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ABSTRACT  

Alginates are marine polysaccharides known for their ability to selectively bind calcium ions and 

form hydrogels. They are widely used in biomedical applications but are challenging to produce 

as nanogels. Here we introduce a self-assembly route to create stable alginate-based nanogels 

under near-equilibrium conditions. Guluronate (G) blocks, which interact with divalent cations 

such as Ca²⁺, Ba²⁺, and Sr²⁺, were extracted from alginates and covalently linked through their 

reducing end to the reducing end of dextran (Dex) chains, forming linear block copolymers that 

self-assemble into micellar nanogels with a core-corona structure in the presence of these ions. 

Real-time DLS and SANS were used to study the self-assembly mechanism of the copolymer 

during dialysis against divalent ions. For the G12-b-Dex51 copolymer, we achieved spherical 

micelles with an 8 nm radius and an aggregation number of around 20. Although the type of 

divalent cation affected micelle stability, it did not influence their size. Micellar nanogels are 

dynamic structures, capable of ion exchange, and can disassemble with chelating agents like 

EDTA. 

KEYWORDS : alginate, block copolymer, self-assembly, dialysis, nanogel, micelle 
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INTRODUCTION  

As a green and abundant resource, polysaccharides are on the rise not only for mass-market 

applications such as packaging but also for high value-added applications, notably biomedicine 

and biotechnology, owing to their remarkable diversity of physicochemical and biological 

properties.1 Many polysaccharides are stimuli-responsive towards triggers such as pH, 

temperature, specific ions, or solvent exchange. Responses generally lead to conformational 

transitions which are often - but not always - associated with precipitation or gel formation. This 

is the case for alginates, which are well known for their propensity to form gel in aqueous solution 

when exposed to certain divalent ions such as calcium. Alginate hydrogels are primarily used as 

artificial extracellular matrix materials for tissue engineering, wound healing, cell encapsulation 

and drug delivery.2,3  

 Alginates comprise a family of polysaccharides isolated from brown seaweeds and some 

bacterial species.4 They are unbranched chains containing residues of 1,4- linked β-D-mannuronate 

(M) and its C-5 epimer, 1,4-linked α-L-guluronate (G) (Figure 1). The distribution of M and G 

residues is neither regular nor random. Instead, alginates contain both M-blocks, G-blocks, and 

polyalternating MG-blocks. They can be isolated by partial hydrolysis combined with fractional 

precipitation (Figure 1).5,6 The block-like structure results from a rather unusual biosynthesis 

where the homopolymer mannuronan is first synthesized, before guluronate residues are formed 

by processive enzymes (epimerases) in a post polymerization step (Figure 1). The G-blocks are 

responsible for Ca-induced chain-chain interactions and subsequent gelation of alginates.7 The 

initial chain dimerization is generally described by the classical egg-box model (Figure 1).8,9 Due 

to their 1C4 conformation, G-blocks have (compared to M-and MG-blocks) a more contracted 

https://dx.doi.org/10.1021/acs.biomac.4c00717
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conformation with higher charge density and cavities for Ca-coordination, leading to strong 

exothermic interactions between two or more G-blocks and Ca2+ ions.10 The affinity and selectivity 

of G-blocks with some alkaline earth metals is shown to increase in the order of Mg2+ << Ca2+ < 

Sr2+ < Ba2+.5  

Alginate gelation has been extensively studied on small scales to produce microgel or nanogel 

particles for various applications, including drug delivery systems and imaging agents.11–13 

Traditional methods for designing nano-sized alginate systems focus on manipulating gelation 

parameters (reactant concentration, pH, additives, shear),13,14 or by compartmentalizing the 

reaction volume using water-in-oil emulsion templates15,16 or microfluidic methods.17–19 However, 

these approaches typically do not produce particles that are in thermodynamic equilibrium. In such 

systems, the characteristics of the particles are influenced by the kinetics of the assembly process 

(i.e., how fast or slow the components meet, interact and form structures), leading to variability in 

particle size and structure. In contrast, under equilibrium conditions, the system reaches a stable 

state where the characteristics are determined solely by the thermodynamics (i.e., the composition 

and intrinsic properties of the components), regardless of the specific assembly route. Achieving 

equilibrium conditions is therefore essential to guarantee the consistency and reproducibility of 

nanogels, which is crucial when considering their large-scale production. 

