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1 INTRODUTION
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Efficient folding of single polymer chains is a topic of grémtierest due, mainly, to the challenging possibility of ndking

and controlling the structure and functionality of natdsedmacromolecules (e.g., enzymes, drug delivery vehidatalysts)

by means of artificial single chain nano-objects. By perfiogrextensive molecular dynamics simulations we investighe
formation of soft nanoparticles by irreversible intranmlir cross-linking of polymer precursors of differentdgém In order to
optimize the folding process and to obtain more compactgiras we vary the number of chemical species among therlinke
groups (orthogonal chemistry) which selectively form tloadis. The use of orthogonal chemistry protocols, by inéngate
number of different chemical species of the linkers, leadidnoparticles that are systematically smaller and morerggi
than the homofunctional counterparts. We characterizednéormational properties of the resulting nanoparticlelsese are
intrinsically polydisperse in size, with a significant ftiao of sparse topologies. We discuss the relevance of cuiltsefor
synthesis protocols in real systems.

1 Introdution of a polymer chain in good solvent.

The controlled folding of single polymer chains into soft
Protein folding to its native, functional state is deteredrby nanoparticles has attracted significant interest due t(pés
multiple factors including the exact amino acid sequence, tial) resemblance to the polypeptide chain collapse psoices
primary protein structure, the interactions between aratrids the compact native stete In recent years, several intrachain
in solution as well as the interactions of protein residuéh wcross-linking chemistries have been introduced for sioglain
water. Through millions of years of nature evolution, the-prnanoparticle (SCNP) synthesis involving covafeft, nonco-
cise conformation and related molecular function of folgeat  valenf®-3° and dynamic covalent bonéfs3% most of them
teins (e.g., enzymes), results from a variety of differeatenu- comprising a single cross-linking type. In addition, tech-
lar interactions which determine noncovalent (hydrogemdso niques like intrachain homocoupling, intrachain hetergatimg
ing, hydrophobic interactionsy-m stacking, metal coordina-or cross-linking induced collapse are currently availablgro-
tion) as well as covalent bonds (e.g. disulfide bohdshs mote the intramolecular folding of individual polymer chsi
a consequence of the concerted and multi-orthogonal irter@ SCNP$°. Inspired by protein functions, enzyme-mimetic
tions involved in protein folding, the most compact natitets catalytic propertie®*142 drug transport/delivery abiliff43
of globular proteins is solid-like Thus, its squared radius ofsensing characteristits or even polymerase activiy, have
gyration scales a2 ~ N?/3, whereN is the number of residuesbheen envisioned and established for artificial singlesthano-
in the polypeptide chain, similarly to the scaling expeded objects.

an isolated polymer chain in poor solvent. Conversely, & th \eyertheless, current SCNPs are still far from being glabul
unfolded state the polypeptide chain is best described el$-a Sbjects in solution even by using highly efficient ‘click’ efm-

. . . . 12 . . ) )
avoiding random cofl showing a scaling*?) similar to that istry technique®® or combined hydrogen bonding/chiral fold-
ing processe®. Small-angle neutron scattering (SANS) and
0a ponostia International Physics Center, Paseo Manuel dalizabal 4, smaII-angIe X-ray Scattering (SAXS) measurements of SCNI ¢

20018 San Sebastian, Spain. E-mail:federiceerso001@ehu.es : - 25,43,45,4
b Materials Physics Center MPC, Paseo Manuel de Lardizab&-30018 in solution have shown form factcts émore closely

San Sebastian, Spain related to those of crumpled coils (disordered proteinapth
0¢ Centro de Fisica de Materiales (CSIC, UPV/EHU), Paseo Marde those of compact globular objects (native proteins). Ilddee
Lardizabal 5, E-20018 San Sebastian, Spain scattering form factors consistent wi§ ~ NV were observed,

0d Departamento de Fisica de Materiales, Universidad delsPdasco .. . : : :
(UPV/EHU), Apartado 1072, E-20080 San Sebastian, Spain with 0.85< v < 1.1. Though some investigations by molec

0¢ |KERBASQUE Basque Foundation for Science, Alameda de jorgej Ular dynamics (MD) Simmaﬁons reV?aled the ?XiSFence of SC
E-48011 Bilbao, Spain NPs sparse configuratioffs*® a precise determination of their



