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ABSTRACT: Single-chain nanoparticles (SCNPs) are unimolecular soft v
nano-objects, consisting of individual polymer chains collapsed to a certain
degree by means of intramolecular bonding. Many of the potential
applications of SCNPs rely on their particular molecular architecture. Even
if the ultimate goal is to produce globular protein-like soft nanoparticles,
recent small-angle neutron scattering (SANS) and small-angle X-ray
scattering (SAXS) results—supported by computer simulations—indicate
that SCNPs in solution actually adopt sparse configurations. Herein we
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compile size data from the literature for a large number of SCNPs in solu- s 2

tion, covering from covalent to noncovalent bonded SCNPs, and provide a 5 g \i

comparison with the corresponding data for compact or partially swollen | - ,

globules of the same nature and molar mass. This comparison gives a clear 2 10 R,, precursor (nm)

idea of how far from the compact globule limit are current SCNPs. A

quantification of the departure from the globular state is provided in terms of size scaling laws. This procedure facilitates a
comparison with the size scaling laws observed for folded proteins with globular conformation as well as intrinsically disordered
proteins which, on average, exhibit a certain local compaction when compared to chemically denatured proteins. Lastly, the
underlying physical mechanism for the noncompact morphology of SCNPs in solution is put forward, and guidelines for the
potential synthesis of true SCNP globules in solution are suggested.

ingle-chain technologies are a new paradigm for the
development of future soft, smart nanodevices.' Single-
chain nanoparticles (SCNPs) can be envisioned as a key
element of this innovative field relying on autonomous,
individual-polymer devices displaying useful functions.”
Current SCNPs are unimolecular soft nano-objects, consist-
ing of individual polymer chains collapsed to a certain degree
by means of intramolecular bonding.>* However, when com-
pared to the million years of evolution leading to sequence-,
structure-, and function-defined natural biomacromolecules
(e.g., proteins, DNA), our current techniques to control the
tertiary, secondary, or even primary structure of folded/
collapsed individual synthetic polymer chains are still very
limited.®
Nowadays, SCNPs are synthesized mainly from macromole-
cular precursors containing reactive functional groups placed
in a random manner along the polymer chain. Intrachain cross-
linking is often carried out in good solvent at high dilution con-
ditions to avoid unwanted intermolecular coupling events.
The ultimate goal is to produce globular protein-like soft
nanoparticles. However, very recent scattering experiments
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by small-angle neutron scattering (SANS) and small-angle X-
ray scattering (SAXS),*® as well as complementary molecular
dynamics (MD) simulations,”"° point to a noncompact, non-
globular morphology of SCNPs synthesized with state-of-the-
art intrachain collapsing techniques in solution. Representative
examples are illustrated in Figure la—e. Hence, by starting from
linear precursors having the typical extended, self-avoiding con-
formation in good solvent (Figure 1a), MD simulation results
have revealed a sparse morphology of SCNPs in solution
(Figure 1b).”'° Even by using the same precursor, cross-linking
initiated from different (statistical) configurations leads to
highly polydisperse topologies of the resulting SCNPs.”'® Such
morphologies resemble those observed in intrinsically disor-
dered proteins (IDPs) with locally compact portions of the
peptide chain connected by flexible segments (Figure 1c). MD
simulation results were found to be in excellent agreement with
SANS and SAXS data."® As illustrated in Figure 1d, the Kratky
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Figure 1. (a) Typical conformation of a SCNP precursor under good solvent conditions from MD simulations. (b) Typical morphology of a SCNP
obtained by intrachain cross-linking of the SCNP precursor as revealed by MD simulations. Computer simulations were found to be in excellent
agreement with experimental SANS and SAXS data.®® (c) The SCNP conformation illustrated in (b) resembles that adopted by intrinsically
disordered proteins with locally compact portions of the peptide chain connected by flexible segments. Reprinted with permission from ref 6.
Copyright 2013 American Chemical Society. (d) Kratky plot for the form factors of representative PMMA-SCNPs (symbols), compared with that of
IDPs (solid lines)'" and globular proteins (dashed line)."" 1(Q), Q, and R, are the scattered intensity, wavevector, and radius of gyration, respectively.
Data for the SCNPs have been obtained by us. Data for the proteins are sampled from Figure 2 of ref 11. (e) Recent analysis of SANS data from
SCNPs with pendant hydrogen bonding motifs has revealed the actual elongated shape of these noncovalent bonded nano-objects in water.
Reprinted with permission from ref 12. Copyright 2014 American Chemical Society.
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Figure 2. (a) Hlustration of the Ry;**C = KM,” scaling law for PS-SCNPs synthesized from PS precursors containing 20 mol % of reactive functional
groups (closed circles). Open circles are Ry data from DLS measurements (Ry;"™*). The blue line is a fit (giving v = 0.48) of the SEC data. The red
line corresponds to the linear precursor, and the solid and dashed green lines correspond to compact and partially swollen globules, respectively. (b)
The value of the exponent v in the Ry*5¢ = KM, scaling law for PS-SCNPs decreases upon increasing the amount of reactive cross-linker (X-linker)
functional groups in the precursor. The expected values of the v exponent for expanded coils and globules are illustrated by the red and green lines,
respectively. A plateau is observed at high amount of functional groups in the precursor. (c) As panel (a), for PMMA-SCNPs synthesized from
PMMA precursors containing 20 mol % of reactive functional groups.