To obtain alginate-based nanogels that approach thermodynamic equilibrium, we propose a self-

assembly strategy using double hydrophilic block copolymers (DHBCs).20 These copolymers, 

typically composed of a polyacid and a neutral water-soluble polymer, are known to self-assemble 

into micellar structures through electrostatic interactions with multivalent metal cations, as 

recently reviewed.21 The micelle characteristics are dependent on the block copolymer molar mass 

and composition. However, DHBCs made exclusively from polysaccharides have not been 

https://dx.doi.org/10.1021/acs.biomac.4c00717
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explored, largely due to the difficulty of synthesizing them.22,23 We have recently developed a 

simple, catalysis-free and cost-effective "click" chemistry approach that allows any pair of 

polysaccharides to be coupled at their reducing end using commercially available linkers based on 

alpha nucleophiles such as dihydrazides or, preferably, dioxyamines.24–29 Here, the DBHCs 

synthesized consisted of a guluronate (G-block) and a dextran block (Figure 1).6,28 By using G-

blocks, we expect to enhance the affinity for divalent ions (such as calcium), surpassing both the 

parent alginates28 and synthetic polyacids used in DHBCs.30–34 Besides, dextran, a biodegradable 

bacterial exopolysaccharide, is an attractive alternative to polyethylene glycol (PEG) in drug 

delivery due to its biocompatibility and simple repeating glucose units.35,36  

In this work, we investigate the self-assembly of oligoguluronate-block-dextran (Gm-b-Dexn) 

copolysaccharides in the presence of Ca²⁺, Sr²⁺, and Ba²⁺ ions. The objective is to achieve nanogel 

structures based on a G core crosslinked by divalent ions, surrounded by a stabilizing dextran 

corona. We will refer them as micellar nanogels. Unlike traditional micelles formed by amphiphilic 

block copolymers, the gel-like core is expected to enhance the stability of the self-assembly. 

Achieving small, finite-size micellar nanogels (< 100 nm) requires precise stoichiometric control 

between the ions and G units, as well as strict phase separation between the dextran corona and 

the G-block core.37 Under these conditions, the characteristics of the micellar nanogels should be 

fully governed by the molar mass and composition of the copolymer.  

As stated previously, in a true equilibrium system, the mixing pathway should not influence the 

self-assembly properties. However, in practice it is well-known that block copolymer assemblies 

can be trapped in long-lived metastable states due to slow polymer chain dynamics associated with 

large molecular weights.38–42 In order to favour the formation of micellar nanogels under near-

equilibrium conditions, the copolymer solution will be dialyzed against a solution of divalent ions, 

https://dx.doi.org/10.1021/acs.biomac.4c00717
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allowing for a slow and controlled self-assembly process. A dedicated dialysis cell will be 

employed to enable in situ monitoring of the nanogel formation by light and small-angle neutron 

scattering (Figure 1).43 We will also compare this method with more conventional mixing 

techniques in order to assess the impact of the different assembly processes on the final nanogel 

properties. 

The characteristics of the nanogels, including their stability under physiological conditions and 

disassembly in the presence of chelating agents, will be closely examined. Understanding how the 

composition of the block copolymers and the type of divalent ions influence the nanogels' physical 

properties is essential for assessing their potential in applications such as nanomedicine. 

Specifically, these micellar nanogels could serve as MRI contrast agents with heavy metal ions, 

offering advantages over other polysaccharide-based nanostructures due to their unique gel-like 

core and enhanced stability.  

https://dx.doi.org/10.1021/acs.biomac.4c00717
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Figure 1. Rationale towards the synthesis and self-assembly of oligoguluronate-b-dextran (Gm-b-

Dexn) copolysaccharides into micellar nanogels through coordination of the G blocks with divalent 

ions (calcium here as an example). Block copolysaccharide synthesis: block-like structure of 

alginates originating from the epimerization of mannuronan. G blocks are excised through 

https://dx.doi.org/10.1021/acs.biomac.4c00717
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selective acid precipitation of high guluronate alginate. (left) Partial acid hydrolysis and 

fractionation of dextran by GFC and the subsequent activation of the reducing end with PDHA. 

