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Abstract

The polyelectrolyte (PE) chains respond in a complex manner to the multivalent salt 

environments, and this behavior depends on pH, temperature, and the presence of specific 

counter ions. Although much work was done to understand the behaviour of free PE 

chains, it is important to reveal their behaviour on nanoparticle's surface, where surface 

constraints, particle geometry, and multi-chain environment can affect their behaviour 

and contribute to particles assembly states. Our work investigates, using in-situ small-

angle x-ray scattering (SAXS), the morphology of PEs (single-stranded DNA) chains 

grafted onto a surface of spherical gold nanoparticles assembled in a lattice in the 

presence of monovalent, divalent and trivalent salts. For divalent salts, the DNA brush 

length was found to decrease at a faster rate with salt concentration than in the 

monovalent salt environment, while trivalent salt lead to a chain collapse. Using a power 

law analysis and modified Daoud-Cotton model, we have obtained insight into the 

mechanism of nanoparticle-grafted chain's response to ionic environments. Our analysis 

suggests that the decrease in a brush length is due to the conventional electrostatic 

screening for monovalent systems, whereas for divalent systems both, electrostatic 

screening and divalent ion bridging must be considered. 
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Introduction:

Polyelectrolyte (PE) polymers, with positive or negative charges on their backbones, are 

known to behave differently under different environmental conditions, such as pH, salt 

concentration, temperature, nanoparticle environments, and other factors1-3. The previous 

research showed that modulating environments of the PEs is a powerful way to control their 

conformations4 and stiffness5, and it can be used in a variety of applications, for example, in 

gene and drug delivery 6,7, removal of pollutants from the environment8, diagnostics9 and 

manipulating nanoparticle assembly10. The key parameters affecting the PE’s chain 

morphology are salt concentration and salt type 11-12. With the increase of salt concentration, 

the end-to-end distance of the PE chain decreases13 due to the reduced electrostatic repulsion 

between monomers which in turn decreases the persistence length. Divalent and trivalent 

salts are found to reduce the length of the PEs even more effectively compared to the 

monovalent salt due to the larger screening and the additional ion-bridging effect12-13.

Single-stranded (ss) DNA is a polyelectrolyte whose backbone is negatively charged due to 

the phosphate group, yielding a one-unit charge per 0.17 nm. The persistence length of 

ssDNA chain depends on the ionic strength of the added salt in the surrounding environment 
14. Studies suggest that cations such as Na+, K+, Mg2+ etc, typically present in biological 

systems, can effectively attach to the DNA backbone and modify an interaction of DNA 

monomers15-16. In the presence of multivalent salt and higher salt concentration, DNA 

condensation may also take place17. Mg2+ ions are abundant in biological systems; thus, it is 

important to understand their effect on the DNA. Mg2+ can also promote the binding of 

pharmaceutically relevant molecules to the DNA; thus, it is important in drug delivery 

applications 7. Many studies were conducted to understand the effect of salt concentration and 

cation valence on the PE chain confirmations11-13, 18-20. The work by Chen et al, investigated 

the flexibility and conformation of nucleic acid using SAXS and smFRET measurements and 

reported that the screening efficiency of divalent salt is significantly larger than in 

monovalent salt evirinoments for both ssRNA and ssDNA21. However, when these PEs are 

attached to the nanoparticle surface, high curvature, inter-chain effects, and local constraints 

add complexity; thus, a detailed study on the effect of cation environment on the behaviour of 

nanoparticle-grafted PE is required. 

The question about the state of PE shell was investigated for curved surfaces  22-23, but the 

ability to form a well-defined nanoscale system provides an opportunity to study a chain 
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behaviour and involved interactions at the nanoscales in detail and for different regimes24. In 

this respect, such a PE system as DNA-grafted nanoparticles are particularly useful due to the 

exquisite control over a chain length, grafting density of chains, and particle diameter. DNA-

mediated nanoparticles systems are promising for programmable material assembly25-27, and 

understanding the chain behaviour in ionic environment sis critical for controlling an 

assembly processes and manipulating interparticle distances 25, 28-30. Moreover, this question 

also becomes highly relevant when DNA origami is employed for nanoparticle 

organizations31-32 due to magnesium required for DNA origami stability33-34.