Soft Matter Page 2 of 11
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scaling properties was lacking. Recently, we confirmed b
means of extensive MD simulatioffs?>4346the scaling be-
haviour suggested by SANS and SAXS experiments. The si
nificant departure from the globular state of SCNPs in solt
tion was attributed to the inherent self-avoiding chanactéhe
precursor polymer chain in good solvent conditions. Thés fe
ture strongly impedes (apart from unfrequent events) thrade
tion of long-range intramolecular loops during the crdsg&ihg
process, which is the efficient mechanism for the formatibn ¢
globular nanoparticlé®. We observed that, indeed, scaling
properties of SCNPs were dominated by these unfrequentlor |-
range loops: the scaling behaviour was essentiatigpendent
of the fraction of linkers, since most of the cross-linkingets
involved inefficient short-range loof%

In addition, we demonstrated through both MD simula
tions and experimental results the significant advantafjes o
tramolecular cross-linking of heterofunctional precussteco-
rated with two SPecies of orthogonallink&fsWe showed that main panel) and scheme of the precursor architecturet)iri3ark
Iong—range looping is .enhanced by orthogonal synthesis %I beads form the backbone (indicated by the dashed lithein
the resulting nanoparticles are, on average, smaller ame Mgser) and the inactive parts of the side groups. Beads ef atiiours

spherical than their homofunctional counterparts (i.easé (gitferent for each chemical species) correspond to thetis(e.g.,
with only one type of linker). Motivated by these results, ifiellow, green and red beads in the inset).

this work we investigate the limits of multi-orthogonal del
ing protocols by supplying the precursor with several liiske
of different chemical species, which selectively reachveitich of the precursor (inset) and a typical equilibrated configjon.
other, i.e., a couple of linkers create a bond only if theyhgl The precursor consists of a linear backboniiheads, each of
to the same chemical species. We analyse the folding and apem being attached to a side group. There are two kindsef sid
formational properties of several model systems with a nugroups, which are randomly distributed along the backbgne.
ber of chemical species per molecutgranging from three to numberN, of the side groups (the ‘linker side groups’) con-
six. We find that multi-orthogonal folding leads to a systématain three beads. The free end beads are the cross-linkgrs (e
compactation of the obtained nanoparticles by increasieg yellow, green and red monomers in the inset of Fig. 1). The re
number of chemical species. Still, significant intrinsidygiis-  mainingNy, — N; side groups contain one single bead. The total
persity and non-globular character persist everxfer6. We number of beads per moleculeNs= 2(N, + N;). The fraction
discuss the implications of these protocols for synthesisal of linker side groups is defined ds= N /N,. We considered
systems. several systems, by changing the chemical species of the rea
The article is organized as follows: In Section 2 we descritige linkers. The different systems are coded az BRerex is
the simulated model and give MD details. In Section 3 whke number of the different chemical species of the linkérs.
discuss our simulation results. In particular we inveséghe our analysis we considered the casesA < 6. The case = 1
scaling properties, shape and internal structure of thai®éd corresponds to standard homofunctional precursors. Wd fixe
soft nanoparticles starting from different precursoreys. Fi- the total fraction of cross-linker$,= 0.4, and for each system
nally, Section 4 summarizes the main conclusions of our wotte varied the number of backbone monomers<3Q, < 400).
For each system SRhe linkers of each species were randomly
distributed along the backbone, and in an identical praport
2 Model and Method (f /X) to the othex — 1 species.
We performed implicit-solvent simulations, i.e, the saite
The experimental precursor usually consists of a polymmaolecules were not included. All pairs of beads (‘mononjers’
chain containing bulky side group$°®16-2447-4%e g., phenyl in the polymer, irrespective whether they were bonded th eac
groups), some of them being functionalized with short bhasc other or not, interacted through a purely repulsive Lennard
ending in reactive groups. We described qualitatively tfee pJones potential (LJ),
cursor by a bead-spring model. A bead in this qualitative@hod
represents the center-of-mass of typically 2-4 carBindn o\12 ,oN\6 1
Fig. 1 we show a schematic representation of the architectur Viy(r) = 4e {(T) - (?) + Z] ’ 1)