(right) Synthesis of Gm-b-Dexn block copolysaccharide by end coupling of Gm and Dexn-PDHA 

blocks. (bottom). Dialysis setup: home-made dialysis cell used for continuous kinetic monitoring 

of block copolysaccharide self-assembly in presence of divalent ions. A cellulose membrane of 

defined porosity is inserted between the central scattering cell containing the copolymer solution 

and the lateral reservoirs containing the CaCl2 solution. The gradual diffusion of divalent ions 

triggers the stepwise formation of micellar nanogels. Egg-box junction model: the classical egg-

box model illustrating the coordination of the guluronate units around the calcium ions. Oxygen 

atoms highlighted in orange are those involved in coordination with Ca2+. Adapted from Refs9,44 

MATERIALS AND METHODS 

Materials  

Partially acid hydrolyzed, high guluronate alginate originating from Laminaria hyperborea 

stipes was obtained from FMC Biopolymer, Norway. The fraction of guluronate residues (FG) of 

0.90 was confirmed by NMR (see below). Dextran T-2000 (Mw = 2 000 kDa) was purchased from 

Pharmacia Fine Chemical. O,O′-1,3,-propanediyl-bishydroxylamine dihydrochloride (PDHA) and 

2-methyl-pyridine borane complex (PB) were purchased from Sigma-Aldrich and used as 

received. Deuterium oxide (D2O) (99.90 atom% deuterium) used for neutron scattering 

experiments was purchased from Eurisotop (France). All other chemicals were obtained from 

commercial sources and of analytical grade. 

Preparation of oligoguluronate and dextran blocks. 

Guluronate (Na+ form) oligomers (G oligomers) with narrow molecular weight distributions 

were obtained as previously described.45 In brief, the parent (partially hydrolyzed) alginate (DPn 

https://dx.doi.org/10.1021/acs.biomac.4c00717
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37, FG = 0.90) was fractionated according to DP by gel filtration chromatography (GFC). Fractions 

were characterized by SEC-MALS (chain length and dispersity) and NMR) (Table 1). High 

molecular weight dextran was partially hydrolyzed in 0.05 M HCl as previously described and 

further fractionated according to DP by GFC.28 Narrow molecular weight dextran fractions were 

selected and characterized by SEC-MALS (Table 1 and Figure S1).   

Preparation of PDHA-conjugates dextran 

PDHA-conjugated dextran oligomers were prepared according to a previously reported 

method.26,28 In brief, amination at the reducing end of dextran with excess PDHA (10 equiv.) was 

performed in a 500 mM sodium acetate (NaAc) buffer pH 4.0 at room temperature. After 24 h, PB 

was added (20 equiv.) and the reaction was continued at 40°C for 24 h. The reaction mixture was 

subsequently terminated by dialysis (3.5 kDa MWCO) and freeze dried. Narrow dextran-PDHA 

fractions were subsequently obtained by GFC. Fractions were pooled according to elution volume, 

dialyzed, freeze dried, and characterized by NMR and by SEC-MALS (Table 1 and Figure S1).  

Preparation of Gm-b-Dexn block copolysaccharides 

The Gm-b-Dexn diblocks were prepared as previously described.28 The m and n valuers refer to 

DPn values determined for each block prior to coupling. In brief, oligoguluronate blocks (21 mM) 

were added to 3 equiv. of PDHA-dextran dissolved in 500 mM NaAc pH 4. After 24 h, PB (3 

equiv.) was added, and the reaction was left on shaking at room temperature for 120 h. The reaction 

mixture was dialyzed and freeze dried, before excess PDHA-dextran was removed by GFC or 

selective extraction with ethanol. Finally, fractions corresponding to the diblock were pooled, 

dialyzed and freeze dried. The purified block copolysaccharides were analyzed by NMR and by 

SEC-MALS (Table 1 and Figures S1-S3). A small fraction of free Dex51-PDHA (< 10 wt.%) was 

https://dx.doi.org/10.1021/acs.biomac.4c00717
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detected by SEC-MALS, which should not affect the block copolymer self-assembly due to its 

non-interacting behavior with divalent ions (Figure S1.b). 

Semi-preparative gel filtration chromatography (GFC) 

GFC was performed on three Superdex 30 (preparative grade) columns (HiLoad 26/ 60, 26 mm 

× 60 cm, GE Healthcare Life sciences) connected in series. Alternatively, for higher separation 

capacity, two serially connected columns (same packing material) BPG 140/950 were used. The 

mobile phase (0.1 M ammonium acetate (AmAc, pH 6.9) was eluted at a flow rate of 0.8 mL.min-

1 (20 mL.min-1 for the larger columns). Samples (1.0 – 50 mg.mL-1) were dissolved in the mobile 

phase and injected. The separation was monitored by an on-line RI detector (Shodex R1-101). 

