies ir‘ 50|Ut?0n- By taking inspig{ti
bal 4, E-20018 San Sebastian, Spain. Tel: +34 943015414l feder-  from Merrifield synthesis using solid suppdttswe envision
ica.loverso001@ehu.es a first procedure (model I in Fig. 1) for performing the chain

b Centro de Fisica de Materiales (CSIC, UPV/EHU), Paseo M#nde . "
Lardizabal 5, E-20018 San Sebastian, Spain. folding/collapse under bad solvent conditions. Nameligfo

¢ Materials Physics Center MPC, Paseo Manuel de Lardizabdt-20018 a_ble precursor chains are anchore_d t_O solid supports at _SUfﬁ
San Sebastian, Spain. ciently low surface coverage to avoid intermolecular bagdi

d Departamento de Fisica de Materiales, Universidad delsP&asco Upon individual SCNP formation in bad solvent through in-
(UPV/EHU), Apartado 1072, E-20080 San Sebastian, Spain. tramolecular bonding, the cleavage of the unimoleculas par

¢ IKERBASQUE - Basque Foundation for Science, Maria DiaHdm® 3, . ) . .
E-48013 Bilbao Spain. ticles synthesized in the globular state should be possilsle

It may be argued that by performing the SCNP synthesis
underbad solvent conditions (i.e., starting from a collapsed
precursor), intramolecular bonding between reactive gsou
separated by long contour distances will be highly favored
eventually leading to globular conformations of te&ollen
SCNPs after recovering good solvent conditions. Howeve.,
from an experimental point of view, bad solvent conditions
are intrinsically associated to severe polymer insoltybdind

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-9 |1



Soft Matter Page 2 of 9

well as their transfer to good solvent conditions in order tocopolymer, have been recently reporeé. In such reported
determine their structural properties (size and shape)e Thcases the single-chain self-foldingreversible i.e., the glob-
second procedure is inspired by the general global conforular conformations are lost when restoring good solvent-qua
mations of native globular proteins. Hence, we hypothesizdty for all monomers. Howevelirreversible chemical bond-
that decoration of the foldable precursor chains with uckea ing should be easily implemented, producing SCNPs that keep
tive solvophilic and reactive solvophobic units may lead totheir globular conformation after recovering good solent-

a core-shell conformation that isolates the solvophobitsun ditions.

and prevent intermolecular aggregation. This will allow fo ~ The manuscriptis organized as follows: in section 2 we dis-
SCNP formation via intramolecular bonding of the solvopho-cuss the models and methods developed in our study. Sections
bic groups. To understand the effect of the distributiorheft 3 and 4 report about the results obtained via the two difteren
solvophilic/solvophobic units on the resulting SCNP marph  synthesis protocols (model | and Il respectively). In seth

ogy, random vs. regular sequences of such units along thee draw our conclusions.

foldable precursor chain are considered (models II-RAN and

II-REG in Fig. 1, respectively).
Also this second route is experimentally realizable. The2 Model and Methods

control of the primary structure of synthetic polymers hasr, jnyestigate the feasibility of these new solvent-assiste-
indeed received significant attention in recent years, as pi sign protocols (models | and 1) for obtaining globular SC-
neered by Lutz et &3, and it is envisioned that, working NPs, we modified the bead-spring motfeised in our pre-
along this line, the control over the secondary and tertiary ;s coarse-grained MD simulatict®in order to include
structure of synthetic polymers will be achieved via sirgle gqqphilic and solvophobic interactions along the preour

chain technologie¥. At the present time two examples of chains. Now, the non-bonded pair interaction between beac-
non-covalent bonded SCNPs, constructed by tuning the hyx given by?28

drophilic/hydrophobic sequence and interactions of aoand

VLJ(T):4£{(%)127(g)6+ﬂ ) r <2l6g
Vib(r) = V() = 10 [cos(a (L )2+ B) — 1] 21/6g <r <150 (1)
r>150
|
By using the parametet® a = m(2.25—21/3)"1 andB = tial?’,
2m— 2.25a, the non-bonded potential and its first deriva- 5
tive are continuous at = 21/6¢g. The quantities, o, and Veene(r) — —eKeR2In 11— (L) 2
T = (0°m/£)%/? (with mthe bead mass) set the energy, length, Fene(r) a Roa/ |’ @)