Figure 1 Typical equilibrium configuration of a polymer precursor
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forr <re, andV(r) =0 forr > re. By using a cut-off dis- repeated over the different species until full cross-ligkivas
tancer. = 260, the potential and the forces were contirsompleted. Sequential cross-linking is computationaltyren
uous atr = r¢, and were purely repulsive. In this way welemanding than the simultaneous route, differences qguiiak|
mimicked cross-linking in good solvent conditions. Bondexteasing with the numberof different chemical species in the
monomers interacted through the finitely extensible n@alin polymer. Therefore we investigated sequential crossHupfor

elastic (FENE) potenti&P: a few selected cases with low valuesef 2 and 3. The result-
ing cross-linked nanopatrticles did not show significantedif
ro\2 ences with their counterparts obtained by simultaneoussero
Veene(r) = —eKeRgIn [1_ (%) ] (2) linking (see below).

After completing cross-linking, simulations were furthesr

We usedKg = 15 andRy = 1.5 so that the total spring po-tended over several millions steps to accumulate configunst
tential between two connected monomers had its minimunf@it statistical averages. For each system we simulated a min
r'min = 0.960. This guaranteed chain uncrossabittyWe used imum of Ny = 200 polymers. Thus, statistical averages in-
£ =1, 0 =1 forall pairs of beads, setting the scales of energided average over both ti\g differentpolymers gnsemble-
and length, respectively. Thus, for simplicity we used ideAveragg, and the different configurations sampled by the prop-
tical bonded and non-bonded interactions for all the chemi@gation of the individual polymerstife-averagg —Time-
species in the molecule. average was performed over several hundreds of conforngatio

Standard MD methods were employed. We simulased for each individual polymer. These conformations were se-
lated chains coupled to the same thermal bath. In this wigted at equispaced times. The corresponding intervale we
we investigated purely intramolecular cross-linking oficts  Sufficiently long to allow for full decorrelation of the male-
at high dilution conditions. In order to stabilize the sedet lar conformations. For the largest investigated systerdstta
temperatureT = ¢/kg (with kg the Boltzmann constant), wehighest number of species, there was a small fraction of-poly
implemented a Langevin thermostat (see Efor further de- mers that did not complete cross-linking within the simedht
tails). For simplicity we used identical massas= 1 and fric- time scales. These were excluded in the calculation of the cc
tion coefficientsy = 0.05 for all the beads. The simulation timgormational properties presented in next sections, whtiettly
unit is T = (mo?/e)%/2. The Langevin equations of motiorcorrespond to fully cross-linked nanoparticles.
were discretized with a time steft = 0.017r and integrated
in the velocity-Verlet scheme, following the impulse apgech
proposed in Ref§1:52 3 Results and discussion

Equilibration runs were performed over several millions
steps, in order to sample equilibrium configurations of the uBy fixing f = 0.4 and increasing the numbearof different
linked precursors. After equilibration, cross-linkingsvacti- chemical species up to 6, we can investigate quite folded ok-
vated. The detailed implementation of the cross-linkingsrujects SR, and compare results with trends previously found for
is described in Ref®. Briefly, multiple bonding between link-the cases = 1 andx = 2. Irreversible cross-linking results into
ers was not permitted: each linker only formakebond with different topologies of the obtained soft nanoparticlesziy. 2
another linker. Moreover, only bonding between linkershaf t we show typical topologies for nanoparticles with= 200, for
samespecies was permitted. Bonds were irreversible: onte systems SP4 and SP6. By increasing the number of chem-
they were formed, they remained for the rest of the simutatiwal species a clear trend arises: the conformations arey-on &
(with the bonding interaction given by the FENE potential @rage more compact and sparse nanoparticles are lessrteque
Eq. 2). Besides fulfilling the former conditions, two linkerA similar behaviour is observed for all the backbone lengths
formed a bond only if they were at a mutual distance smallgstigated (see e.d\, = 400, SP6 in Fig. 3). For the purpose
than a ‘capture distanc® of 1.30. In case of multiple pos- of characterizing systematically the size of the nanoplesi
sibilities within the capture distance, the new bonds were sve calculate their radius of gyration. Fig. 4 shows the aver-
lected randomly (see Réf). aged squared radius of gyraticdﬁ@ (joint ensemble and time