Fractions were pooled according to elution volume. Fractions were dialyzed against 50 mM NaCl 

(2 shifts) and milliQ water until the conductivity was below 2 μS.cm-1 and freeze-dried.  

Nuclear magnetic resonance (NMR) 

Polysaccharide samples were dissolved in 500 μl D2O (99.9% D; Sigma-Aldrich) (10 – 12 

mg/ml). For samples where pD was adjusted, DCl or NaOD was used. Samples were either 

analyzed at the temperature 25 °C, 27 °C, or 82 °C. Analyses were performed on a Bruker Ascend 

600 MHz instrument equipped with Avance NEO electronics and a 5-mm Z-gradient CP- TCI 

cryogenic probe. All data were recorded, processed, and analysed using TopSpin software version 

3.5pl7 or 3.6.1 (Bruker BioSpin).  

Size exclusion chromatography with multi-angle light scattering (SEC-MALS) 

Molar masses were analyzed by size exclusion chromatography with multiangle light scattering 

detection). The samples (1 – 3 mg.mL-1) were dissolved in the mobile phase (0.15 M NaNO3 with 

10 mM EDTA) and filtered (0.45 μm) prior to injection. An Agilent Technologies 1260 IsoPump 

with a 1260 HiP degasser was used to maintain a flow of 0.5 mL.min-1. Volumes of 50 – 100 μL 

https://dx.doi.org/10.1021/acs.biomac.4c00717
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were injected from an Agilent Technologies Vialsampler. TSK Gel columns 4000 and 2500 PWXL 

were connected in series. A DAWN Heleos-II detector from Wyatt Technology was connected in 

series with a Shodex refractive index detector (RI-5011). Astra 7.3.2 software was used for data 

collection and processing. Molar masses of Gm and Dexn precursors, Dex-PDHA and Gm-b-Dexn 

copolysaccharides are given in Table 1. The values of refractive index increment (dn/dc in mL.g-

1) used for MALS analysis were 0.150 and 0.148 for for Gm and Dexn, respectively. No significant 

variation of the dn/dc value of dextran was found for molar mass ranging 5,000 from 20,000 g/mol 

(data not shown). Second virial coefficients (A2) were taken to be 5.0 x 10-3 and 2.0 x 10-4- 

mL.mol.g-2 for alginate and dextran, respectively. For block copolysaccharides, dn/dc and A2 

values were averaged according to the mass composition of the copolymers. The cross-interaction 

term was not considered for A2 due to negligible interaction between Gm and Dexn blocks. 

 

High-performance anion-exchange chromatography/pulsed amperometric detection (HPAEC-

PAD) 

The chain length distribution of oligoguluronates was determined by HPAEC-PAD essentially 

as described by Aarstad et al.46 (Figure S4). In brief, samples were dissolved in water (0.1 – 1 

mg/ml) injected into a Dionex BioLC system (Dionex, Sunnyvale, CA) equipped with an Dionex 

IonPac AS4A (4 x 250 mm) anion exchange column connected to an IonPac AG4A (4 x 50 mm) 

guard column. The system was eluted with a linear gradient of 8.75 mM sodium acetate in 100 

mM NaOH. Data acquisition and analysis were performed using Chromeleon 6.6. software.  

 

Table 1. Molar mass averages of Gm-b-Dexn block copolysaccharides (after purification by GFC) 

and the corresponding starting materials (Gm and Dexn-PDHA) and other oligoguluronates used in 

https://dx.doi.org/10.1021/acs.biomac.4c00717
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the study. Molecular weights were obtained by SEC-MALS or for the lowest DPs also by HPAED-

PAD. Subscripts (G12 etc.) refer to the DPn values. Chromatograms are given in the Supporting 

Information (Figures S1-S3). 

 Mn (kDa) Mw (kDa) DPn (HPAEC-
PAD)  

G12 2.0 2.0 12 (2.3 kDa) 
G15 3.0 3.0 15 (3.0 kDa) 
G19 3.8 3.8  
G37 7.5 7.9  
Dex45-PDHA 7.4 7.4  
Dex51-PDHA 8.3 8.5  
G12-b-Dex51 12.4 12.8  
G19-b-Dex45 11.1 11.6  
G37-b-Dex51 17.0 18.7  

 

Dialysis cell device  

A dedicated device made in PEEK was designed in collaboration with the large-scale structures 

group at the Laue Langevin Institute (ILL) to conduct SANS measurements during dialysis (Figure 

