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Abstract    

The conformation of single-chain nanoparticles (SCNPs) in presence of linear polystyrene 

crowding molecules has been studied by small-angle neutron scattering under contrast-

matching of the crowders. A model describing the scattering of aggregating polydisperse 

SCNPs has been developed, resulting in the determination of the potentially squeezed size of 

the individual SCNPs within aggregates, their local chain statistics, and the average aggregation 

number, as a function of crowding. Two different crowders – of low and high molecular weight, 

respectively – are shown to have a different effect: while long chains tend to impede their 

aggregation above their overlap concentration, short ones are found to mediate depletion 

interactions leading to aggregation. Self-imposed crowding within the aggregates has a similar 

impact on chain conformation independently of the crowding of the surrounding medium. Our 

results are compared to recent simulations and shall contribute to the microscopic understanding 

of the phase behavior of soft intrinsically disordered nano-objects, and in particular the effect 

of crowding on biomacromolecules. 

 

Keywords: single-chain nanoparticles, macromolecular conformation, aggregation modeling, 

small-angle neutron scattering, macromolecular crowding, intrinsically disordered nano-

objects  
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Introduction 

Single-chain nanoparticles (SCNPs) are soft disordered nano-objects synthesized by intra-

molecular bonding of linear polymer chains with a finite fraction of reactive groups 1-3. The 

folding/collapse process leading to SCNP formation has attracted significant interest as a 

simplified model of protein folding 4,5, or as protein mimics in general 6,7. Moreover, studies 

combining synthesis, scattering experiments and simulations have revealed striking analogies 

between SCNPs and intrinsically disordered proteins (IDPs) 8,9. As shown by small-angle 

scattering techniques and coarse-grained molecular dynamics (MD) simulations10, the 

statistical properties of SCNPs in dilute solution follow a close to ideal behavior due to internal 

crosslinking. The MD-simulations reveal that SCNPs are characterized by a highly complex 

network of internal rings ('loops') interconnected into clusters. This internal 

compartmentalization, together with their softness and ultra-small size, are features that could 

be of utmost interest for their applications in nano-technology: Sensing capabilities, controlled 

drug delivery and catalytic applications of SCNPs have been recently demonstrated 11-20.  

Though not recognized until very recently, IDPs play also a relevant role in a wide variety of 

biological processes 21 and are also involved in different diseases 22. As shown by Moreno et al 

8, in dilute solutions SCNPs and IDPs exhibit similar scaling laws and the presence of 

intramolecular compact and weakly deformable domains connected by very flexible segments; 

also, dynamical analogies like the similar influence of the internal friction have been reported 

9,23. In most of the studies the properties of biomolecules are characterized in vitro under high 

dilution 24, while biologically relevant conditions involve complex environments including 

macromolecules of different chemical composition and sizes, and where crowding is an 

unavoidable –and determining – ingredient. 

The spatial conformation of IDPs and its evolution depending on the cellular environment are 

topical issues 25-27. Understanding them demands for relatively simple models of IDPs allowing 



4 
 

the separation of molecular crowding from specific interactions usually present in proteins. 

Therefore, SCNPs, free of strong specific interactions characteristic for proteins, can be taken 

as simple model systems to separately investigate the effects of crowding of purely steric origin 

(excluded volume effects) on the structural and dynamical properties of IDPs in cellular 

environments. In addition, the investigation of crowding effects on SCNPs is of high intrinsic 

interest due to, e.g., their potential biomedical applications 28, including their use in cellular 

environments 29. MD-simulations8 revealed that SCNPs in concentrated solutions and in bulk 

collapse into ‘crumpled globular’ structures 30,31, instead of adopting the random-walk 

conformation 32 characteristic of linear chains. 

The experimental determination of the structure and dynamics of a particular macromolecule 

in a crowded environment requires combining scattering techniques with labelling methods 

(‘hiding’ the crowders in the sea of solvent). Small-angle scattering is a powerful method used 

to study aggregation 33,34 and dispersion 35 phenomena in bulk systems. Applying neutron 

scattering on contrast-matched systems allows obtaining microscopic information in many-

component systems, in particular in presence of crowders 36. The effects of crowding on the 

conformation of poly(methyl methacrylate) (PMMA)-based SCNPs in deuterated solvent were 

recently explored 37. As crowders, similar (deuterated) SCNPs were considered. However, 

increasing the concentration of SCNPs led to unavoidable macromolecular aggregation above 

a concentration of c*NP/3 (where c*NP is the overlap concentration of the SCNPs). It has to be 

noticed that a fraction of the functional groups remains unreacted after the induced crosslinking 

during synthesis. A second option was using linear deuterated PMMA chains of different 

molecular weights as crowders. These molecules are chemically inert as opposed to SCNPs 

which can still react upon contact in suspension. This study confirmed coarse-grained MD-

results on the analogous systems, showing a tendency of collapse of the SCNPs when the overall 

concentration of the solution exceeded the c*NP-value. The collapsing effect, manifested by the 
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decrease of both the chain dimension and the compaction revealed by the scaling exponent ν, 

becomes more pronounced with increasing concentration. The bulk limit was reported on a 

nanocomposite where PMMA-based SCNPs were dispersed on a polyethyleneoxide matrix 8, 

confirming the simulation results indicating crumpled globular structure.  