DNA-coated nanoparticles attracted much attention as building blocks for controlling 

nanomaterials assembly using DNA-programmable interactions35-37. A specifically defined 

complementary ssDNA sequence can form stable bonds via Watson-Crick (WC) base pairing, 

resulting in double-stranded (ds) DNA. This stable base pairing can be utilized to prescribe 

interparticle binding through a combination of DNA shell designs on nanoparticles, 

nanoparticle sizes and by the use of different DNA linking motifs, variety of self-assemble 

lattices can be formed37-40. Different types of DNA crystal lattices and control of their 

dynamic behaviour were shown through a design of the DNA shells, where the enthalpic and 

entropic contributions were balanced in a specific way41-43. Molecular dynamics simulations 

have shown that for densely grafted DNA gold nanoparticles, long-range attractions can be 

induced at the higher salt concentration environments24. This reduction in electrostatic 

repulsion and increase in long-range attraction can lead to stable macroscopic crystals. In a 

high salt environment, even without Watson Crick base-pairing, a macroscopic self-assemble 

structure can be formed44. Different models such as DLVO theory45, liquid crystal theory, 

Daoud-Cotton model46 have been applied to understand the effect of salt concentration on the 

PEs. The DNA-AuNP self-assembly has previously been reported to study the effect of salt 

concentration44, 47, pH3, 48, controllability of the superlattice, etc. Previously reported work by 

Luo’s group has used a combination of SAXS experiment and Daoud-Cotton model to 

understand the effect of DNA coated nanoparticles in a 2D system and reveal the effect of 

salt concentration on the DNA chains44.

The present work focuses on understanding the behaviour of DNA chains on spherical 

nanoparticles at monovalent and divalent salt environments when particles are assembled in 

3D lattices via DNA hybridization; we also compare these behaviors with a trend observed 

for a trivalent salt environment. Thiol modified DNA chains were used for the gold 

nanoparticle functionalization, following their assembly into 3D lattices26. We applied a 
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synchrotron based in-situ small angle x-ray scattering (SAXS) method to systematically 

investigate the behaviour of DNA chains grafted on nanoparticle (NP) surfaces by studying 

changes in lattices at the different salt environments. 

Materials and Methods:

Thiol modified DNA chains (purchased from IDT) were used to functionalize gold 

nanoparticles (AuNP) of size ~10 nm and 15 nm (purchased from Ted Pella). The details of 

the oligonucleotides are given in Table S1.  In a typical functionalization process, the DNA 

and gold nanoparticles are mixed in the stoichiometric ratio of 100: 1, followed by incubation 

for about 8 hrs. The Phosphate Buffer (PB) of the desired volume is added to adjust the pH of 

the solution to about 7.4. NaCl salt was added incrementally to reach a final concentration of 

~ 0.2M, which is required for achieving a high DNA grafting density on nanoparticle surface. 

This procedure was followed by a centrifugation process for purification to remove the free 

chains. The DNA grafted nanoparticles have been characterized by UV-Vis and zeta potential 

measurements. 

For our salt-dependent studies, three DNA chain length systems (denoted here as sys A, B, 

and C) have been prepared with the corresponding 35, 50, and 65 nucleotides (monomers) per 

ssDNA chain. Out of the total number of nucleotides in an ssDNA chain in each system, 15 

bases were utilised for the inter-chain hybridization to promote inter-particle bindings. The 

complementary sequences design is described in Supplementary Material (TS1). To form a 

self-assemble structure, nanoparticles functionalized with complementary DNA chains were 

mixed in the 1:1 molar ratio at room temperature. These samples were further annealed for 2 

hours at few degrees above the DNA melting temperature to facilitate formation of the 

maximum number of complementary bonds between nanoparticles and to promote a 

supperlatice assembly. 

The monovalent (NaCl), divalent (MgCl2) and trivaelnt ([Co(NH₃)₆]Cl₃) salts of 99% purity 

were purchased from Sigma Aldrich and used by making solutions of desired concentration 

in 10mM phosphate buffer, pH 7.4. The ionic strength for NaCl was varied from 0.05 M to 

0.7 M, and for MgCl2, the ionic concentration in the range of 0.015 M to 0.21 M was used in 

our studies. 