and time scales, respectively. In what follows we will use
Lennard-Jones (LJ) units,= 0 = m=1 = 1. An attractive
tail, acting on a distance corresponding to the first neighbo
shell (2/6 < r < 1.5), can be switched-on and off by chang-
ing the depthp. For ¢ = 0 the purely repulsive LJ, excluded
volume interaction is recovered, which represents theipair
teraction among solvophilic groups. By increasinthe inter-
action between the solvophobic units can be tuned, evéyntual
inducing their collapsed state. All simulations were perfed
attemperatur@ = 1. To guarantee collapse at tHgtwe used

a valueg = 2 far below thed@-point. Indeed, by analyzing the
derivative of the gyration radius of the precursor . for

T = 1 the ®-point was estimated to occur gt~ 0.7. Per-
manent bonding between two connected beads is introduc
through a FENE (finitely extensible non-linear elastic)gmot

with Ke = 30 andRy = 1.5. In order to stabilize the temper-
atureT =1 of the system, we implement a Langevin thermo-
stat. For further simulation details see Ré{g

We have investigated three different synthesis routes co.
responding to different models for the chemical compositio
of the precursor. Fig. 1 shows a schematic representation < ¢
the investigated models. For the model | the architeéftf®
consists of a linear backbone Nfbeads, each of them being
attached to a side group. There are two kinds of side grouj s,
which are randomly distributed along the backbone. A number
N, of the side groups contain three beads. The free end beads
(green beads in Fig. 1) are the ‘reactive’ functional graihas
SN form mutual bonds. The remainibg— N; side groups
contain a single unreactive bead. The fraction of functiona
groups is defined aé = N;/N. This model has been used in
the study of the nanopatrticle synthesis in bad solvent eondi

2| Journal Name, 2010, [vol] 1-9 This journal is © The Royal Society of Chemistry [year]
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main backbone. Thus, the backbone is formed by all the un-

reactive (solvophobic or solvophilic) groups (see Fig. ).

the model II-RAN the solvophobic and solvophilic units are

randomly distributed along the copolymer. A regular diatri

tion is instead used in the model II-REG, where the repeating

basic pattern is just dictated by the value fof The cross-
interaction between solvophilic and solvophobic unitsiali

Model II-RAN

cases purely repulsivep(= 0).
. % Q g. vy ¥ The reactive groups in the three models are monofunctional,

Model I

backbone

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) ne

of them are bonded to other functional group, and ii) they are

g . at a mutual distance < 1.30 (‘capture distance’). A ran-

_8 8 8 dom choice is made in case of multiple options (several func:

tional groups within the same capture distance). When a newv
bond is formed, the two involved beads interact through the
Fig. 1 Schematic representation of the polymer precursor for the FENE potential of Eq. 2. We have to stress that cross-linking

Model II-REG

three investigated models. Green beads are the reactigtidoal is irreversible, i.e, when a new bond is formed, this is perma
groups (solvophobic in all cases). Dark-blue and lightelideads nent (the FENE interaction is switched on for the rest of the
are the unreactive solvophobic and solvophilic units, eeipely. In simulation). However, the self-assembling of the solvdpbo
models II-RAN and II-REG the sequence of solvophobic and groups is reversible. Consequently the nanoparticles ean k
solvophilic units is random and regular, respectively. swollen by restoring the purely repulsive LJ potentiakf 0)

for the non-bonded interaction among all monomers, mimick

tions, i.e., all the monomers are solvophobic during thesro ng 9009' solvgnt conditions for all species. ]

linking process. As mentioned above, real synthesis cannot The.§|mulat|on.protocol has _three.steps. First the precurso
be performed at arbitrarely high dilution. Thus, in praeié 'S eqwllbr.ated, with the attractive tail of the no.n-boncmd