plot for the scattering form factor of SCNPs is qualitatively a general behavior as suggested by the coarse-grained MD
similar to that of IDPs and rather different from that of com- simulation results and to quantify how far current SCNPs are in
pact globular proteins.'’ Also, an elongated structure in solu- solution from the globular state.
tion of noncovalent bonded SCNPs with pendant hydrogen Table 1 summarizes hydrodynamic size data for poly(styrene)
bonding motifs has been recently deduced from SANS single-chain nanoparticles (PS-SCNPs) in solution synthe-
measurements (Figure le)."? sized from 30 different precursors and 11 different cross-
All the above evidence against a compact, globular linking chemistries, including covalent bonds (CBS),13_21
morphology of SCNPs in solution motivated us to analyze dynamic covalent bonds (DCBs),”> and noncovalent bonds
the size data reported in the literature for a large number (NCBs),** compared to predicted size data for compact and
of SCNPs in solution covering from covalent and dynamic partially swollen PS globules of the same M,,. Hydrodynamic
covalent to noncovalent bonded SCNPs, to investigate if this is size of the PS precursor (R;**“) was calculated according to
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Table 1. Size Data for Polystyrene Single-Chain Nanoparticles (PS-SCNPs) Synthesized from Different Precursors and
Intrachain Cross-Linking Chemistries Compared to the Predicted Size Data for Compact and Partially Swollen PS Globules

precursors SCNPs globules
M, RHSEC SCNP M. P Ry SEC RHDLS RH¢=1 RH¢=0.8
#  x (mol %)° (kDa)l7 b (nm)d type® cross-linking chemistry (kDa (nm) (nm)& (nm)h (nm)*
1 10 172.8 1.60 12.5 CBs radical coupling13 70.5 7.6 9.2 4.0 43
2 16 413 129 5.6 18.0 35 54 25 2.7
3 10 1120 110 9.8 CBs benzocyclobutene dimerization'* 56.0 6.6 62 3.5 3.8
4 10 2330 126 14.8 915 8.7 9.5 4.4 4.8
5 15 1100 116 9.7 22 57 - 35 37
6 15 2350 123 14.8 80.3 8.1 - 4.4 4.8
7 20 440 107 58 185 36 - 24 2.6
8 20 850  Ll4 8.4 34.0 5.0 - 3.0 33
9 20 1.0 115 9.7 42.8 57 - 33 3.6
10 20 2300 121 147 66.0 73 - 42 4.6
11 25 2290 125 14.6 62.0 7.0 64 4.4 4.8
12 10 38.0 1.07 53 CBs isocyanate—amine coupling15 14.0 3.1 44 2.4 2.6
13 10 720 119 7.6 50.5 6.3 5.9 3.0 32
14 15 118.8 1.20 10.1 CBs CuAACF dlick chemistry® 76.5 7.9 5.0 33 3.6
15 15 469 1.54 6.0 CBs nitrene chemistry'” 24.9 42 (8.0) 2.6 2.8
16 20 47.1 1.46 6.0 20.6 38 (7.5) 2.6 2.8
17 10 392 1.37 5.4 CBs benzoxazine chemistry'® 24.8 42 (6.1) 2.5 2.6
18 10 1479 162 114 67.0 73 10.6 38 4.1
19 15 428 133 5.7 227 4.0 5.7 25 2.7
20 15 79.1 1.31 8.1 29.5 4.6 7.1 3.1 33
21 20 562 146 6.7 23.5 4.1 5.1 2.8 33
22 20 956 148 9.0 315 4.8 6.8 33 3.6
23 19 571 118 6.7 CBs Glaser—Hay coupling™® 25.1 42 55 2.8 3.0
24 9 184 122 4.5' CBs Diels/Alder ligation™ 13.6 3.0 35 1.9 2.1
25 17 221 133 4.0' 159 33 2.5 2.0 22
26 34 315 156 4.0’ 217 39 (0.8)™ 23 2.5
27 20 45.8 1.83 5.9 CBs tetrazine—norbornene chemistry®' 16.3 33 3.7 2.6 2.8
28 21 173 127 27! DCBs  hydrazone chemistry* 10.7 2.6 (2.8) 19 2.0
29 9 27.6 117 4.8 NCBs  ureido—pyrimidinone dimerization™ 22.5 4.0 4.4 22 2.4
30 9 336  L17 6.3 284 45 57 23 25