The in-situ structural morphology studies of DNA-AuNP superlattices were performed using 

high-resolution synchrotron based Small Angle X-ray Scattering (SAXS) technique (X9 
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beamline of National Light Source, wavelength, λ=0.918 A˚, wavevector in the range of 

0.005 A-1˚ < q < 0.13 A-1˚ ). Samples with crystalline aggregates of DNA-NP assemblies at 

varying concentrations of added salts were sealed in quartz capillaries to avoid any error in 

salt concentration due to solvent evaporation. The structure factor S(q)(= I(q)/F(q) ) was 

calculated from the measured x-ray scattering intensity profiles, I(q), obtained by integration 

of the calibrated CCD images. F(q) is a nanoparticle form factor obtained from measuring the 

scattering intensity of dispersed DNA-AuNP, and q is a wave vector. 

Results and Discussions:

We show in Figure 1a, a schematic representation of the lattice response due to the changes 

in the nanoparticle shells of polyelectrolyte chains (DNA chains in our studies) upon the 

addition of monovalent and divalent salt. The DNA chains are expected to show a more 

significant reduction in divalent salt environments than in monovalent environments, hence 

resulting in the smaller size of the unit cell in the DNA-NP lattice. For example, we show 

structure factors, S(q), extracted from the SAXS data, for Sys B at various concentrations of 

divalent salt (MgCl2) in Fig 1b. The presence of multiple peaks in the ratio of 1, √2, √3, 2, 

√5, and so on, indicates the formation of assembly with a long-range order, where NPs are 

arranged in closed packed body-centered cubic (BCC) lattice. Inter planar distances, d was 

calculated from the first peak position of the S(q) as d = 2π/ q1, where q1 is the position of the 

first-order peak of the structure factor. The center-to-center AuNP distance was obtained as, a 

= d .  In this case a half of the surface-to-surface distance provides an estimation on the √
3
2

DNA brush length, H (H = (a-10)/2 nm), for DNA chains grafted  onto a surface of the 10 nm 

NPs arranged in the BCC lattice (Fig 1a). This approximation does not account for the 

formation of double helix part due to WC pairing due to more complex confirmations of 

grafted chains in a lattice arrangement. Thus, in this study, we use H as an effective measure 

of DNA brush length in a NP shell.  

The data in Figure 1b indicate a shrinkage of the nanoparticle lattice due to a brush thickness 

decrease upon an increase of ionic strength for added salt, as evident from a postion shift of 

the scattering peaks in S(q) towards higher q.  Qualitatively similar behaviour was observed 

for all studied systems (A, B, and C) when concentrations of monovalent (NaCl) and divalent 

(MgCl2) salts were increased. However, the detailed comparison, as we discuss below, 

demonstrates that H decreases stronger with salt concentration increase for divalent salt than 
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for the monovalent case. We further compare this observations with the behavior in a trvalent 

salt.

The estimates of the DNA chain length, H, at varying ionic strength, Cs, of monovalent and 

divalent salts, for all the systems, are shown in Figure 2a, b, respectively.  The estimates of 

ionic strength were obtained using, Cs =  , where  and  , are molar salt 
1
2∑𝑛

𝑖 = 0𝐶𝑖𝑧2
𝑖 𝐶𝑖 𝑧𝑖

concentration and charge of the ith ion, respectively. It is to be noted that in order to achieve 

the H comparable to the highest monovalent concentrations (~0.8M), an order of magnitude 

lower concentration is required for the divalent salt. For example, the estimate of H for Sys A, 

Sys B, and Sys C, at added ionic strength of monovalent salt of 0.05 M is 7.2 nm, 9.5, and 

12.2 nm, respectively, whereas, at similar ionic strength (0.06M) of divalent salt, the 

corresponding estimates were found to be 4.2 nm, 6.4 nm, and 8.1 nm respectively. This 

indicates that the decrease in change length is larger by ~ 71, 48, 51 %, respectively, for 

divalent vs monovalent salt, and the corresponding change in DNA-NP lattice by volume is 

133, 105, 126%. 