Where not stated otherwise, we considered simultaneawsrage) as a function of the backbone length, for all thesav
cross-linking of the reactive groups, where all the linketgjated values ok. All data sets are consistent with the power-
were simultaneously activated from the beginning of thessrolaw scaling(R§> = bZNk‘;, with b the effective segment length
linking process. A second possibility is a sequential crogndv the effective exponent. The valueswgfas obtained from
linking. In this case we activated a single species of linlegra data fits to the former power law, are indicated in the mairepan
time. Once the cross-linking of this species was completed,of Fig. 4. The inset shows thedependence of. By increas-
equilibration run of a few million steps was performed anetth ing the number of chemical species of the cross-linkers, the
cross-linking of another species was started. This progass nanoparticles exhibit lower exponents. In particularre¢his a
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Figure 2 Typical topologies of cross-linked nanoparticles obtdibg orthogonal folding of polymer precursors with = 200 andf = 0.4.
Top line: SP4, bottom line: SP6. Dark blue beads correspotitetinactive monomers. Beads of other colours correspwtitetlinkers (a
different colour for each chemical species, note the pdib®nded linkers).

SP6 N, =400

Figure 3 As Fig. 2 for SP6 with\p, = 400 andf = 0.4.

significant change between the homofunctional case (SRIL) precursors in the simulated good solvent conditions, largye

the SP3-nanoparticles. As the number of species is funtherlooping is unfrequent, preventing strong compactationhef t

creasedy keeps decreasing although at a slower rate. resulting nanopatrticles. As already revealed from theyeisl

) of SP2 nanoparticlé$, long-range looping can be favoured by
As already discusséfl the exponents for SP1 an<_j SP2 rthreasing the number of different chemical species, ingld

semble that of random walksw = 1), which describes the e compact nanoparticles. This is confirmed by represent-

(Gaussian) statistics of linear chains in polymer meltsror . e gistributionP(s) of contour distances between bonded

6-solvent$™*. - This is essentially due to thiecal, short- linkers. The contour distance is definedsas 1+ n, with nthe

range globulation of the nanoparticles resulting from ttuss- number of backbone beads between the two backbone beads to
linking process. Because of the self-avoiding charactehef
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Figure 5 Histogram of contour distancedetween bonded linkers
Figure 4 Main panel: average squared radius of gyration of the  for fully cross-linked nanoparticles with identical vatuef N, = 200
cross-linked nanoparticles. Symbols are simulation \&alge the and f = 0.4. Different data sets (see legend) correspond to different
backbone length,. Different data sets (see legend) correspond to numbers of chemical species: SP2, SP4, and SP6.
the cases of cross-linked homofunctional (SP1) and hetectibnal
(SP2, SP3, SP4, SP5, SP6) nanoparticles.vFagponents, as

obtained from fits (solid lines) to power lawg?) = b?NY are x) irreversible cross-linking produce rather differentatgmies
indicated in the main panel, and represented in the insghes. for the nanoparticles, which are intrinsically polydispein
numberx of chemical species of the linkers. size. Having noted this, consistently with the scaling jerep

ties 0f<RS>, a clear shift ofP(Ry) to lower Ry values is found
whilst moving from SP1 to SP6. This corroborates the effi
which the corresponding linker side groups are attached. RRncy of the cross-linking protocol in terms of more contpac
sults forP(s) are represented in Fig. 5 for the cases SP2, SR¢yctures. In particular increasingdoes not only result, on
SP6. Increasing the number of different chemical specig®in ayerage, in smaller nanoparticles, but also reduces thm-asy
precursor, at fixetl, and f, increases the average contour dignetry of the distributiorP(Ry). Thus, the long tail observed
tance between linkers that can form mutual bonds. This is dgethe SP2-nanoparticles (Fig. 6) almost vanishes for @S
to the fact that the species are randomly distributed (in-idgyanoparticles.
tical fractionsf /x) along the chain contour and cross-linking Fyrther insight on the effect of on the topology of the
between different species is not permitted. These feateaes nanoparticles can be obtained by analyzing shape paranete-

to a higher population of long-range loops for largewhich s the asphericity and prolateness. These can be obtagrad fr
results in a more efficient compactation of the nanopatticle the radius of gyration tenset>’, defined as:

For x > 3 the scaling exponemt decreases below the value
vrw = 1 for random walks. However, the lowest exponent T .= 1 < ( rS™ (rig — rSM) 3)
observed,v = 0.86 for SP6, is still clearly above the ideal af N2 i; a JNIB B )
value for spherical objectss = 2/3. This finding suggests ) N
that a significant fraction of sparse topologies still existen Wherea, 3 denote cartesian components of the position ve:
for SP6-nanoparticles, as confirmed by visual inspecties (407 fi andr®™ for theith-monomer and center-of-mass of the
representative snapshots in Figs. 2 and 3), and by deterrRilymer, respectively. Shape parameters can be obtaiogd fr
ing the distributions®(Ry) of the time-averaged radius of gyihe three eigenvalueds, Az, As, of the gyrat|05n7 tensor. The
ration, Ry. Fig. 6 shows representative resultsR{Ry) for asphericity parameter,9a <1, is defined "
fixed N, = 200 andf = 0.4. Fpr comparison we include the (A2 =A%+ (A3 — A1)+ (A3 — Ap)?
value ofRy for the corresponding precursor. Though, because a= < 200+ Ao+ Aa)? >
of the random distribution of the side groups along the back- 1rAzTas
bone, the individual precursors are not strictly equivgléris For a perfectly spherical objeat= 0. The prolateness param-
has a minor effect in the time-averages of their intramdbacueter,—1 < p < 1, is defined a¥°".
fluctuations. As a consequence, all precursors with dsmé 5 5
andx show, within statistics, the same valueRy. However, p— (34— RY)(342 — RY) (343 — RY) (5)
even by starting from the same precursors (identigalf and 202422+ 22—AA2— AiAz— AA3)3/2 [

(4)
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Figure 6 Symbols: for systems witN, = 200 andf = 0.4, Figure 8 Same as Fig. 7 for the prolateness parampter —

distributions of time-averaged radii of gyratiﬁ?@ of the cross-linked
nanoparticles. Solid lines are guides for the eyes. Théca¢dashed

line is the (single) value dRg for the corresponding unlinked Fig. 8 shows the corresponding results for the distribtion

precursor P(p) of the time-averaged prolateness parameters. For small
: : —— : : these are dominated by prolate nanoparticfesy 1) — note
the logarithmic scale in the ordinate axis of Fig. 8. Therdist
7_' N,=200 f=0.4 |=—=SP1 ] bution tends to flatten in the range> 0 for the largest investi-
oL :ggj | gatedx-l/alues, though in all cases intrinsically oblate nanopar-
SP§ ] ticles (p — —1) are extremely rare.

Further details on the structure of the nanoparticles can b2
obtained by representing the radial monomer density pspfile
p(r), around the molecular center-of-mass. Results are pre-
sented in Fig. 9 foN, = 200 andf = 0.4, both for the precur-
sor and the nanoparticles. We describe the density profijles b
fits (solid lines in Fig. 9) to generalized exponential fuos,

p(r) Oexp(—ar™). Whilst a nearly Gaussian profilen= 2.4)
is found for the precursop(r) for the nanoparticles becomes

3}]”\
| /x

0 03_ 04 05 0.6 strongly non-Gaussian by increasing the number of chemical
a species of the linkers. Thus, we fimd = 4.5 for the SP6-
nanoparticles, reflecting a sharper decrease of the ddrity
Figure 7 Same as Fig. 6 for the asphericity parameter ~ the molecular center (and therefore a more compact stejctur