the nanoparticle synthesis is performed at bad solventicondt®ntial switched on¢ = 2) for all the solvophobic beads (all
tions the system unavoidingly undergoes aggregatiorirand the beads in the case of mo_del_l). Thus, the precursor adopts ~
termolecularcross-linking. However, this propensity can be collapsed conformation, which in models II-RAN and II-REG |
prevented by bonding the individual precursors to a surface“Tresponds to a core-shell structure where the solvophobi
prior to lowering the solvent quality below ti@pointand ini- ~ Units are isolated by the solvophilic ones (see below). & th
tiating cross-linking. If the density of polymers in the fage ~ S€cond step the cross-linking is activated by allowing thef

is suficiently low, anchoring to the surface avoids contact b tional groups to form mutual bonds. Finally, after compigti
tween different polymers and intermolecular aggregatioe, the cross-l|nl_<|ng_, good solvent cqnd|_t|ons are imposedfor
spective of the solvent quality. To model a non-penetraime s P&2ds by switching off the attractive interactiogs< 0), and
face, a purely repulsive external LJ-potenti&(z), has been the nanoparticle adopts a swollen conformation. In moded | t

imposed to all beads in the system of model I: panoparticle i; moreover cleaved from thg surface by remo:
ing the potential of Eq. 3. In these conditions an acquisitio
Ae [(%)Hf (%)6 + ﬂ 7< 21/8g run is performed for analysis of the nanoparticle structlre
Vs(r) = 0 75 21/6g (3)  tained from each model. For each valueNofind f at least

100 independent trajectories are simulated.

with z the normal distance to the plame- 0. One of the end For the model | we have explored precursor lengths<25
beads of the backbone is linked to a fixed point of the planéN < 1600 and a broad range éfvalues (004 < f < 0.72).
z=0, through the same FENE potential of Eq. 2. The wholeFor the models II-RAN and |I-REG we have explored length s
precursor is initially placed at the side- 0, so thatthe poten- 44 < N < 414 at fixedf = 0.30. Larger values off in
tial Vs(z) prevents penetrationz & 0) of the surface. the amphiphilic systems are not useful in practice, sinee th

The system of models II-RAN and II-REG is a copolymer solvophilic units are not sufficient to fully isolate the sl
containing two kind of units: a single unreactive solvojghil phobic core from the solvent. On the other hand, small frac-
bead, and a second unit formed by two solvophobic beadsions (f < 0.2) do not lead to a single core-shell structure ex-
One of the solvophobic beads is unreactive, whereas the otheept for very smallN. Instead, the solvophobic units aggre-
is a reactive functional side group, directly attached t® th gate into separate cores and the precursor forms a spaise cha

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-9 |3
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of connected globules, each globule containing a single-cor The scaling exponent for the model SP2is: 1/2, reflect-
shell. Cross-liking of these multi-core systems does neltlyi ing gaussian-like conformatiorf§,and is essentially indepen-
globular nanopatrticles and will be discussed elsewhere. dent of f.20-21 Results in Fig. 2a demonstrate the efficiency of
the cross-linking route in bad solvent: even with a very $mal

) ) fraction of functional groups, a considerable reductiomhef
3 Results and discussion: model | exponent 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

®=0.04 model | A { . . . .
=1=008 mﬁgin v =047 10k probability of bonding at long contour distance, with restpe
+f=0. model \ / 3 . . .

=040 model | |y 2071 to the good solvent case. The contour distarsce, |i — j|

*1=0. mode Y . . .
o f=0.04 collapsed preg. is defined as the number of backbone beads comprised be-
vf=0.39 SP2

tween the two backbone beadsj} to which the side groups
of the mutually bonded functional groups are attacketIn
Fig. 2b, we show the distributioR(s) of the contour distance
between bonded functional groups in the nanoparticle,ifer d
ferent f-values at fixed\ = 800. A clear increase, by more
than one order of magnitude with respect to nanoparticles sy
thesized in good solvent, is found at largealues. Because
of the highly folded conformation of the backbone in the glob
ular state, the probability of contact between two funaiion
groups is weakly dependent on their contour distance, éxce}.
in the limitss— 1 ands — N. As a consequenc®s) for
the nanoparticles synthesized in bad solvent forms a platea
Fig. 2Model | (swollen nanoparticles): a) Average squared radius 1 . g« N (Fig. 2b). In the extreme limits — 1 ands — N,