To quantify the change of a DNA chain length with salt, we have performed analysis by 

fitting the H vs Cs data to ~ Cs
 -α form of power-law decay, where α is the decay exponent as 

shown in Figure 2a,b. Interestingly, we find the estimate of α is independent of the DNA 

system and depends on monovalent and divalent salts. The average values of α, for 

monovalent and divalent salt environments, were estimated to be ~ 0.13 ± 0.01 and 0.24 ± 

0.012, respectively, thus indicating approximately two-fold larger exponent for the divalent 

systems. The obtained value of α for the studied DNA-NP systems in a monovalent cation 

environment is in accordance with the previously reported values (~ 0.14) by Hariharan et al 
23, for PE chains grafted on spherical polystyrene particles.  The nearly doubling of α for 

divalent cations indicates that a more complex phenomenon might be controlling the length 

of chains brush.

The addition of monovalent salt in case of free PEs in solution leads to a dependence that 

scales as H~ Cs
 -0.1, which can be primarily understood by the electrostatic interactions of the 

monovalent salt with the PEs monomers49. Previous reports have shown that not only the type 

of cation but the geometry of the chains, for example, free chains in bulk 14, 49-51, surface 

grafted chains as planar brushes23, 52-55, or star polymers 46, 56 can play a significant role in 

defining the chain morphology in the presence of the counterions. In the case of a neutral 

polymer chains tethered to planar surfaces, the scaling of the brush length, H, with Cs is given 
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as,  H ~ kNa(σ)1/3 Cs
-α , N is the number of monomers, a is the monomer size and σ is the 

grafting density. In the case of a planar brush, the expected value of α ~ 0.33,  as reported 

experimentally52 and theoretically57 .  To test the applicability of the planar brush model to 

our system, we first attempted to fit our data with a planar brush model (Fig S3).  As evident 

from the analysis (Supplementary Material), this model is unable to capture the dependence 

of H on Cs . This suggests that the modified Daoud-Cotton model, which incorporates the 

curvature effect on the polymer chain morphology, might be more appropritate in this case. 

Hence,  we have applied a modified Daoud-Cotton model that was developed to explain the 

morphology of star polymers46. This model allows us to understand the effect of excluded 

volume, the number of nucleotides, and chain density on polyelectrolyte chain morphology. 

However, this model cannot be directly used to assess the structural morphology of grafted 

PEs on spherical surfaces, as it does not account for the curvature effects. Further, Zulina 56 

and Hariharan et al. 23 modified the original Daoud-Cotton model46 to include the 

electrostatic and surface curvature effects. Since the excluded volume of the PE chain 

depends in a complex manner on the ionic strength, this effect should be considered 

explicitly.  The electrostatic effect on excluded volume parameters was further incorporated ( 

Section IV of Supplementary Material), and the corresponding PE brush length is described 

by the following equation 44,

                             [1]
𝐻
𝑅 +1 = [1 +

𝐶 ―𝛼1/3
𝑠 𝐾𝑁(3 ― 𝛽1)/3𝑎

𝑅 (𝜎)
1
3]

3
5

where R is the radius of spherical surface (nm),  the scaling constant is close to 1 and 0.5 𝐾 𝑖𝑠

for monovalent salt and divalent salt respectively,  is the number of nucleotides 𝑁

(monomers), a is the monomer size (nm), and  is the grafting density (nm-2) of the DNA 𝜎

chain on a nanoparticle surface. For 10 nm particle, the grafting density is ~ 0.22 nm-2, 

corresponding to approximately 70 DNA chains per particle. The exponent, α1 and β1, are the 

fitting parameters for determining the scaling of the DNA brush length on Cs and N, 

respectively, as given in equation 1. 

We applied the equation 1, to fit the experimental data and the fit results for monovalent and 

divalent cases are presented in Fig. 2c and Fig. 2d, respectively. The fit to our data using this 

modified Daoud-Cotton model (Eq. 1) provides insight into the interactions of counterions 

with the DNA chains. In our analysis, the value of exponent β1 is fixed to 0, according to the 
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scaling relation (H ~ N3/5) for polymer chains for good solvent45, 58. Additionally, we also 

verified the fit parameters by considering a poor solvent condition for DNA chain 

morphology (Section V of Supplementary Material).  We find that although we can fit the 

data, the fit-estimated N is much higher than a real (designed) value,  indicating that the 

assumption of poor solvent is not valid here. The parameters obtained from the fit are 

summarized in the table TS4.  The general applicability of the model was tested by perfoming 

the fit to our data using Eq.1 by allowing to vary the known parameters such as R, N, β1, as  

discussed in detail in Section VI of Supplementary Material. This, however, results in larger 

errors, therefore, all our fit was performed at the fixed values of the known parameters. The 

values of α1 obtained from a fit is independent of the DNA chain length, and they 

approximately equal to 0.56 ± 0.03 and 0.96 ± 0.05 for monovalent and divalent salt, 

respectively. The Daoud-Cotton model and the power-law analysis provides us with the 

corresponding estimates of α (= ~ 0.11 and ~ 0.13 for monovalent salt, while for divalent  
𝛼1