than in the lowx counterparts. In all cases density profiles are
smooth. No evidence of a core-shell structure, typical of,e.
For perfectly oblate objects\{ < A» = A3) the prolateness isfolded proteins, is found.
p= —1. For perfectly prolate objectd{ = A2 < Az), p= 1. Now we analyze the spatial distribution of the linkers in the
Fig. 7 shows results for the distributiof§a) of the time- cross-linked nanoparticles. Obviously, there is a weflrdsl
averaged asphericity parameter, correspondinblte= 200, characteristic (bonding) distanaex o, between two bonded
f =0.4 andx=1,2,4,6 used in Fig. 6 foP(Ry). Consistently linkers. In order to remove this feature, we treat each pair
with the observed reduction of the nanopatrticle size (F)g. ®onded linkers as a ‘single particle’ with position at thetes
increasing the number of different chemical species at fised of the corresponding bond. Then we characterize correlgtio
and f results into more spherical objects. However, a signifietween such bond centers through the corresponding radial
cant fraction of quite non-spherical objects is still preseven distribution functiong(r). Fig. 10 shows results of2g(r)
for the SP6-nanoparticles. This is reflected by the brodéhtaifor N, = 200, f = 0.4 and differentx-values. For comparison
the distributionP(a), extending beyond the main peak (arounde include results for the precursor. In the case of the precu
a= 0.1) of quasi-spherical nanopatrticles. sor, we show the radial distribution function of the linkesp
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tions, but we use the same normalization as for the curvéeeof t
nanoparticles. Apart from the expected excluded volume hol
atr < g, the only significant feature ig(r) is a kink atr ~ 50.
N,=200 f=04 | This is related to short-range correlations between lisikieat

are already present in the precursor (see orange dashed line
Fig. 10). The histogram of distances between bonded linkers

4x10"F .

3x10 precursor m=2.4 - at longerr does not show relevant features and is essentially
: 2:3; mzéz Gaussian. These results indicate that the spatial arragigem

= o SP3 m=36 of the linkers in the nanoparticles is essentially randoralin

< SP6 m=4l5 the investigated cases. These results are confirmed by-repre

senting (not shown) the radial density profifgs) of the link-
ers. Within statistics, they are identical to the corresiiog
all-monomer profiles of Fig. 9.

Results for other backbone lengths (not shown) exhibit the
same qualitative trends presented in Figs. 5 to 10fo 200.
All the results presented above correspond to the case af-sim
taneous cross-linking of all the species. To conclude thés s
tion, we discuss the effect of sequential cross-linkingylmch
bonding of theith-species is only initiated after full cross-
linking of the (i — 1)th species. Unfortunately, sequential cross-
linking becomes computationally more and more demanding
with increasingx. Here we limit the comparison between si-
multaneous and sequential cross-linking to the case3, for
fixed N, = 200 andf = 0.4. Fig. 11 shows results for the cor-
responding distributions of time-averaged radii of gyratias-
phericities and prolateness. As previously obseffédr the
simplest cas& = 2, nanoparticles witlk = 3 obtained from the
same precursors by simultaneous or sequential crosswjrda
not show significant differences in their conformationaiger-

2x10" 3

1x10*

Figure 9 Symbols: forN, = 200 andf = 0.4, radial monomer density
profiles around the center-of-mass. For comparison wedlecdle
corresponding results for the precursor. Lines: fits to gized
exponentialsp(r) O exp(—ar™). Them-exponents are indicated.

T ———— ties. We expect that negligible differences will persigtigher
X, at least up to« = 6. From the simulation data we can esti-
N,=200 f=04 4 mate the effective density of monomers in the nanopartigle a
3 precurso i P~ I_\I(4nRg/3)*1._For the highest investigated valu% 6 we
—— sP1 obtainp < 0.3, which is much smaller than the densjy,- 1,
—-—5sP2

of the corresponding melt of bead-spring ch&thsThis sug-
gests that the progressive bonding of the linkers does nditres
in significant crowding effects (‘glassy dynamics’) hinihey

the formation of new bonds, and therefore simultaneous ar
sequential cross-linking produce nanoparticles with \gémyi-

lar statistical properties.