1 and Figure S5).43 The central part consists of a discoid scattering cell of 4.5 mL with two quartz 

windows, creating a measurement path that can be adjusted to either 1 or 2 mm. Two slits on the 

side allow ion exchange to take place through an ultrafiltration membrane of defined porosity 

(Millipore). Two lateral tanks of 250 mL each containing the exchange solution of divalent ions 

are connected to the cell. Two holes drilled on the top of the cell allow the filling and removal of 

the sample and also the insertion of a conductivity probe. The copolysaccharide solution in the cell 

and the salt solution in the reservoir are continuously homogenized under magnetic stirring during 

the dialysis. A temperature-controlled PMMA housing can simultaneously host three dialysis cells. 

In a typical dialysis experiment, a solution of block copolysaccharides at 4 g.L-1 in 10 mM NaCl 

https://dx.doi.org/10.1021/acs.biomac.4c00717
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was dialyzed at 25°C against 2 x 100 mL of 20 mM solution of divalent ions containing 10 mM 

NaCl. Deuterated water was systematically used for SANS dialysis experiments.  

In situ time-resolved Dynamic Light Scattering (DLS) 

In situ time-resolved DLS experiments were performed with a Vasco KinTM device (Cordouan 

Technologies) equipped with a contactless remote head operating at a wavelength of 638 nm with 

a detection angle at 170° (back-scattering). The remote head was positioned at an incident angle 

of 30° to the dialysis cell window in order to prevent back reflection (Figure S5). The light 

scattering signal was acquired continuously during the whole dialysis period and then processed 

using NanoKinTM software (Cordouan Technologies). The time-resolved light scattering raw data 

were first sliced into equals periods of time, then the correlation functions were fitted using a 

continuous multimodal analysis algorithm named Sparse Bayesian Learning (SBL) to access the 

intensity-weighted particle size distribution.  

In situ time-resolved Small Angle Neutron Scattering (SANS) 

SANS is a perfect technique to obtain structural information of any type of particles in the range 

of Å up to micrometer size. The principle of SANS can be found in the following reference.47 

Briefly, a collimated neutron beam impinges a solution sample through an aperture of 13 mm 

diameter and the scattered intensity is recorded as a function of the scattering angle θ, such that 

the momentum transfer 𝑞𝑞 is defined as 𝑞𝑞 = 4𝜋𝜋
𝜆𝜆
𝑠𝑠𝑠𝑠𝑠𝑠 �𝜃𝜃

2
� where λ is the neutron wavelength. In situ 

time-resolved SANS experiments were performed during dialysis on the D22 SANS spectrometer 

at the ILL. The wavelength was set at 6 Å and the collimation at 17.6 m, with detector distances 

of 17.6 m and 1.4 m for the two detectors allowing to capture a dynamic 𝑞𝑞 range of 0.003 up to 

0.6 Å-1 in a single shot. The intensity presented in absolute units is obtained after correction by the 

https://dx.doi.org/10.1021/acs.biomac.4c00717
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empty sample container, the blocked beam, the sample transmission, and incoming neutron flux 

through a direct beam measurement. Data reduction was performed using Grasp.  

SANS data were fitted using the SASVIEW software with a sphere form factor:48 

𝐼𝐼(𝑞𝑞) =
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑉𝑉

 �3 𝑉𝑉 ∆𝜌𝜌 
sin(𝑞𝑞𝑞𝑞) − 𝑞𝑞𝑞𝑞 cos (𝑞𝑞𝑞𝑞)

𝑞𝑞𝑞𝑞3 �
2

+ 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 

where the 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the volume fraction of spheres, 𝑉𝑉 is the volume of the spheres, 𝑟𝑟 is the radius 

of the spheres and the 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the intensity due to incoherent scattering. ∆𝜌𝜌 is the 

scattering length density (SLD) difference between the scatterer and the solvent (D2O). The 

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 value was imposed for each SANS curve from the readout value of the intensity at 

high q. The scale linked to the assumed constant volume fraction was set. The two fitted parameters 

were then the SLD and the radius of the spheres. A Gaussian polydispersity function was set 

manually (associated with the standard deviation σ). The acquisition of the spectra during the 

dialysis was performed in 5-minute slices every 15 minutes in order to allow the simultaneous 

acquisition of three dialysis cells placed on a dedicated sample holder including dedicated stirring 

units. 