Though these contributions represent a significant step forward in the field, a fundamental 

question is to check whether the universality of the results obtained by MD-simulations can be 

translated to real systems with SCNPs of different chemical nature, morphologies and kind of 

intrachain bonds. At high concentrations, following the predictions of the MD-simulations, 

compression by crowders is expected. However, as in solutions of PMMA-based SCNPs, 

aggregation of the real nano-objects can happen under certain conditions. The degree of internal 

compaction in such a case could change with respect to that in the unimers in good-solvent 

conditions. On the other hand, given the softness and penetrability of nano-particles and 

crowders, effects like swelling and interpenetration could also be present, leading to an increase 

of the volume occupied by the macromolecule and of the scaling exponent. Last, considering 

also the (soft) colloidal nature of SCNPs solutions, questions of universal scope like the effect 

of chemical nature and size of the crowders on the stabilization of the particles arise. If small 

enough, crowders could induce depletion destabilizing the suspension. Thus, crowded 

suspensions containing SCNPs can present an intriguing and rich phenomenology worth to be 

carefully scrutinized by microscopic techniques. 

In this work we contribute to this field by investigating the structural properties of irreversible 

SCNPs based on polystyrene (PS) in a good solvent, where inert linear crowding PS 

macromolecules are present at different concentrations. The SCNP-signal could be 

differentiated from the crowders by small-angle neutron scattering (SANS) via index-matching 

deuterated crowders to the solvent. The effects of two linear crowding molecules of low and 

high molecular weight have been explored, and compared with the behavior of dilute SCNPs 
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suspensions. Molecular weight polydispersity effects have been carefully taken into account, 

allowing discriminating aggregates. Our model allows an estimation of the average mass of 

these aggregates, as well as simultaneously the size of the individual SCNP building units 

within them. The analysis of the results shows that the two kinds of crowders induce a very 

different effect on the SCNPs: while the long linear chains stabilize the suspension impeding 

the aggregation of SCNPs above the overlap concentration of the crowders c*, the short ones 

are found to mediate depletion.   

 

Materials and methods 

Synthesis of SCNPs. SCNPs were prepared from a random copolymer containing styrene (S) 

and azidomethyl styrene (AMS, 30 mol%) repeat units following the synthesis procedure 

described by Gonzalez-Burgos et al 38. First, copolymerization of styrene (S) (2 ml, 17.4 mmol) 

and p-chlorostyrene (CMS) (0.6 ml, 4.3 mmol) was carried out using 4,4´-azobis(4-

cyanovaleric acid) (1.7 mg, 6.1 x 10-3 mmol) as initiator. The reaction mixture was degassed 

by passing argon for 15 min and then stirred for 3 h at 80 ºC. After that, the resulting poly(S-

co-CMS) copolymer was redissolved in a minimal amount of tetrahydrofuran and added to a 

large excess of methanol. The copolymer was isolated by filtration and further dried at room 

temperature (RT) under dynamic vacuum. Next, poly(S-co-CMS) (350 mg, 0.91 mmol CMS) 

was dissolved in N,N´-dimethyl formamide (DMF) (14 ml) at RT. Then, NaN3 (2 eq., 116.5 

mg) was added and the mixture was maintained under stirring for 24 h. After reaction 

completion, the system was concentrated and precipitated in a mixture of methanol/water (1:1). 

The resulting poly(S-co-AMS) copolymer was dried in a vacuum oven at RT under dynamic 

vacuum. Finally, poly(S-co-AMS) (50 mg, 0.617 mmol) was dissolved in DMF (50 mL) at RT. 

Then, the mixture was heated to 200 ºC under microwave irradiation (300 W, 150 psi) and 

maintained there for 30 min. The system was then cooled down to RT and concentrated in a 
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vacuum line using Schlenk flasks. The resulting SCNPs were isolated by precipitation in a 

mixture of methanol/water (1:1) and dried in a vacuum oven at 40ºC under dynamic vacuum. 

 

Scheme 1: Synthesis of poly(styrene-co-azidomethyl styrene) copolymer precursors. In the 

samples investigated in this work, x=0.70 and y=0.30. 

 

Physico-chemical parameters of the SCNPs and their mass distribution obtained by GPC are 

summarized in Table 1. The neutron scattering length density of the solvent is 6.36 x1010 cm-2, 

and its density 1.035 g/cm3. Along this paper we consider as reference unit in our SCNPs or 

precursor what we call an ‘effective’ monomer, which properties result of averaging over the 

copolymer components. For example, the molar mass mo of the effective monomer is obtained 

from those of the PS and AMS monomers as 0.70*mo,styrene + 0.30* mo,AMS.  Thus, the molar 

mass of an ‘effective’ monomer (from now on, we will call it just ‘monomer’) is 120.66 g/mol, 

which leads to Nmono = 1870 monomers in a SCNP molecule of number average molecular mass 

Mn=225.6kg/mol. The average radius of gyration Rg and scaling exponent  of individually 

dispersed nanoparticles in dilute conditions have been determined by DLS and SAXS (see 

below). The value of Rg has been used to estimate the overlap concentration defined as c* = 

m/(2Rg)
3, where m is the mass of a single molecule. A fraction of unbonded reactive groups 

after synthesis of about 47% has been estimated from 1H-NMR. These functional groups shall 

be responsible for intermolecular aggregation at high concentration. 
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 SCNP dPSA dPSB 

Mw (kg/mol) 293.3 305 9.0 

Mn (kg/mol) 225.6 282 8.8 

PI 1.3 1.08 1.02 

ρ (g/cm3) 1.058 1.12 1.12 

SLD (1010 cm-2) 1.71 6.41 6.41 

ν 0.475 0.59 0.59 

Rg (nm) 16 19.3 2.5 

c* (mg/mL) 11 8 118 

 

Table 1: Molecular parameters of SCNPS and two crowders (dPSA and dPSB): molecular masses and 

polydispersity index, density, scattering length density, exponent ν, average radius of gyration of 

individual molecules in dDMF and overlap concentration.  

 

Sample formulation: Deuterated linear polystyrene crowding molecules of two different 

masses termed dPSA and dPSB have been used. Their dimensions have been determined by 

SAXS and DLS, respectively; molecular parameters and in particular c* are given in Table 1. 

dPSA and SCNPs being of approximately same mass, their overlap concentrations are similar, 

around 10 mg/mL, whereas the much shorter dPSB chains overlap only above c* ≈ 120 mg/mL. 