“Relative amount of functional groups in the PS linear precursor. bWeight -average molecular weight referred to PS standards. “Dispersity of the
molecular weight distribution referred to PS standards. “For the PS polymer precursors: Ri**C (nm) = 1.44 X 1072 M, > (see ref 24); for the
PS-SCNPs: Ry *F¢ (nm) = 1.44 x 1072 (M,,*?)*%¢!, °CBs = Covalent bonds. DCBs = Dynamic covalent bonds. NCBs = Noncovalent bonds. IMm, e
is the apparent weight-average molecular weight of the SCNP referred to PS standards (see ref 25). ¥Data from dynamic light scattering (DLS)
measurements. In parentheses data in which R;;P*(SCNP) > R;*E¢(Precursor). Compact PS globules: Ry’ = [3M,/ (4ﬂ¢pN 1Y with ¢ = 1
and p = 1.05 g/ cm’®. N, is Avogadro’s number (see ref 26). "Partially swollen PS globules (solvent content: 20%): Ry?=°% = [3M, /(4nppN,) 1V
with ¢ = 0.8./Chloroform as solvent. “CuAAC = copper(I)-catalyzed azide alkyne cycloaddition. Expenmental value of the hydrodynamic radius
from DLS experiments in THF. "*Shown in parentheses because Ry"*S(SCNP) < Ry =1,

Ry%E¢(nm) = 1.44 x 1072 M, **®!, which is the recommended globules with a M,, value identical to that of the SCNP precursor
expression”* for estimating the hydrodynamic radius of low- according to the expression: % Ry = [3M,/(4nppN )3,
dispersity PS chains based on M,, data from size exclusion where ¢ is the segment volume fraction in a spherical globule
chromatography (SEC) in THF calibrated with PS standards. (¢ = 1 for solid-like globules; ¢b = 0.8 for partially swollen globules
From the reported apparent weight-average molecular weight™ with 20% solvent content); p is the density of PS (1.0S g/cm®);
from SEC measurements in THF (M,*?), the hydrodynamic and N, is Avogadro’s number.