5 ) 

salt the α values are correspondingly ~ 0.20 and ~ 0.24. The power-law analysis and the 

discussed modified Daoud-Cotton model fit indicate that the divalent cations might 

contribute to the decrease in chain length not only through the screening mechanism, but the 

additional ion-mediated effect might be considered. This effect is responsible for a higher 

value of α and hence stronger dependences of DNA chain length on divalent salt 

concentration. Two major effects that might contribute to this behaviour, overcharging of the 

DNA chain backbone by the divalent ions 12-13 and attraction between like-charged 

polyelectrolytes leading to ion-bridging 16, 59-60. 

Overcharging is a phenomenon reported for charged PEs in the presence of a high 

concentration of divalent cations12-13, 61. In such a scenario, the initial decrease in PE chain 

length due to the screening of electrostatic repulsion is followed by an increase in length due 

to interchain repulsion from overcharging that occurs due to absorbed cations. Indeed, it has 

been observed for free ssDNA that at intermediate concentrations of divalent salts, the cations 

initially neutralize the charge on PEs12. Further increase in a divalent salt concentration leads 

to overcharging on the PE backbone via adsorption of the divalent cations, resulting in 

repulsion between the monomers of the chains. The overcharging phenomenon is 

accompanied by a signature of non-monotonic change in the dependence of PE chain length 

on a salt concentration 13, 19, 61. In contrast to free DNA chains,  no upturn was observed for H 

vs Cs dependence in our experiments, even at the highest divalent salt concentration, thus 

indicating no evidence of overcharging for DNA-NP systems. This observation suggests that 
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for DNA shell of grafted chains a non-specific coupling between added cations and DNA 

chain backbone, not-only screens the like charge repulsion but also induces an attraction 

within and between DNA chains in the case of divalent salt.  In literature such attraction were 

found to occur due to non-specific binding of the multivalent cations to the closely packed 

phosphate backbone for double stranded DNA62 and branched DNA structures 63 59, 64.  To the 

best of our knowledge, the ion-bridging mediated attraction phenomenon is observed for 

double-stranded DNA with cation valency > 265 or salt ions with non-linear structure60, 65.  

We have further compare the observed effects with the behaviour in the trivalent salt 

([Co(NH₃)₆]Cl₃). For our DNA-NP system, we find that the trivalent salt  is very effective in 

screening the electrostatic repulsion (Section VIII in Supplementary Material). Overcharging 

is predominatenly observed for salts with valency ≥ 312, 20. For the discussed DNA-NP 

system, we do not observe the evidence of the overcharging effect for trivalent salt: DNA 

chains were found to collapse at very low Cs of 2.4 mM DNA and remain at this conditions 

for higher Cs (Fig. S5). The previous studies suggest that the monovalent and non-specifically 

binding divalent cations cannot induce the aggregation of double-stranded DNA. To observed 

DNA condensation using divalent salts, dsDNA chains with specific sequence64, triple-

stranded DNA chains66 are required for enhanced attraction between closely spaced 

phosphate backbones wherein cations bind and mediate attraction via ion bridging66. 

It is interesting to note that the DNA-NP systems in our studies primarily constitute  single-

stranded DNA, with the dsDNA components of ~ 33%, 18%, and 13% for sys A, B, and C, 

respectively.  Even for sys C, with the smallest composition of dsDNA (13%), a strong effect 

of divalent cation is observed. We measured an approximately two-fold decrease of DNA 

brush length in the presence of added divalent salt compared to a monovalent salt.  It is well 

known that divalent cations attract to the DNA phosphate backbone stronger than monovalent 

ones, and this, through the reduced repulsions between monomers,  can result in a decrease of 

a chain length16. Mg2+ ions are found to reside in the pockets formed by the phosphate 

backbone, but at the same ionic strength, Na+ ions do not bound to the phosphate backbone as 

strongly as Mg2+ ions60, 62, 64.  We propose that the divalent mediated ion-bridging effect in 

our system (which is primarily ssDNA) is due to the high density of DNA chains on a 

nanoparticle surface, and this can effectively facilitate both inter-and intra- DNA chain 

interactions leading to cation mediated attraction. A similar effect of divalent salt on DNA-

chain length was observed for DNA coated NPs assembly at air-water interface44.  Our study 
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suggests that divalent salt mediated ion-bridging can also be observed for ssDNA chains in 

high density environments.