After synthesis and purification, stock solutions at cNP = 2mg/mL of SCNP in dDMF (volume 

fraction Φ = 0.19%v) have been prepared, and appropriate quantities of dPSA or dPSB 

immediately added to reach the desired total concentration ranging from ctot = cNP + cPS =  5 to 

100 mg/mL for dPSA, and from ctot = 80 to 400 mg/mL for dPSB. Throughout this paper, ctot is 

given to characterize sample concentrations. Although it might be suggested by the presentation 

of parameters as a function of total concentration, one should keep in mind that solutions were 

not made by continuous addition of polymer to an initially diluted solution. Instead, to different 

solutions containing diluted and non aggregated SCNPs, appropriate amounts of crowders 
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(deuterated polystyrene chains either dPSA or dPSB) were added to obtain the target value of 

the total concentration. Samples denoted SCNP+dPSA with ctot = 5, 10, 20, 40 and 100 mg/ml 

were prepared from a solution containing SCNPs in deuterated DMF at 2 mg of SCNP/ml by 

adding 3, 8, 18, 38, and 98 mg of dPSA per ml of solution, respectively. Samples denoted 

SCNP+dPSB with ctot = 80, 162, 225 and 400 mg/ml were prepared from a solution containing 

SCNPs in deuterated DMF at a concentration of 2 mg/ml by adding 78, 160, 223 and 398 mg 

of dPSB per ml of solution, respectively. All samples were thus simultaneously prepared in 

parallel from the diluted and non aggregated SCNPs with immediate addition of the appropriate 

amount of polymer to obtain the target value of the total concentration. As we will show, 

depending on the mass and quantity, this may hinder (by steric interactions) or induce (via 

depletion) aggregation of the SCNPs.  

SANS measurements: SANS experiments were performed on the instrument KWS-2 at the 

Forschungs-Neutronenquelle Heinz Maier-Leibnitz in Garching. With an incident wavelength 

=5.27Å and using three sample-detector distances: 1.15, 5.76 and 19.76 m, a scattering vector 

q-range between 0.003 and 0.35 Å-1 was covered. The solutions were filled in 2 mm thick 

Hellma Quarz cells. The azimuthally averaged scattered intensities were obtained as function 

of the wave-vector q. The signal from the background (solution of crowders) was measured 

under the same conditions and subtracted from the measurements on the solutions with labelled 

macromolecules. Experiments were carried out at room temperature.  

SANS analysis: Due to the particular contrast conditions (see Table 1) only the SCNPs 

contribute to the scattering, while the crowding polymers are contrast-matched by the solvent. 

The basis of our modeling is to describe the scattering of an individual SCNP of well-defined 

mass (and thus Rg) by the general coil form factor P(q, Rg) 
39:  

P (q, Rg) =  [(
1

𝜈𝑈
1

2𝜈

) 𝛾 (
1

2𝜈
, 𝑈) − (

1

𝜈𝑈
1
𝜈

) 𝛾 (
1

𝜈
, 𝑈)]   (1a) 
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with 

𝑈 = (2𝜈 + 1) ∙ (2𝜈 + 2) ∙
(𝑞𝑅𝑔)

2

6
    (1b) 

𝛾(𝑎, 𝑏) = ∫ 𝑡𝑎−1𝑒−𝑡𝑑𝑡
𝑏

0
     (1c) 

This form factor is normalized to one at low q, and it is determined by two parameters, the 

radius of gyration, and the scaling exponent ν. The latter parameter will be determined 

independently from the high-q behavior of the scattered intensity  

                    I(q)  q-1/ν   (high q)   (2) 

and is therefore not explicitly listed as an argument of P(q,Rg). The form factor in eqs.(1) is 

closely related to the classical Debye form factor of ideal chains, but has the advantage to 

include a description of possibly non ideal chains (ν ≠ ½). In dilute suspensions of such 

monodisperse SCNPs, the total differential cross section per unit sample volume, for simplicity 

termed intensity I(q) here, is given by the product of various prefactors and P(q, Rg): 

𝐼(𝑞) =  
𝑁

𝑉
∆𝜌2𝑉2𝑃(𝑞, 𝑅𝑔)     (3) 

where N/V denotes the number density of SCNPs, Δρ is the scattering contrast given by the 

difference in scattering length density, and V is the (dry) volume of the SCNP, i.e. the number 

of monomers multiplied by the volume of each monomer. In presence of polydispersity in mass 

of the SCNPs, as determined by GPC (PI = 1.3, see Table 1), N/V becomes Ni/V, and the 

starting point of our scattering analysis in terms of the sum of form factors given below is 

obtained. 

Results and discussion 

Theoretical description of scattering of polydisperse unimers. As a starting point of our 

analysis, we have described the mass distribution obtained by GPC by a log-normal mass 

distribution for the volume fraction of molecules of monomer number i, Φi(i0,σ): 



11 
 

𝛷𝑖(𝑖0, 𝜎) =  
𝑁𝑖

𝑉
𝑉𝑖 =

𝛷

√2𝜋𝜎𝑖
exp (−

𝑙𝑛2 𝑖

𝑖0

2𝜎2
)         (4)     

Ni/V represents the number density of chains of number of monomers i, thus describing chain 

mass. The log-normal distribution contains two parameters, i0 and σ. From the properties of the 

moments of log-normal distributions, the average number of monomers is given by Nmono = i0 

exp(σ2/2), while the polydispersity is given by PI = exp(σ2). It follows that i0 = 1641 and σ = 