Batch Static and Dynamic Light Scattering (SLS and DLS) 

Multiangle static and dynamic light scattering (SLS, DLS) experiments in batch mode were 

performed using an ALV/CGS3 compact goniometer equipped with an ALV/LSE-5004 light 

scattering electronics and an ALV-7004 multi tau digital correlator with pseudo-cross correlation 

detection. The light source was a 22 mW He-Ne laser operating at λ0 = 632.8 nm. Measurements 

were carried out at 25°C. For static light scattering analysis of micellar nanogels, the scattered 

intensities at multiple angles and various concentrations were analyzed according to the Rayleigh-

Gans-Debye (RGD) equation by plotting the logarithm of the reciprocal of the scattering intensity 

against 𝑞𝑞2 + 𝑘𝑘𝑘𝑘 (Guinier modification of the Zimm plot)49 which provided best data linearization: 

https://dx.doi.org/10.1021/acs.biomac.4c00717
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ln �
𝐾𝐾𝐾𝐾
Δ𝑅𝑅�

= ln�
1

𝑀𝑀𝑤𝑤 �𝑒𝑒
−13𝑅𝑅𝑔𝑔

2𝑞𝑞2�
+ 2𝐴𝐴2𝑐𝑐� 

with Δ𝑅𝑅 the excess Rayleigh ratio, 𝑐𝑐 the mass concentration, 𝑀𝑀𝑤𝑤 the weight-average molecular 

weight, 𝑅𝑅𝑔𝑔 the z-average radius of gyration, 𝐴𝐴2 the z-average second virial coefficient, 𝑞𝑞 the 

magnitude of the scattering vector and 𝐾𝐾 the optical constant (contrast factor) where 𝐾𝐾 =

4𝜋𝜋2𝑛𝑛02(𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑)2/𝜆𝜆04𝑁𝑁𝐴𝐴 with 𝑛𝑛0 the refractive index of the solvent, (𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑) the refractive index 

increment, 𝑁𝑁𝐴𝐴 the Avogadro number and 𝜆𝜆0⬚ the vacuum wavelength of the primary beam. The 

excess Rayleigh ratio was obtained at various concentrations and detection angles according to: 

Δ𝑅𝑅 =  
𝐼𝐼 − 𝐼𝐼0
𝐼𝐼𝑇𝑇

�
𝑛𝑛0
𝑛𝑛𝑇𝑇
�
2
𝑅𝑅𝑇𝑇 

with 𝐼𝐼, 𝐼𝐼0, 𝐼𝐼𝑇𝑇 the scattered intensities of the particle dispersion, solvent and toluene measured at 

varying scattering angle 𝜃𝜃 and 𝑅𝑅𝑇𝑇 the Rayleigh ratio of toluene (1.355 x 10-5 cm-1).50 The RGD 

equation applies when 𝑞𝑞𝑅𝑅𝐺𝐺 ≪ 1 (Guinier regime), that is, for particles of smaller size than the 

observation scale (𝑞𝑞−1). The refractive index increment of polymer particles 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 was 

determined with a differential refractive index detector (Optilab rEX, Wyatt Technology) working 

at λ0 = 658 nm. The suspension of block copolysaccharide nanogels collected after dialysis was 

diluted at different concentrations with 20 mM CaCl2 + 10 mM NaCl and dialyzed again against 

same solution to equilibrate the chemical potential prior to 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 determination. 

For DLS measurements, the normalized time autocorrelation functions of the scattered light 

intensity obtained at various angles (40° to 150°) were fitted with the constrained regularization 

method (CONTIN) which provides the distribution of relaxation times (τ). A single relaxation 

mode was found at each angle. Then, the z-average of the apparent mutual diffusion coefficient 

(𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎,𝑧𝑧) of polymer particles was determined by plotting Γ, the decay time (relaxation rate, τ-1) as 

https://dx.doi.org/10.1021/acs.biomac.4c00717
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function of the squared scattering vector (𝑞𝑞2). A linear plot was found from which 𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎,𝑧𝑧 can be 

derived, 𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎,𝑧𝑧 =  Γ/𝑞𝑞2. The apparent z-average of the hydrodynamic radius (𝑅𝑅𝐻𝐻,𝑧𝑧 ) was 

calculated according to the Stokes-Einstein equation:  

𝑅𝑅𝐻𝐻 =
𝑘𝑘𝐵𝐵𝑇𝑇

6𝜋𝜋𝜋𝜋𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎
 

where 𝑘𝑘𝐵𝐵is the Boltzmann constant, T the temperature and 𝜂𝜂 the viscosity of the solvent. 