radius of the SCNPs was obtained as Ry;>5¢(nm) = 1.44 x 107> Inspection of data compiled in Table 1 allows one to con-
(M,*2)*56! Hydrodynamic size data as determined from dyna- clude that the hydrodynamic radius of a PS-SCNP is, in general,
mic light scattering (DLS) measurements in THF (R;®"%) are larger than that of a compact or partially swollen PS globule of
also provided in Table 1, when available, for comparison. Data the same molecular weight, independently of the intrachain
in which R;;PYS(PS-SCNP) > Ry S°(PS-Precursor) are indicated cross-linking chemistry used to synthesize the PS-SCNP. More
in parentheses in Table 1. This inconsistency in some of the insight is obtained by analyzing the PS-SCNP size data in terms
reported DLS values might be attributed to an underestimation of the power-law relation Ry « M,". It is well-known that for
of the value of Ry;>*“(PS-Precursor) or to the presence of inter- linear polymers the specific value of v depends on the particular
chain aggregates in the samples leading to Ry;""*(PS-SCNP) > state of the chain, with a value ca. vy = 0.59 (Flory exponent)
Ry*FC(PS-Precursor). In general, a good agreement is found for the expanded coil state (i.e., chain in good solvent), 1/2
between R;;*5“ and R;;"™* data, as illustrated in Figure 2a for PS- for the ®-state and 1/3 for the most compact globule state.”
SCNPs synthesized from linear precursors having 20 mol % of As illustrated in Figure 2b, the value of the exponent v for the
reactive functional groups. The last columns in Table 1 provide PS-SCNPs decreases progressively, upon increasing the amount
the hydrodynamic radii for compact and partially swollen PS of reactive cross-linker (X-linker) functional groups in the PS
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precursor, to a limiting value of v &~ 0.47, which is close to that
of the ®-state and far from the value of 0.33 expected for com-
pact globules. The presence of a plateau in Figure 2b above
30 mol % of X-linker in the precursor means that a further
increase in X-linker content is not expected to be eflicient for
compaction. This feature is in agreement with MD simulations
(see below).” Figure 2c shows similar results to those of Figure 2a,
for poly(methyl methacrylate) single-chain nanoparticles
(PMMA-SCNPs) in solution synthesized from linear precursors
having 20 mol % of reactive functional groups (see Table SI,
Supporting Information). A good agreement is again observed
between Ri**“ and Ry"™ data. Fitting the data to Ry o« M,”,
a value v = 0.51 is obtained, consistent within experimental error
(ca. %) with the value v = 0.48 found for PS-SCNPs. For com-
parison, the values of v reported for chemically denatured,
intrinsically disordered, and folded proteins are 0.57, 0.51, and
029, respectively.”** Thus, chemically denatured proteins
behave as expanded coils in solution (v & 0.59), whereas folded
proteins follow the scaling law expected for compact globules
(v & 0.33). The values obtained in Figures 2a and 2c for the
exponent v for PS-SCNPs and PMMA-SCNPs are within
statistics consistent with those of linear chains in the ®-state or
intrinsically disordered proteins in solution (v & 0.5). Our group
recently reported the similarity in the SANS form factor of
SCNPs in solution to that of IDPs showing locally compact
structures connected by flexible chain segments.®

SCNPs based on PMMA and PS precursors are the systems
with the largest collection of data available in the literature
(Table 1 and Supporting Information Table S1). Though many
other SCNPs have been characterized (Table S2, Supporting
Information), data sets for each individual system are limited
in most cases, and fits of such sets to a scaling law Ry o M,”
are not reliable. However, the whole set of data'>72>%°750 jn
Table 1 and Tables S1 and S2 (Supporting Information) can be
used for deriving a qualitative universal trend of the scaling
behavior of the SCNPs. Figure 3 shows all data for Ry of the
SCNPs vs the data of the respective precursors. The polymer
precursors must scale as Rypyec = bprecM,” (ideal chains in good
solvent, with vz = 0.59) and the SCNPs as Rignanop = BranopM”
(with some a priori unknown exponent v/). The length scale b is
the size of the statistical segment.”” From the former equations
the size of the SCNP and the precursor can be related as
Ritnanop = @[ Regprec)” /¥ with the prefactor a = Branop/ (Bprec” /),
Because of the same chemistry of the SCNP and precursor,
bpanop and by are essentially identical. Moreover, b is generally
of the order of 1-2 nm>" for common polymers as those of
Table 1 and Tables S1 and S2 (Supporting Information).
Therefore, in the units of Figure 3, the prefactor a is of the
order of 1, which is irrelevant within the statistics of the data.

Though small corrections are expected for each SCNP
(e.g, related to the amount of X-linkers as discussed above),
the representation of Figure 3 provides information about the
average value of the scaling exponent v. The best fit of the
global SEC data to the expression Ryjpuop = @[ Rygprec]) v/ yields
an exponent v = 0.48, consistent with the values obtained from
the specific analysis of PS-SCNPs and PMMA-SCNPs with
20% of X-linkers (Figures 2a and 2c). For comparison, we
include in Figure 3 the case of no reduction with respect to the
precursor (v = vp = 0.59 and a = 1, leading to Rignanop = Ri precs
green line) and the case of compact globular SCNPs (v = 1/3
with ¢ = 1; blue line).