0.51. The corresponding log-normal distribution function is termed ‘original GPC’ and is 

displayed in Figure 1.  
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Figure 1: Φi mass distribution functions of SCNP as a function of the number of monomers, normalized 

to the total SCNP volume fraction by ΣΦi = V-1Σ(NiVi)= Φ. The blue squares are given by the log-normal 

distribution function representing the mass distribution of SCNPs as obtained from GPC after synthesis 

according to eq. (4). The red circles correspond to a modified mass distribution function as explained in 

the text. Inset: the aggregation number distribution used to calculate the modified SCNP-mass 

distribution, with N* = 3 and <N> = 3.5.  
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The scattering of the individual SCNPs is described in the methods section. It needs to be 

completed by an expression for the radius of gyration Rg
(i) of each SCNP containing i 

monomers. As the high-q power law of I(q) is found to be proportional to q-1/ν, this suggests a 

locally fractal structure of dimension 1/ν. The radii of gyration are then given by: 

𝑅𝑔
(𝑖)

= 𝑎 𝑖𝜈        (5) 

where a is a general prefactor independent of i, specific for each molecule: astyr for crowders, 

aprec for precursor molecules, and aNP for SCNPs. It should be noted that a becomes the fit 

parameter describing the relationship between molecular mass and spatial extent. Although 

there will be in general no visible Guinier plateau in the scattered intensities, this parameter 

will be fixed unambiguously as it is constrained by the GPC-results describing the mass and 

thus the low-q scattering limit, and the measured high-q power law. The determination of the 

radii of gyration of the single chains will thus be robust.  

The total scattering of the polydisperse assembly of molecules defined by the mass distribution 

Ni/V is obtained by adding the contributions for each SCNP-mass (given by i) in absence of 

interactions. The total scattered intensity then reads:  

𝐼(𝑞) = ∑
𝑁𝑖

𝑉
∆𝜌2𝑉𝑖

2𝑃(𝑞, 𝑅𝑔
(𝑖)

)𝑖     (6) 

Finally, the aggregation model developed below will be based on the description in terms of 

chain mass distribution introduced by eq. (4). It will lead to a modification of Φ(i) as 

exemplarily shown in Figure 1. To calculate the resulting intensity, the new distribution 

function replacing the one of eq.(4) is then injected in eq. (6). In practice, the new Φ(i) will be 

calculated from an aggregate distribution function having a single parameter N* as defined 

below. An example of such an aggregate distribution function has been plotted in the inset of 

Figure 1. The specific distribution function shown here corresponds to ca. 28% of all aggregates 
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being SCNP-unimers, about 20% doublets, etc., and aggregates made of more than N = 15 

SCNPs become exceedingly rare.   

 

Characteristic sizes of isolated crowders and SCNPs in solution (DLS and SAXS). The size 

and conformation of the crowding polymer molecules at high dilution has been measured by 

DLS and SAXS in DMF solution for both masses, dPSA and dPSB. The resulting average radius 

of gyration varies with the number of monomers according to eq. (5), with astyr = 1.9 Å and  = 

0.59, i.e. the expected exponent under good solvent conditions, which is in fact observed from 

the SAXS experiments. The radii of gyration and the corresponding overlap concentrations c* 

are given in Table 1. Considering that the Kuhn segment in PS consists of about 7 monomers 

32 , the radius of gyration of a Kuhn segment is thus ≈ 6Å, which we take as a measure of local 

stiffness. One may also note that the crowder molecules are highly monodisperse. 

For the copolymer precursor of the SCNPs we have measured the hydrodynamic radius by DLS 

and obtained Rh=14.2 nm. Using Rg = 1.77*Rh ( = 0.59) 40, the radius of gyration of the 

precursors is 25.1 nm. It would correspond to aprec = 3 Å in eq. (5). These precursor chains are 

stiffer than the pure PS, e.g. for 7 (recall: ‘effective’) monomers – which have the same number 

of main-chain atoms than 7 PS monomers –, Rg ≈ 9.5 Å.  

With SCNP suspensions, special care has been taken to avoid aggregation. Freshly synthesized 

SCNPs in dilute DMF solutions have been characterized using DLS, giving Rh = 10.6 nm at 1 

mg/mL. Assuming  ≈ 0.5: Rg = 1.5*Rh 
34, this value of Rh can be converted in the radius of 

gyration: Rg ≈ 16 nm. SCNPs are thus smaller than their precursors, due to the internal bonds 

created during nanoparticle synthesis. SCNPs precipitated and stored after synthesis so that they 

could not react and form aggregates, were prepared at higher concentrations (2 and 5 mg/mL) 

in dDMF and investigated with SAXS. These experiments reveal the same results: Rg = 17.5 
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nm with  = 0.48 at 2 mg/mL, and 13.3 nm with  = 0.47 at 5 mg/mL. It results thus that freshly 

dissolved unimolecular SCNPs are correctly described by a radius of gyration of ca. 16 nm, and 

 = 0.475, which are the values reported in Table 1 together with their c*. Thus, the value of 

the scaling exponent found (very close to ½) implies that the macromolecules follow a nearly 

Gaussian chain statistics. In this article, we refer to this size as the one of ‘individually 

dispersed’, or native SCNPs at high dilution, as opposed to the size of an individual SCNP 

being the building block of a higher order assembly. The Rg- and -values correspond to aNP = 

4.5 Å in eq. (5), with i representing again the number of effective monomers. The values of  

and aNP translate in a higher local stiffness, presumably due to the existence of internal loops. 

For the reference ‘segment’ of 7 monomers, we thus have a dimension of Rg ≈ 11.5 Å.  