Atomic force microscopy (AFM) 

AFM measurements were performed at room temperature in the dry state using a Multimode 

8™ microscope (Bruker Instruments Inc.). Topographic images of individual particles were 

obtained in tapping mode using a rectangular silicon cantilever (AC 160-TS, Atomic Force, 

Germany) with a spring constant of 26 N.m-1, a resonance frequency in the range of 270-320 kHz 

and a radius of curvature of less than 10 nm. A drop (4 µL) of the suspension of block 

copolysaccharide particles, initially at 3.5 g.L-1 and diluted with water to 0.01 g.L-1, was deposited 

with a micropipette onto freshly cleaved mica and allowed to dry under nitrogen flow. Height 

measurements were performed using the section Particle Analysis tool provided with the AFM 

software (Nanoscope Analysis V1.20 from Bruker). 

 

RESULTS 

1. Block copolysaccharide self-assembly through dialysis against divalent ion solutions.  

Oligoguluronate-b-dextran (Gm-b-Dexn) block copolysaccharides, initially in the water-soluble 

sodium form, were self-assembled with various divalent ions (Ca2+, Ba2+, Sr2+). Due to strong 

interaction between divalent cations and G blocks, the self-assembly was performed under defined 

kinetic conditions using a dedicated dialysis setup allowing slow and controlled ion diffusion at 

constant polymer concentration (Figure 1).43 Under such conditions, the self-assembly can be 

https://dx.doi.org/10.1021/acs.biomac.4c00717
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performed near thermodynamic equilibrium, thereby preventing the formation of multiple 

metastable states, as often observed with amphiphilic block copolymers.38,41,51 In situ time-

resolved dynamic light scattering (Tr-DLS) and small-angle neutron scattering (Tr-SANS) were 

conducted to monitor structural changes in copolysaccharide solution during dialysis.  

Determining the ion concentration in the cell during dialysis is not straightforward, as guluronate 

units interact with divalent ions as they diffuse into the cell. However, the ion diffusion kinetics 

could be estimated from conductivity measurements in the absence of copolymer (Figure S6). The 

concentration of divalent ions in the reservoirs and the molecular weight cut-off (MWCO) of the 

cellulose membrane were then optimized to achieve block copolymer self-assembly in a few hours. 

Faster or slower ion diffusion can be performed by using larger or smaller MWCOs (Figure S6). 

Two block copolysaccharide compositions, G12-b-Dex51 and G37-b-Dex51 were selected to 

specifically study the influence of the complexing block (G) length on the characteristics of the 

self-assembled structures formed.  

Dialysis monitoring by Tr-DLS. Starting with the G37-b-Dex51 dissolved at a concentration of 

4 g.L-1 (9.4 mM in G units) in 10 mM NaCl, the copolysaccharide response to calcium ions was 

first studied by in-situ Tr-DLS. Initially, the scattering intensity and the intercept on the 

correlograms were low due to the relatively low polymer concentration and molar mass (Figure 

S7A). Under such conditions, the size distribution was noisy with a diversity of relaxation modes, 

probably due to the polyelectrolyte behavior of the G block (Figure 2A).52 Nevertheless, an abrupt 

change in scattering properties was observed around 180 minutes, as shown from the net increase 

of the intercept on correlation curves (Figure S7A). The delay time illustrates the slow diffusion 

of divalent ions through the semi-permeable membrane before the critical ion concentration to 

trigger copolysaccharide self-assembly was reached. From there, one could detect a main 

https://dx.doi.org/10.1021/acs.biomac.4c00717


Author version of article published in Biomacromolecules 2024, doi: 10.1021/acs.biomac.4c00717 

 18 

population of particles with a radius close to 30 nm accompanied by a small fraction of aggregates 

larger than 50 nm (Figure 2A). The size of these two populations progressively increased with 

time as calcium ions diffused in the cell, thus emphasizing the limited stability of the particles 

formed. The formation of large aggregate structures was demonstrated by SANS under similar 

experimental conditions (Figure S8A) and by analyzing the solution collected at the end of the 

dialysis with a different DLS instrument (Figure S8B). Therefore, the block size ratio of G37-b-

Dex51 was not appropriate to form stable micellar structures. 