To further quantify the DNA chain response to salt, the difference between the brush length, 

Δ H = (Hmonovalent – Hdivalent), for monovalent and divalent salts at same ionic strength, is 

plotted in Fig 3. The estimate of  increases at the low salt concentration and then saturates 𝛥𝐻

at the specific ionic strength, C*
s. All the studied systems exhibit this behaviour. To quantify 

the value of C*
s, we have used an exponential growth function (Supplementary Material) to 

fit the experimental (Cs) dependence, which yields C*
s  ~ 0.07 M, 0.11 M, and 0.16 M for 𝛥𝐻

sys A, B, and C respectively. It is evident that the estimation of Cs at which  saturates is 𝛥𝐻

shifted towards a higher value, indicating that a saturation ionic strength, C*
s, depends on the 

number of monomers per DNA chain. 

Considering the number of grafting chains, approxiemetly 70 chains/particle for all studied 

systems, we find that the negative charge density is about 6.7 e/nm2, 11.1 e/nm2, and 14.4 

e/nm2 for the sys A, sys B, and sys C, respectively. As a number of nucleotides increases in a 

DNA chain, there is an increase in charges per unit area; thus, a larger number of cations are 

required to neutralize DNA chains. Moreover, for longer DNA chains, a larger number of 

Mg2+ ions is required to form the same number of bridges. Therefore, this explains why we 

observe an upshift in the saturation value of  as the number of monomers per DNA chain 𝛥𝐻

increases.

We porpose that for our systems two effects, the ion bridging and the electrostatic screening, 

might be responsible for the observed behaviour. The electrostatic screening is present for all 

ranges of salt concentrations for both monovalent and divalent cases. For monovalent 

scenarios, both the power-law exponent and Daoud-Cotton model fittings, suggest that the 

change in DNA brush length can be understood by the screening of electrostatic repulsions. 

However, for a divalent system, one needs to consider the overlaying effect of ion-bridging as 

well.  The data presented in Figure 3 suggests that at the low ionic strength both the ion-

bridging and charge screening are contributing, which leads to the greater decrease of the 

brush length for a divalent salt. For the higher ionic strength, an ion-bridging saturates, and 

only charge screening effect occurs, leading to the saturation of the  at these salt 𝛥𝐻

concentrations. Since the ion bridging occurs within an ssDNA backbone, it is expected to 

depend on the number of monomers per chain.  For shorter chains, fewer bridges are formed; 
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thus, a saturation point will occur at the lower Cs compared to longer chains, as evident from 

the data shown in Figure 3. 

To further understand the effect of ion-bridging for DNA chains grafted to a spherical 

nanoparticle, we have investigated an AuNP system with a larger, 15 nm nanoparticle core 

diameter, which was functionalized with DNA used for sys B. With an estimate of ~ 70 and 

100 DNA chains per 10 nm and 15 nm particles67, we calculated ~ 63% decrease in grafting 

density. Owing to the curvature effect, the DNA chain on 15 nm AuNP is expected to adapt 

less extended morphology compared to the 10 nm system. The power-law analysis for 

systems with 15 nm core NP at various concentrations of monovalent and divalent salts is 

shown in Figure 4a. For added NaCl, 15nm AuNP exhibits a power-law exponent,   0.14, 

close to the exponent for 10 nm systems (~0.12). However, the H (Cs) dependence for MgCl2 

exhibits two different slopes: in the low salt concentration regime, α is about 0.29, followed 

by a change in slope to α ~ 0.15 at Cs ~ 0.2M,  close to a value observed for NaCl case. 

Beyond 0.2 M, the lower exponent (also plotted on a linear scale (Fig S5b), indicates that ion-

bridging is maximized. At these concentrations, chains adopt a mushroom-like conformation 

and are pinned stronger to the nanoparticle surface. The schematic of the proposed 

mechanism for the observed change for DNA brush is shown in Figure 4b.