As mentioned above, aggregation effects shortly after sample preparation were investigated by 

Gonzalez-Burgos et al37 for solutions of PMMA-based SCNPs. They showed propensity to 

aggregate for concentrations higher than about c*/3. Given the timing between sample 

preparation and SANS experiments reported below (time lapse of about ten days, including 

sample transportation), we have checked by DLS that there is no aggregation of our pure PS-

based SCNPs in DMF at low concentration (1 mg/mL) over more than one month, whereas 2 

mg/mL solutions show some aggregation after about 2 weeks (see Supporting Information). It 

is concluded that the sample series under scrutiny by SANS with 2 mg/mL of SCNPs and 

possibly those with added crowder molecules may start aggregation after sample formulation 

and before the SANS experiments. In the following, we describe the SANS results, which, as 

explained above, reveal the structure of the SCNPs in solutions with different degree of 

crowding.  

Solution of only SCNPs (SANS): The structure of SCNPs at 2 mg/mL in dDMF has been 

measured by SANS and the intensity is plotted in Figure 2. It is compared to the intensity fitted 

using eq. (6), with the initial GPC-mass distribution function as shown in Figure 1 used as input. 
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The only fit parameters are thus ν obtained from the high-q slope as described in the methods, 

and aNP defined by eq.(5) setting the size of the SCNPs. 
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Figure 2: Scattered intensity I(q) as a function of wave vector q of SCNPs (cNP = 2 mg/mL) in dDMF 

without added polymer (black diamonds) compared to the calculation (blue circles, no aggregation, <N> 

= 1) using eq. (6) with the mass distribution derived from the GPC measurement, with fit parameters as 

given in the legend. The average Rg of individual SCNP is determined by a Guinier fit (black dotted 

line). In red squares, the best fit using the aggregate model of polydisperse SCNPs as described in the 

text with N* = 3 (<N> = 3.5).  

 

The quality of the fit is very good in the power-law domain at high q, which is to be expected 

given the nature of the chain model given in the methods section. The value of ν of 0.438 

corresponds to a chain which is more compact than ideal ones, of fractal dimension larger than 

two (1/ν = 2.3), which is also compatible with a denser molecule. This change in statistics as 

compared to the individually suspended SCNPs discussed above (ν = 0.475) is a first indication 

of conformational changes induced in the pure SCNP samples at 2 mg/mL studied by SANS. 
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A second indication is the value of aNP which has decreased from 4.5 Å in individual suspension 

to 3.8 Å. The combination of both modifications results in a decrease of the SCNP size, first 

from the linear precursor to individual SCNPs due to internal crosslinking as shown by SAXS, 

and then further in the samples measured by SANS. We will see that this is caused by 

aggregation, which is visible in the low-q scattering, where the GPC calculation predicts a too 

low intensity. One may note that due to the large mass of the nanoparticles (for details see 

methods), c* is rather low (about 10 mg/mL), and the low concentration studied here (2 mg/mL) 

is only a factor of five below the overlap concentration. This implies that SCNPs imagined as 

spherical colloids have ‘surface-to-surface’ distances which are of the same order of magnitude 

as the radius of gyration (ca. 1.4 Rg), and one may easily imagine collisions within the solution 

and potential aggregation after some time.  

In spite of aggregation, it is instructive to analyze the average radius of gyration corresponding 

to the GPC mass distribution of individual molecules combined with the experimentally 

measured, size determining – see eq. (5) – parameters aNP and ν, by fitting a Guinier expression 

to the low-q intensity in Figure 2. The result corresponds to the typical size of individual SCNPs 

building blocks in the SANS suspension, i.e. as within aggregates. Their radius of gyration 

amounts to 10.4 nm. This is considerably smaller than the Rg of individually dispersed SCNPs 

(16 nm), and confirms what has been deduced from the evolution of aNP and ν: in low 

concentration SANS samples, SCNPs are smaller than individually dispersed molecules, and 

their compaction might be due to aggregation.   

The GPC-fit function in Figure 2 thus corresponds to SCNPs highlighted within their 

environment. The actually measured intensity deviates strongly from the GPC-fit at small q-

values, by approximately a factor of three in the overall intensity. The prefactors of I(q) in eq.(6) 

are defined by the chemistry: the molecular volumes given by chromatography, as well as 

contrast and total concentration. The experimental low-q intensity exceeding the GPC-
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prediction implies that the masses (or volumes) are larger than the ones of individual SCNPs, 

and that they are correlated on the scale of observation 1/q. This implies that chains form higher 

order assemblies, or aggregates: the low-q increase is caused by aggregation of SCNPs in 

suspension. From a simple analysis of the low-q limits of the fit and the experimental intensity 

plotted in Figure 2, one can estimate the average aggregation number to about three for pure 

SCNPs, supposing monodispersity. The exact average aggregation number can only be known 

if polydispersity is included in the calculation, which is the second ingredient of our aggregation 

model to be introduced now.  

Model for aggregation of polydisperse SCNPs. There are different ways to incorporate 

aggregation in the model of the scattered intensity given by eq. (6). For monodisperse 

nanoparticles of known interaction, e. g. sticky hard-sphere like 41, one could calculate the 

structure factor contribution. Unfortunately, interactions here are unknown, possibly include 

SCNP interpenetration, and this does not seem feasible here. Moreover, one would have to 

define size-dependent interactions in order to describe polydisperse assemblies, and sum up the 

partial structure factors. We have therefore opted for a simpler model which appears to be 

appropriate for the present macromolecular systems of low density.   

In Scheme 2, the concept of the model is illustrated: the assembly of two SCNPs is thought to 

lead to a hypothetical new single SCNP of mass equal to the sum of the masses of the parent 

SCNPs. The main assumption of our model is that the chain statistics of the aggregate is 

unperturbed with respect to the individual SCNPs, and described by eq. (5), with the same 

parameter aNP as the individual nanoparticles. 
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Scheme 2: Schematic representation of the aggregation process of two SCNPs of monomer numbers i1 

and i2 described by the addition of their individual SCNP masses, and obeying the same local chain 

statistics.  