From the analysis of the data in Figure 3, a global picture
emerges for the current SCNPs in solution: they do not display
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Figure 3. Illustration of hydrodynamic radii reported in the
literature>>*3°75% for SCNPs and their precursors. All numerical
values are given in the Table 1 and Tables S1 and S2 (Supporting
Information). In both panels abscisas are the values obtained for the
precursors by SEC. Ordinates are the respective values for the
nanoparticles obtained by SEC (a) and DLS (b). Data for different
systems are represented with different symbols (see legends). Dashed
lines correspond to scaling behavior Rfﬁfé?;s = a[RSH%‘feC]”/ U (see text
for explanation). In this expression a is a prefactor, vy = 0.59 the Flory
exponent for chains in good solvent (i.e., for the precursors), and v the
scaling exponent for the nanoparticle. The blue line (v = 1/3)
corresponds to globular nanoparticles with ¢ = 1. The black line is the
best fit (v = 0.48) for all data of REIE‘(;"OP in panel (a), and it is included
in (b) for comparison. The green line corresponds to v = v = 0.59
and a = 1; i.e, it indicates the hypothetical case of no reduction of the
nanoparticle size with respect to the precursor (RHrlanop = RHPreC). PMA =
Poly(methyl acrylate), PEA = Poly(ethyl acrylate), PnBA = Poly(n-butyl
acrylate), PtBA = Poly(t-butyl acrylate), PBzA = Poly(benzyl acrylate),
PPgMMA = Poly(propargyl methacrylate/methyl methacrylate),
PCHMA = Poly(cyclohexyl methacrylate), PBzZMA = Poly(benzyl
methacrylate), PIBMA = Poly(isobornyl methacrylate), PDMAE-
MA = Poly(N,N-dimethylaminoethyl methacrylate), PAA = Poly-
(acrylic acid), PNIPAM = Poly(N-isopropyl acrylamide), PBVA = Poly-
(4-N-Bocvinylaniline), PCL = Poly(e-caprolactone), PC = Poly(carbonate),
PPDOTS = Poly(3,4-propylenedioxythiophene bearing styrene), PNOR =
Poly(norbornene), PCOD = Poly(1,5-cyclooctadiene).

a compact, globular morphology. Instead they show within
statistics the behavior expected for chains in ®-solvent or for
intrinsically disordered proteins, confirming the physical picture
proposed by recent scattering experiments and MD simula-
tions.*'* The simulations reveal that, because of the intrinsically
self-avoiding character of the polymer precursors in good solvent,
reaction between X-linkers separated by long contour distances
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(creating long-range loops) is severely restricted. Therefore,
most of the cross-linking events are actually inefficient for global
compaction since they involve X-linkers that are separated by short
contour distances. Indeed for this reason, increasing the amount
of X-linkers in the precursor does not significantly improve the
efficiency of folding into compact structures (Figure 2b). This
mostly leads to an increase of the short-range cross-linking events,
which just produce local globulation (resembling the behavior
of chains in ®-solvents or IDPs), but at large scales SCNPs
are open, sparse objects showing just a few amount of long-
range loops (Figure 1b).

The summary of the literature results presented in this
Viewpoint provides a global picture for the conformational
properties of current SCNPs produced by state-of-the-art
methods. The analysis reveals that they adopt open, sparse
morphologies resembling those of intrinsically disordered
proteins, instead of globular conformations. Even if this is
certainly a major step toward protein-like soft nanoparticles,
new synthesis routes need to be developed to produce SCNPs
with well-defined compact morphologies. By taking inspira-
tion from globular proteins in which multiple (e.g., van der
Waals, hydrophobic, hydrogen bonding, ionic) interactions are
cooperatively involved allowing protein solubility, a similar
strategy should be implemented for the synthesis of true
SCNP globules in solution. Recent work in synthetic polypeptoids
has revealed the importance of hydrophobic sequence patterning
on the coil-to-globule transition for these protein-like polymers
lacking backbone hydrogen bonding and chirality when compared
to natural polypeptides.> Additionally, the critical role of ionic
interactions during the self-assembly of water-insoluble polymers
into stable spheroidal SCNPs in aqueous medium has been
recently demonstrated.>® Precision synthesis of precursors with
predefined sequences,”® positionable X-linkers,>* and tailored
interactions™ seems to be the key, among other approaches, to
access the true globule limit of SCNPs in solution.
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Comparison of size data for PMMA-SCNPs and other SCNPs
of different chemical structure with size data of compact and
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