of gy_ration vS. the_ backbone Ieng'mf_or all the investigated the probabilities are trivially high and low, respectivdty all
fractionsf of functional groups. We include resulté £ 0.04, open the solvent conditions

circles) for the collapsed unlinked precursor (i.e., in batvent and

10 100 N 1000 1

prior to initiating cross-linking), as well as for SCNPs obdel SP2 A detailed analysis of the scaling behavior(§§> in Fig. 2a
with f = 0.39 (inverted trianglegf»?1 Symbols are simulation reveals interesting features.siglescaling exponent ~ 1/3
data. Solid and dashed lines are fits to power-IRgys- N?” (the (as expected for globular objects), is observed for higttiva

representative exponents are indicated). b) Normalizetdriam of  of functional groupd > 0.4. This value confirms that for high
contour qistancesbetween the bonded functional groups of the enoughf, the swollen nanoparticles have globular conforma-
nanoparticle, foN = 800 and several-values. tions, as opposite to the open sparse conformatiens {/2
irrespective off) observed for nanoparticles synthesized in
Fig. 2a shows results for thé-dependence of the average good solven£®2! In contrast to the good solvent c&8ea
squared radius of gyratiomRS), of the swollen nanoparticles strong and complex dependencefoamerges for the scaling
of model I. Data are represented for all the investigatedean behavior of the nanoparticles of model I. Thus, fok 0.2
of f. The symbols correspond to the MD data. The lines aréwo different scaling exponents are found, which depend cr
fits of the data to the scaling Ia’&(RS} ~ N2, We include the length of the backbone. In particular 8mallprecursors,
representative resultsf (= 0.04) for the collapsed precur- by decreasing we observe a progressive increase/ofp-
sor (i.e., in bad solvent and prior to initiating cross-linkjpg  proaching the exponemts 1/2 that is obtained for nanoparti-
which as expected shows the exponent 1/3 character- cles synthesized in good solvent. Indeed, independermtty fr
istic of globular objectg? For comparison we also include the quality of the solvent, for small values of bdNrand f the
results for the SCNPs of the model SP2 (cdse 0.39) of  number of bonds in the fully cross-linked nanoparticle i3 to
Refs2%21In the model SP2 cross-linking is performed startinglow to form globular objects (e.g., just two bonds fée= 100
from the same precursor of model |, but in good solvent conand f = 0.04). However, in bad solvent conditions, there is i
ditions (@ = 0) for all beads. Moreover there are two different significant advantage connected to the possibility of tg e
types of functional groups (in identical proportion) andyon nanoparticle structure by changifigFor cross-linking in bad
bonding between groups of the same type are permitted. Thisolvent the increase df does provide an efficient route for
model mimics synthesis of single-chain nanoparticles lnygus  creating long-range loops, and the expected exponent /3
orthogonal chemistry, which leads to more compact objectss found for f > 0.2. On the other hand, in good solvent the
than their counterparts with a single type of functionalgr®,  growth of f mostly produces bonds at short contour distances
though these are still far from globular conformatidig!  that are inefficient for global compactié®?, andv shows

4| Journal Name, 2010, [vol] 1-9 This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Amphiphilic systems (models Il): a) Results for the average

Fig. 3 Distributions of the time-averaged radius of gyration and squared radius of gyration vs. the backbone lemgtRull symbols

asphericity folN = 800 and severdi-values, obtained for the are simulation data for the swollen nanoparticles of modBIAN
swollen nanoparticles of model | (typical snapshots shawi)). (circles) and II-REG (squares), i.e., obtained from preots with
For comparison we include the distributions for the mode? $Rh random and periodic composition pattern, respectivelyintkide
N = 800 andf = 0.39.21 results (open symbols) for the collapsed unlinked precar§ee., in

bad solvent and prior to initiating cross-linking). Lina® dits to
power-laws(Rg) ~ N2V (exponents indicated). b) Histogram of
. . . contour distancesbetween the bonded functional groups of the
just minor changes witf. nanoparticles wittN = 400. Because of the specific periodic