 

The process shown in Scheme 2 describes the formation of a larger molecule out of two smaller 

parent molecules. Naturally, the generalization to arbitrary numbers of SCNPs aggregated in 

one assembly is straightforward: one simply has to add the masses, or corresponding numbers 

of monomers. One thus needs to calculate the sum Σ ik and inject the result into eq. (5) in order 

to obtain the new radius of gyration, while the local structure described by ν remains unchanged. 

A direct consequence of this aggregation process is that it modifies the distribution function of 

masses given by Ni/V, as now some smaller masses disappear while a new SCNP with larger 

mass given by the sum of its ingredients appears. The function is thus broadened and shifted 

towards higher i, as already illustrated in Figure 1 where the low-mass peak of the original GPC 

function is seen to decrease, and a high-mass tail is generated.  

The last ingredient of the model is how to define the state of aggregation. We have opted for a 

very simple aggregate distribution function, giving the number fraction of aggregates made of 

single SCNPs, of doublets, triplets, etc… If we call N the aggregation number, i.e. the number 

of SCNP participating in a given aggregate, we can define the discrete distribution function of 

N as a single exponential decay: 

F(N) = A e-N/N*      (7) 
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where N* is the only parameter of the distribution, and A is a normalization constant depending 

on N*. Due to the discretization over doublets, triplets, and generally multiplets, the properties 

of the exponential function are somewhat counter-intuitive. For instance, a very small value of 

N* (N*<<1) corresponds to only single SCNPs, i.e. an average aggregation number <N> of one. 

Such a small N* together with the experimentally determined aNP and ν has been used to 

generate the GPC-model curve in Figure 2. It allowed us to highlight the individual SCNP size 

in an aggregated environment.  For larger N*, < N> grows with N*. For simplicity, results will 

be given in terms of the average aggregation below.  

In the proposed model for aggregation of polydisperse SCNPs, N* is the only fit parameter for 

aggregation. It can be adjusted independently after having determined the best values of aNP 

and ν from the intermediate- and high-q fit. In practice, it has been implemented via a Monte 

Carlo procedure repeatedly selecting randomly molecules of mass i from the initial mass 

distribution function, the number of molecules to be assembled being determined by eq. (7). 

The such obtained fitting curve for the intensity of the SCNPs in dDMF is shown in Figure 2, 

leading to N* = 3, or equivalently <N> = 3.5. The fit is found to be of acceptable quality given 

the simplicity of the process described in Scheme 2. The corresponding modification of the 

mass distribution is shown in Figure 1, with the aggregate distribution following eq. (7) 

displayed in the inset. 

SCNP conformation in presence of long and short crowder molecules (SANS). Because of 

the contrast-matching of the dPS-crowders, the scattering measured in dPS-containing SCNP-

suspensions is only due to the single-chain nanoparticles. In Figure 3a, the series of intensities 

for samples prepared with increasing amounts of the long chains, dPSA, is plotted.  
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Figure 3: (a) Scattered intensities I(q) of SCNPs (cNP = 2 mg/mL) in samples of increasing amount of 

long PS chains (dPSA), the total concentration ctot being given in the legend (mg/mL). (b) Examples of 

fits for ctot = 5 (blue circles) and 20 mg/mL (green triangles), respectively, with fits (red diamonds), and 

parameters given in the legend.  

The intensities are found to have a very similar shape: a Guinier-like plateau in the low-q range, 

followed by a crossover to a high-q scattering of roughly identical slope. However, there is a 

difference in the general intensity level, the two low-concentration samples (only SCNPs, and 

ctot = 5 mg/mL) having a higher intensity than the rest of the series. This reflects lower 

aggregation numbers and higher radii of gyration of each SCNP for the samples with higher 

polymer content. Fits of only the high-q portion of the scattering data gave a first estimation for 

ν, shown in Table 2 and Figure 4a. Applying the aggregation model with these ν-values reveals 

that for c ≥ c*, the values of N* are very small, i. e., no appreciable aggregation is found. We 

also note that for concentrations close to c*, the ν-value (as well as the Rg-value, not shown) is 

similar to that observed in the individual SCNPs (see Fig. 4a). Increasing the concentration, 

there is a tendency of the ν-value to diminish. Then, to decrease the scattering of the other fit 

parameters, we fixed the values of ν to the behavior indicated by the dashed lines in Figure 4a. 

It consists of a constant ν-value of ν = 0.44 below c* and a law  
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ν = 0.52 - 0.04 log(ctot)     (8) 

above c*. Two exemplary fits are shown in Figure 3b, for ctot = 5 and 20 mg/mL, respectively, 

as well as in Figure 2 for the solution containing only SCNPs. The fit parameters are the SCNP 

conformation prefactor aNP as defined by eq. (5) and the aggregation parameter N* in eq. (7). 

Their values are reported in Table 2. Panels b and c in Figure 4 display the concentration 

dependence of the corresponding average radii of gyration determined by a Guinier fit, and 

aggregation numbers, respectively.  

 

Solute ctot  

(mg/mL) 

ν   ν 

(smooth) 

aNP  

(Å) 

N* <N> Rg  

(nm) 

SCNP 2 0.438 0.440 3.6 3.00 3.50 10.4 

SCNP+dPSA 5 0.446 0.440 3.9 3.53 3.98 11.2 

SCNP+dPSA 10 0.475 0.483 4.2 1.16 2.02 16.3 

SCNP+dPSA 20 0.473 0.470 5.2 0.03 1.00 17.2 

SCNP+dPSA 40 0.456 0.458 5.3 0.49 1.27 15.6 

SCNP+dPSA 100 0.431 0.442 5.9 0.38 1.20 15.5 

SCNP+dPSB 80 0.465 0.446 3.8 2.50 3.43 10.8 

SCNP+dPSB 162 0.453 0.434 3.9 2.79 3.73 10.7 

SCNP+dPSB 225 0.417 0.428 4.5 1.77 2.70 11.2 

SCNP+dPSB 400 0.409 0.418 2.8 24.6 25.5 7.0 

 