In summary, we report the behaviour of nanoparticle-grafted DNA chains in a divalent 

(Mg2+) salt environment that indicates an ion-bridging mediated attraction of chains. Our 

experimental results and analysis suggest that the ion bridging and the electrostatic screening 

effects are primarily the major factors driving the morphology of DNA chains on 

nanoparticle surfaces. For the monovalent salt, the change in DNA brush thickness is mainly 

determined by the electrostatic screening of monomers; however, for the divalent salt, our 

data suggest the effect of ion bridging, thus, leading to about doubling of the power-law 

exponent. The chain collapse was observed at the low contcentration of trivalent salt, and it 

remained for all higher concnetrtions. The data for all studied system does not indicate the 

presence of the overcharging effect, even at the high salt concentrations.  This observation is 

further confirmed by altering the chain grafting density, where the ion-bridging and the 

electrostatic screening can be correspondingly observed at the low and high divalent salt 

concentrations.
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Conclusion:

This work investigates the behaviour of polyelectrolyte chains (ssDNA) grafted onto 

nanoparticle surfaces in the presence of monovalent and divalent cations. The salt-dependent 

morphology of the DNA chain is found to follow a modified Daoud-Cotton model. With a 

salt concentration increase, the thickness of the DNA shell decreases for both monovalent and 

divalent salts. While for the monovalent salt, the change in DNA chain length can be 

rationalized by an electrostatic screening, the behaviour of systems in divalent salt solutions 

can be explained through both electrostatic screening and iner- and intra-chain ion bridging 

effects. Previously, an ion-bridging mediated attraction was observed for dsDNA with cation 

valency greater than 3. Using trivalent salt, ([Co(NH₃)₆]Cl₃,  we find that the chain collapse 

occurs at a low (micromolar range) salt concentration, indicating strong effect of trivalent salt 

on DNA brush length.  The tertiary DNA chains or dsDNA with specific sequences were 

found to exhibit DNA chain attraction mediated via ion bridging in divalent salt 

environments. Our experimental results reveal that divalent cations can mediate an ion-

bridging for systems constituting primarily ssDNA compositions. Thus, through our 

experiments, we demonstrate that DNA condensation can occur in systems of high-density 

particle-grafted DNAs in divalent environments.  
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Figure 1: On overall design of the system and measurements (a) Schematic 
representation of the DNA chains linking nanoparticles (NP) and BCC DNA-NP 
superlattice for monovalent, NaCl and divalent, MgCl2, salt environments. (b) SAXS 
measured structure factor, S (q), for Sys B for increased concentration of divalent salt. 
The shift of x-ray scattering peaks towards a higher q indicates a lattice shrinkage with 
a salt concentration increase. 
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 Figure 2: Brush length (H) at varying ionic strength, Cs, for (a,c) monovalent and (b,d) 

divalent salts. The estimates of the power law exponent, α, are indicated along-side each 

system (a,b) The corresponding symbols used for various systems are identical in all 

plots. The measured H(Cs) dependence and a fit using a modified Daoud-Cotton model 

for discussed systems (A, B, C) for (c) monovalent (NaCl) and (d) divalent (MgCl2) salts. 

Solid lines are fit to the data using the equation 1 in the main text.
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Figure 3: The difference in DNA brush length ,  ) as a 𝑯 = ( 𝑯𝒎𝒐𝒏𝒐𝒗𝒂𝒍𝒆𝒏𝒕 ― 𝑯𝒅𝒊𝒗𝒂𝒍𝒆𝒏𝒕 

function of ionic strength, Cs. The exponential growth function has been used to fit the 

experimental data in order to estimate the saturation value for salt concentration.  

Page 18 of 19Soft Matter



19

Figure 4: The behaviour of a brush length, H, at the different salt environments (a) H vs 

Cs for Sys B for added cationic salt as indicated. A power law exponent of 0.29 is 

measured with cross-over at ~ 0.2M to value of 0.15, similar to that of monovalent 

systems. (b) Schematics of morphology of DNA grafted to nanoparticle surface in the 

presence of added monovalent and divalent salts. A cation mediated attraction leads to 

ion-bridging in case of a divalent salt (MgCl2). 
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