Forlong precursors, the opposite behavior is observed: dedistribution of the reactive groups along the REG-preaytsands
creasingf yields lower values of. Thus, for the lowestinves- are only formed for integer multiples sf= 3, as indicated by the
tigated fractions of functional groups,= 0.04 andf = 0.08, vertical dotted lines. As a consequence the amplitude of the
large nanoparticles scale with exponent 1/4. This scaling ~ normalizedP(s) for the REG-system is much higher than for the
behavior at very lowf resembles that obtained for vulcan- RAN-system. To facilitate the comparisd?\(s) for the REG-system
ized networks ¥ = 1/4 in mean-field approactf which are ~ has been scaled by 1/3.
obtained by cross-linking of strongly overlapped long éine
chains with a very low fractionf(« 1) of reactive monomers
per chain. The precursor lenght for the crossover betwee
the small and larg& regimes of<R§> depends on the frac-
tion of functional groups, Increasing fr0N1~_ 100 atf =0.2 ing results for the model SP2 with= 0.39. The results in
toN ~ 300 atf = 0.04. This is consistent with the fact that, as _. ,

Fig. 3 confirm that, even for very smdill= 0.04, the swollen

discussed above, a critical number of bonds is needed fer effi . . .
. . ) . nanoparticles synthesized in bad solvent are much lessespar
cient compaction of the fully cross-linked nanoparticlaus,

o . and much closer to the spherical shape than their countsrpa.
for lower f that critical number will arise at largé\. ; : o . . .
) ) ) synthesized in good solvent with high By increasingf in
In Fig. 3 we show typical snapshots of the obtained swollenpe model 1, nearly spherical conformations are obtained fo

nanoparticles of model I, for fixe = 800 and differentfrac-  { <~ 9.4 as shown by the narrow distributioR¢a) centered
tions of funtional groups. Nanoparticles with lofvare less 5t a7~ 0.02.

compact and spherical, and present more protrusions tlean th

densely cross-linked nanoparticles obtained for highAs

discussed in Ref§>?1 irreversible cross-linking from differ- 4 Results and discussion: model Il

ent initial realizations of a same precursor leads to tagielo

cally polydisperse nanoparticles (different connegtiiitthe ~ Now we discuss the results found for the nanoparticles ob-
network of bonds). This feature can be quantified by computtained from the amphiphilic precursors of models I1I-RAN and
ing the distributions of théime-averagedadius of gyration 1I-REG, i.e., with random (RAN) and regular (REG) composi-
Ry and asphericity parameter The latter quantifies devi- tion pattern, respectively. Fig. 4a shows titelependence of
ations from a sphero-symmetrical shape=(0). The time- the average squared radius of gyration. Whereas the swollen
averaged values &% andafor an individual swollen nanopar- nanoparticles of both systems have a very similar size for
ticle are just obtained by averaging their correspondistgim- N < 100, for longer precursors they display a very different

taneous values over the acquisition R%¥#! Fig. 3 shows the

HistributionsP(Rg) and P(a) for fixed N = 800 and differ-
ent values off. For comparison we include the correspond-

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-9 |5
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behavior. This can be effectively described by a power-lanmentation of method II-RAN is easier than that of method |
(Ré) ~ N2V, As obtained in model I, for the RAN-system (this requiring surface anchoring and cleavage steps).

we find the exponent ~ 1/3 expected for a globular ob-
ject. On the contrary, for the REG-system the data can be
described with the Flory exponemt= 0.59, characteristic

of self-avoiding chaing? 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 tharek-