Table 2: SANS fit parameters. Sample type, total concentration, exponent ν from high-q fit, exponent ν 

smoothed and imposed in the application of the model, monomer parameter, aggregation parameter and 

average aggregation number, and average radius of gyration of SCNPs. The values of the four last 

parameters are obtained by fixing the given -values.  
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Figure 4: Evolution of the fit parameters with the total concentration ctot. Red circles correspond to the 

long-chain system (dPSA), blue squares to the short-chain system (dPSB). The overlap concentrations c* 

of the three kinds of macromolecules are indicated by vertical lines and the values of the parameters 

corresponding to native individual SCNPs are indicated by the horizontal arrows. (a) High-q fit 

parameter ν. (b) Average radius of gyration Rg of individually highlighted SCNPs. (c) Average 

aggregation number <N>. The dashed lines in (a) show the behavior assumed for the -parameter to 

apply the model and determine the rest of the parameters. 
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A second series of crowded solutions has been measured at the same SCNP concentration of 2 

mg/mL, with increasing amounts of the short linear polymer dPSB. Due to the lower molecular 

mass of dPSB, its overlap concentration is much higher, c* ≈ 120 mg/mL, and samples have 

been prepared from just below to well above this threshold value. The scattered intensities have 

been plotted in Figure 5a. They are found to have again a very similar shape, overlapping with 

the function of the solution containing only SCNPs. The low-q limits are found not to evolve 

for any but the sample at highest crowder concentration, indicating a similar state of aggregation 

for the first four samples. The sample with the highest concentration displays a strong increase 

in overall intensity, which signifies a much greater degree of aggregation. Moreover, the shift 

in the high-q power law towards higher intensities demonstrates that the radius of gyration of 

each SCNP within these aggregates decreases considerably. The exact extent of this evolution 

has been analyzed using the aggregate model developed in the previous section. Again, the first 

values of ν deduced from the high-q fit are given in Table 2 and shown as symbols in Fig. 4a. 

We observe that they scatter around the prediction of the law imposed to the scaling exponent 

for the solutions with high-molecular dPSA crowders via eq. (8). Therefore, we have imposed 

the same behavior for the scaling exponent in these solutions and applied the aggregation 

model. To illustrate the quality of the fits, two of them are shown in Figure 5b, for ctot = 80 and 

400 mg/mL, respectively. It is clear from the fit of the 400 mg/mL sample that a large part of 

the aggregated structure has been captured by the model, while a remaining low-q upturn 

representative of giant structures is beyond our level of description. All indications thus 

coincide for this sample: it is highly aggregated, presumably approaching phase separation. The 

fit parameters and their evolution are reported in Table 2. 
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Figure 5: (a) Scattered intensities I(q) of SCNPs (cNP = 2 mg/mL) in samples of increasing amount of 

short PS chains (dPSB), the total concentration ctot being given in the legend (mg/mL). (b) Examples of 

fits for ctot = 80 (blue circles) and 400 mg/mL (green squares), respectively, with fits (red diamonds), 

and parameters given in the legend. 

 

Phase diagram and comparison to simulations. A simple inspection of the SANS behavior 

at high and low-q values and the comparison with the expectation for a system of unimolecular 

SCNPs dispersion obeying the mass-polydispersity from GPC measurements points to the 

presence of aggregates and compression of SCNPs upon crowding. Beyond such semi-

quantitative considerations, the proposed model, despite its simplicity, allows determining not 

only under which conditions the SCNPs form aggregates, but also their average number and 

deducing the conformation (average size and scaling exponent) of the macromolecules within 

them. It provides a very good description of the experimental results for the two kinds of 

crowding molecules.  

We have observed that after about two weeks, SCNPs at a concentration of 2mg/mL aggregate.  

Even if this concentration is still a factor of five below their overlap concentration, the incessant 

collisions between the macromolecules in a molecular solvent facilitate their interactions, 
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leading apparently to the formation of new crosslinks – which now are of inter-molecular 

character – after some period of time. As it has been mentioned, these crosslinks are due to the 

presence of unreacted functional groups in the SCNPs after the synthesis procedure. This 

process also happens when a small fraction of big crowders are added to the solution. The 

aggregates formed consist of about four macromolecules in average. The macromolecules 

within these aggregates adopt a collapsed conformation with respect to that of the individual 

SCNPs as freshly produced: at low crowder concentrations, individual SCNP building blocks 

of aggregates have small radii of gyration, 10 to 11 nm, and scaling exponent of about 0.44, 

while the unimolecular SCNPs present a radius of gyration of about 16 nm and = 0.48. We 

note that these aggregates seem to be stable, after monitoring them by DLS over more than two 

months (see SI). 

Aggregation is however prevented –at least at the time scales between sample preparation and 

the SANS experiments—by adding high-molecular weight inert crowders at higher 

concentrations. In order to discuss the physics behind the evolution of the state of aggregation 

of the SCNPs crowded with the high-molecular weight linear chains, one has to compare the 

concentration to the overlap concentration c* of dPSA given in Table 1. Apart from the sample 

with lowest concentrations (ctot = 5mg/mL), the total concentration exceeds c*. The polymer 

chains overlap to form a sea of chains with embedded SCNPs. Under such conditions, no 

aggregation of SCNPs is evident (very small N*); this is directly reflected by the jump in 

intensities in Figure 3, which coincides with the crossing of c*. The presence of big crowders 

has a two-fold effect in favoring the stabilization of the SCNPs in solution: on the one hand, 

they fill the space between the SCNPs and prevent their direct contact, and, on the other hand, 

they increase the viscosity of the medium and slow down dramatically the dynamics of the 

SCNPs, reducing enormously the frequency with which SCNPs directly interact with each other 

and can form new inter-molecular bonds. Therefore, after the same period of time after which 
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pure SCNPs in the solution form aggregates, in a solution of SCNPs prepared with high-

molecular crowders close or above their overlap concentration their aggregation is arrested. 