4 Conclusions and outlook

We have presented MD simulations of the intramolecularssros

Figure 10 For N, = 200 andf = 0.4, radial distribution function linking of polymer chains into soft nanoparticles. We haee-p
(multiplied by the phase factor#2) for the bonds connecting linkersformed a systematic investigation of the size and shapeeof th
in the nanoparticles SPFor comparison we include the nanoparticles, exploring the effect of the numbker different
corresponding results for the linker positions in the precu chemical species of the linkers. At fixed backbone length and

fraction of linkers, increasing lead to nanoparticles that are,
on average, smaller and more compact. However both the scal-
ing exponent and the distributions of shape parametersreve
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recently Berda and co-workéf$have reported the synthesis

0.5 e—e SP3 simultaneous of SP3-nanoparticles, based on poly(oxanorbornene aiteydr
0_4'_ o—o SP3sequential | ] co-cyclooctadiene), formed by supramolecular folding with
- 7 aniline tetramer, reaction with diamine to covalently fixe th
@»0'3__ N,=200 f=0.4 7] folded structure, and second covalent folding reactiorhiia-
a 0.2 — ene chemistry. The observed reduction of the hydrodynamic
0.1 N radius®8, in comparison with the SP1 and SP2 counterparts, is

consistent with the trends observed in our simulations.illt w
be instructive, although experimentally very demandindnt
vestigate the folding of precursors containing a higher neimm
of different chemical species. Still, our simulation reswug-
gest that multi-orthogonal protocols have a fundamentata-
tion for producing globular (i.e., scaling &%/3) single-chain
nanoparticles. This limitation is intimately connectedthe
inherent self-avoiding character of the polymer precigsor
good solvent conditions. As a consequence of the self-agid
equilibrium conformations, long-range intramolecularping,
which is the efficient mechanism for global compactation, is
unfrequent, and most of the cross-links involve short conto
distances that just produdecal globulation. This is the case
even by using multi-orthogonal folding which, by keeping a

8 9 10g11 1
[¢]

1 E high density of linker side groups along the chain backbomne,
S f ] creases the average contour distance between linkers dman ~
a r T potentially form mutual bonds. Even for= 6, long-range

0.1 looping is not sufficiently promoted to fully prevent the for

mation of sparse nanopatrticles.

i

| L | L
005702 "0 025 04 06 08

(€)

(=Y

Still, there may be alternative routes for the formation of
single-chain globular soft nanoparticles. One protocajhhi
consist in using polymers with much longer side arms than ir
Figure 11 Distributions of time-averaged values for size and shapestandard precursors, or very long bridging groups conngcti

parameters. (af?(Rg); (b): P(a); (c): P(p). Data in all panels the linkers, when the cross-linked induced collapse tephei
correspond to heterofunctional nanoparticles SP3, withtidal is used®. This would largely increase the probability of long-
values ofNp = 200 andf = 0.4, but obtained through different range looping, even for self-avoiding conformations ofgoire

cross-linking routes. Filled and empty symbols corresptoritie

) . : sors in good solvent. Another route might be performingsros
simultaneous and sequential route, respectively.

linking in bad solvent, and swelling the obtained nanopkasi
by recovering good solvent conditions after completingssro
linking. The dense globular conformations of polymers id ba
that cross-linking produces, even for= 6, a significant frac- solvent should strongly favour cross-linking at long camto
tion of highly non-spherical, sparse nanoparticles. The-dgjistances, eventually leading to globular conformaticithe
sity profiles of the nanoparticles are smooth. No evidence gjollennanoparticles. However, intermolecular aggregation ir
e.g., core-shell structures is found, neither particytatial ar- pad solvent conditions occurs even at very high dilutioe; pr
rangements of the linkers, which are randomly distributedjenting the formation of single-chain nanoparticles. Ois th
the cross-linked nanoparticle. The same conclusions ai® V@asis an alternative strategy to prevent aggregation tnhigh
for all the backbone lenghts we considered. anchoring the precursor to a surface, with low grafting igns
Our results are relevant for guiding the implementatiaturing the cross-linking in bad solvent. Another possipilor
of multi-orthogonalprotocols for the synthesis of real soffree precursors would be to use properly tayloaeaphiphilic
nanoparticles, a complex problem that is still scarcelyy@aa. polymers, in which the solvophobic reactive groups would be
To the best of our knowledge, most of the experimental invdslly isolated by a shell formed by the solvophilic pat§°
tigations have been limited to the homofunctional case () preventing intermolecular aggregation during the craodsg
and to the most simple heterofunctional casexef 2. Very process. Work in these directions is in progress.
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