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 (v ~ 1/3, open circles in Fig. 4a). In this situation cross- N=100 N=400

linking of the solvophobic groups within the core has analo-

gies with the model |, and the nanoparticles of model 1I-RAN Fig. 5 Snapshots of equilibrated precursors in bad solvent, prior
keep their globular conformation after swelling. This isieo cross-linking: Model 1I-RAN (top) and Model 1I-REG (bottdrrfor
sistent with the exponent observed for the swollen nanipartfixed f = 0.3 and two different lengths of the backbone.

clesv = 1/3 (full circles in Fig. 4a). The situation for long

precursorsil > 100) in the REG-system is rather different. |t js worth noting that the observed exponentx 0.59,
Though the equilibrium conformation of the precursor in thefor the swollen nanoparticles of the model II-REG is highe*
collapsed state is still a single solvophobic core surredisy  than that found for synthesis in good solventy 1/2).20.21|t

a solvophilic shell, its shape at longis far from spherical. In-  seems that cross-linking within the solvophobic core, idiad
stead, due to the regular sequence of the solvophilic amm soVtjon to the regular distribution of the reactive groupsates a
phobic groups, an elongated tubular conformation is formedgcally tight network of bonds. This might induce an effeeti
(Figure 5). Indeed the scaling behavior of the collapsed prejocal stiffness in the swollen nanoparticles favoring exqed
cursor (Fig. 4a), shows an exponent 0.73 intermediate be-  coils (v ~ 0.59) over the gaussian-likes (=~ 0.5) conforma-
tween that expected for self-avoiding chaiws< 0.59) and  tjons that are obtained by synthesis in good solvent. Whethe
rigid rods ¢/ = 1). In such a situation cross-linking between the scaling withv =~ 0.59 in the REG-system extends to the
solvophobic groups separated by large contour distandes WilargeN limit or is an intermediate regime, prior to an ultimate
be strongly unfavored, in close analogy with the synthesis i crossover tav = 1/2, is an open issue. Indeed the computa-
good solvent conditions. This is consistent with the muchtjonal cost necessary to reach the equilibrium core-streits
steeper decay d¥(s) at longsin the REG-system than in the tyre for longer precursor\N(> 103) is considerably higher
RAN-system (see comparison in Fig. 4b for= 400). than for the systems investigated here.

As expected from the observed scaling behavio(rRSi} at In the attempt to further highlight the differences in the-pa
N > 100, the swollen nanoparticles obtained from the RAN-ticular globular conformations of the swollen nanopaet!
and REG-systems are globular and sparse, respectively; s@dile changing the synthesis protocol, we calculate theit-s
representative snapshots fdr= 400 in Fig. 6. This is con- tering form factorsw(q).2° Data ofw(q) are represented in
firmed by computing the corresponding distributions of ime Fig. 7 for all the investigated cases of Models | and 1I-RAN.
averaged radii of gyration and asphericities (see Fig. G T For a fair comparison between the different data sets})
swollen nanoparticles of the RAN-system are obviously muchis normalized byw(q = 0) = Nmon, i-€, by the number of
smaller and spherical than those of the REG-system. Thimonomers of the nanoparticle, and wavevectors are scaled Ly
amazing result opens new ways to obtaining globular singlethe respective radius of gyration. As a general feature, -
chain nanoparticlewithout precise sequence-contro$till, ter the Guinier regime which correspondsaigy < 1,2° we
this method is less sucessful than the route of model | (g¢nth observe a sharp drop of the curve, typical of soft colloids
sis in pure bad solvent). Indeed with just a 4 % of functionalwith a global spherical structure (e.g., microgels, highcfu
groups the asphericities of the nanoparticles of model | ard¢ionality stars, spherical brushes/micellé8)33Thereafter the
similar to those of the RAN-system with= 0.30 (both dis- behavior of the nanoparticles synthesized from Model | de-
tributions are peaked at~ 0.1, see Fig. 3b and Fig. 6b). On pends on the fractiori of functional groups. For smal,
the other hand, from an experimental point of view, the imple we find a regime qualitatively similar to the one observed for