Around c* (which is similar for both, SCNPs and long crowder molecules), SCNPs recover the 

radius of gyration they adopt in individually dispersed suspensions, ca. 16 nm and similar ≈ 

0.48. With increasing concentration of crowders the SCNPs shrink as response to crowding. 

This effect is compatible with the decrease of the scaling exponent and the radius of gyration 

above c*. SCNPs keep their individuality and are compressed by neighboring crowders, by 

which they are completely surrounded. Such effect has been predicted from computer 

simulations, and has also been observed in solutions of PMMA-based SCNPs 37.  From the 

simulations, compaction symptoms (decrease in the values of the scaling exponent and the chain 

dimensions) are expected to be noticeable at the overlap concentration of the SCNPs. This 

prediction is also verified by our system. 

With the shorter crowder, SCNPs aggregate at all concentrations investigated. The scenario in 

these solutions is dictated by the interplay between viscosity and depletion. Besides the atypical 

400 mg/mL-case, the aggregates are composed by about four macromolecules –as in the case 

of the low concentrations below c*NP. Their radius of gyration within these aggregates is again 

around 10 nm. Thus, the conformation of the SCNPs within the aggregates seem to be quite 

similar independently of the crowding/viscosity/density of the surrounding medium of the 

aggregate (ctot < c*NP ≈ 10 mg/mL or ctot ≈ c*dPSb ≈ 100 mg/mL). ‘Self-crowding’ effects seem 

to be the key ingredient in this kind of aggregates. For 400 mg/mL the size and scaling exponent 

decreases strongly and the number of macromolecules per aggregate grows to about 25. In such 

case, the aggregates are very large and bulk-like conditions are approached within them, with 

the expected crumpled globule conformation in the limit of absence of solvent, as predicted by 

the MD-simulations 8. 
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Conclusions 

The conformational properties and aggregation of SCNPs suspended in a solvent and in 

presence of short and long crowder molecules have been studied by SANS. A specific structural 

model for aggregated SCNPs has been developed, based on the independently determined mass 

distribution of individual SCNPs together with a combination law treating an aggregate of 

molecules as one bigger one of identical total mass and scaling behavior. It is noted that 

polydispersity is thus a key ingredient of the model, because aggregate distribution functions 

are converted into mass distribution functions of hypothetical single chains. Moreover, we 

stress that the resulting conformational parameters, aNP and ν, are uncoupled fit parameters 

which are obtained in a step-by-step procedure, starting from the high-q power-law to get ν 

first, followed by the determination of aNP using the known low-q intensity of individually 

dispersed molecules (via known contrasts and masses from GPC), and finally N* (or 

equivalently <N>) allowing the description of the experimentally observed low-q increase 

caused by aggregation. An important result of our approach is that the radius of gyration of 

individual SCNPs embedded as building blocks in aggregates is determined, without having to 

employ complex chemistry and deuteration schemes like mixtures of H- and D-SCNPs under 

zero-average contrast conditions with simultaneous matching of crowders.  

The main results of the impact of crowder molecules on SCNP suspensions may be summarized 

as follows: Native, freshly made SCNPs are not aggregated, and remain as individual 

macromolecules after long time periods of months if they are kept under the dilute conditions 

of the synthesis (≈1 mg/mL). At higher concentrations, even as low as about 5-fold below their 

overlap, pure SCNPs tend to aggregate moderately on time scales of days or weeks. This 

aggregation process is arrested by adding big inert crowder macromolecules above their overlap 

concentration. Their presence induces a huge increase of the viscosity of the surrounding 

medium, dramatically slowing down the kinetics of aggregation, and, more determining, 
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imposes steric barriers to the contacts between remaining reactive groups of different SCNPs. 

Upon crowding in such conditions, compression of the individual SCNPs is observed. With 

short crowder molecules, much higher concentrations need to be used to reach overlap. Due to 

depletion interactions caused by the entropic pressure exerted by the small molecules, moderate 

and finally catastrophic aggregation of SCNPs is induced. The SCNP conformational 

parameters demonstrate that native and aggregated SCNPs obey different chain statistics, the 

aggregated state progressively approaching the crumpled globular state. For similar moderate 

aggregation numbers (about four in average), SNCPs within aggregates are similarly 

compressed, independently of the surrounding environment (ctot < c* ≈ 10mg/mL or ctot ≈ c*dPSB 

≈ 100mg/mL). Thus, the determining factor for chain statistics seems to the the ‘self-crowding’. 

Huge aggregates obtained at extremely high concentrations provide bulk-like surroundings for 

the macromolecules, and there they seem to adopt very compact conformations approaching 

the proposed crumpled globular limit suggested by MD-simulations. 

Thorough studies of SCNP structure in crowded environments are intended to contribute to the 

understanding of the behavior of intrinsically disordered nanoparticles and proteins in naturally 

dense, multicomponent media. Further studies, possibly based on computer simulations 

combined with experimental approaches, shall allow determining how exactly the conformation 

of disordered molecules is affected by the presence of linear or branched chains, investigate the 

degree of molecular interpenetration, and the way the osmotic pressure of the crowders is 

exerted on intrinsically disordered soft nano-objects.    
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(16) Liu, Y.; Pujals, S.; Stals, P. J. M.; Paulöhrl, T.; Presolski, S. I.; Meijer, E. W.; Albertazzi, 

L.; Palmans, A. R. A. Catalytically Active Single-Chain Polymeric Nanoparticles: Exploring 

Their Functions in Complex Biological Media. J. Am. Chem. Soc. 2018, 140, 3423-3433. 
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