6| Journal Name, 2010, [vol] 1-9 This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Amphiphilic systems (models I1): for the swollen
nanoparticles, (a) distributions of the time-averagedusadf Fig. 7 Scattering form factor calculated for Model | (sevefal
gyration (a) and asphericity (b). Circles and squares spmed to values) and Model [I-RAN{ = 0.30). In all case\ = 400.
the RAN- and REG-models, respectively. All results coroegpto
the caséN = 400 andf = 0.30. The snapshots in (a) correspond to
characteristic configurations of the swollen nanopariabeboth
models.

tuning the solvent quality, are experimentally realizalyith
) o state-of-the-art methods, and do not require specific sexgue
isolated polymer chains in good solvent, where the form fac¢onirol. In the first route (method 1) cross-linking is perfeed
tor scales ag| /', with ve = 0.59 the Flory exponerft? ~in bad solvent conditions with the precursors anchored to'
For smallf, the swollen nanoparticle contains very long lin- gyrface, at a density sufficiently low to prevent interchein-
ear segments between cross-linking points. Such long segact. After completing the cross-linking, the nanopaetichre
ments can be seen, at intermediate length scales, as dilutgghaved from the surface. In the second route (method 1) &
chains, leading to the observed scalingwn). Instead, random copolymer with unreactive solvophilic and reactice
by increasing the number of functional groups, and consegq|yophobic monomers is used, tuning the fraction of both
quently the compactness of the related nanoparticles,@h 0S monomers in order to form a single core-shell structure. The
latory behavior emerges, which is reminiscent of the one exsq|yophilic shell prevents intermolecular aggregatiord the
pected for hard-spheré€ Here the oscillations quickly damp  ¢ross-linking of the solvophobic units is purely intranaléar.
as a consequence of the intrinsic deformability of the sofy, poth routes, after completing cross-linking and resigri
nanoparticles. A similar trend is observed for soft coltoid good solvent conditions, thewollensingle-chain nanoparti-

. oo 303233 1 : : e
with high monomer concentration in the interfér’ FI-  cles are globular objects, as confirmed by the analysis af the
nally, atqRy > 50 we observe the peak corresponding t0gcajing behavior and asphericity parameter. It is wortingot

the nearest-neighbour monomer correlation/(@~ o), fol-  that amphiphiles with regular sequence are not useful for pr

lowed by the higheg harmonics. At low and intermediate gy cing globular nanoparticles, unlike their (easier totsgn
g-values Ry < 15), the curve observed for Model II-RAN ' gjze) counterparts with random sequence. Although theseros
andf = 0.30 is very similar to the one obtained for Model | |inking protocol based on amphiphiles with random compc
at a lower fraction of functional group$,= 0.20. The differ-  sjtion is less sucessful than the route of the method I, froi.,
ence between both curves at highgs related to the different 5 experimental point of view, the method Il should be more
local architecture of the respective models (longer sidegs easily implemented. To conclude, the two solvent-assisted

in Model I, see Fig. 1). sign protocols reported in this manuscript and validated by
MD simulations pave the way to the synthesis of real glot -
5 Conclusions ular soft nanoparticles, mimicking the global conformatid

globular native proteins in solution for their use in catidy
In summary, by using computer simulations we have pro-and nanomedicine, among other potential uses.
posed two new routes for the design of globular single-chain
nanoparticles, an issue that has remained elusive withl usua We acknowledge financial support from the Projects
synthesis protocols, which instead lead to open sparse odAT2012-31088 (MINECO) and T-654-13 (GV), and gener-
jects1%21 The two new routes proposed here are based oous allocation of CPU time from CSUC (Spain).
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Typical configurations of swollen single-chain nanop#etc obtained by two different routes. These are based on in-
tramolecular cross-linking under bad solvent conditiarglie reactive groups. Good solvent conditions (leadintatwoparticle
swelling) are restored after completing cross-linkinge&r beads are the solvophobic reactive groups. The othds beathe

unreactive groups: solvophobic (dark blue) and solvoplfflight blue).

Authors: Federica Lo Verso, José A. Pomposo, Juan Colroeard Angel J. Moreno

TOC graph

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-9 |9