 

Figure 2. Time-resolved DLS monitoring of the dialysis of Gm-b-Dexn against calcium ion 

solution for two block copolysaccharide compositions: A) G37-b-Dex51. B) G12-b-Dex51. Intensity-

weighted size distributions are plotted at different dialysis times. Copolymer were dissolved at 4 

g.L-1 in 10 mM NaCl. The dialysis was performed against 2 x 100 mL of 20 mM CaCl2 in 10 mM 

NaCl using a dialysis membrane with a MWCO of 10 kDa. 

 

With the shorter G12-b-Dex51 copolymer dissolved at a concentration of 4 gL-1 (4.5 mM in G 

units) in 10 mM NaCl, the trend observed in DLS was somewhat different (Figure 2B). First, two 

https://dx.doi.org/10.1021/acs.biomac.4c00717
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distinct relaxation modes corresponding to free copolymer chains and some aggregates could be 

clearly observed at early stages of the dialysis. After 120 minutes, a subtle change was observed 

in the size distribution with the population of free copolymer chains disappearing and a new 

population with a slightly larger radius appearing (around 20 nm in diameter). This population 

corresponding to the expected micellar nanogels persisted until the end of the dialysis. In the 

meantime, the aggregate fraction decreased considerably and ultimately reached near-negligible 

levels by the end of the dialysis.  

 Dialysis monitoring by Tr-SANS. In order to gain further insight into nanogel formation, in 

situ Tr-SANS experiment was conducted under similar dialysis conditions on G12-b-Dex51 with 

calcium, strontium, and barium ions. The scattering intensity at the beginning of the dialysis was 

low and spectra difficult to fit. However, consistent with the previous DLS analysis, the intensity 

markedly increased after a delay of 80 to 120 minutes required to reach the Critical Ion 

Concentration (CIC) (Figures 3A-C). A simple sphere model was used to fit the SANS spectra, 

yielding better results compared to a core-shell model previously used for DHBC micelles.53 This 

indicates that the scattering intensity mainly originated from the G blocks forming the particle 

core, the contribution of the hydrated dextran shell being negligible. The size (radius, r) and the 

scattering length density (SLD) of particles were fitted and plotted in Figures 3D-F (see also data 

in Figures S9-S11 and Tables S1-S3). The particles rapidly achieved their equilibrium size (r < 8 

nm), which is consistent with a closed-association model in which micellar structures of finite size 

are formed once self-assembly conditions are met. The decrease in the scattering length density 

(SLD) of particles over time, alongside the increase in scattering intensity was more intriguing. 

Given that the volume fraction of the spheres was held constant in the fitting procedure, the 

increase in scattering intensity must be attributed to an increase in the contrast term, (∆𝜌𝜌)2 =

https://dx.doi.org/10.1021/acs.biomac.4c00717
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�𝜌𝜌𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝. − 𝜌𝜌𝐷𝐷2𝑂𝑂�
2
where 𝜌𝜌 represents the corresponding SLD values. Since the SLD of sodium and 

calcium ions are similar, the change in contrast could not be attributed to a simple ion exchange 

(Table S4). Instead, it can be assumed that water molecules initially bound to the G units were 

released upon complexation with divalent ions. Consequently, the SLD of particles was expressed 

as: ρpart. = ψ * ρD2O + (1 - ψ) * ρG with ψ representing the volume fraction of water molecules 

bound to G units, and ρD2O and ρG the SLD of D2O and G blocks, respectively. Under these 

conditions, the SLD of the particles must decrease over time while the contrast and scattering 

intensity simultaneously increased. Interestingly, the decrease in SLD continued to some extent 

beyond the achievement of equilibrium particle size, particularly with calcium, indicating the 

completion of the complexation process (Figure 3D). The particle compactness estimated from 

radius measurements at equilibrium as well as the dehydration rate (k) increased in the order of 

Ca2+ < Sr2+ < Ba2+, in agreement with the respective affinity of divalent ions with G blocks.5  
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Figure 3. Time-resolved SANS monitoring of the dialysis self-assembly of G12-b-Dex51 in 

presence of calcium (A, D), strontium (B, E) and barium (C, F) ions. A-C) Coherent neutron 

scattering intensity versus scattering wave-vector at different dialysis times. See also Figures S9-

S11 for individual spectra. D-F) Radius (red) and scattering length density (blue) of particles. 

Dotted lines show the final radius of the particles. The rate constant k associated to the variation 

of the SLD of particles (black line) was determined using a single exponential expression: 𝑆𝑆𝑆𝑆𝑆𝑆 =

 𝑆𝑆𝑆𝑆𝑆𝑆0 + 𝐴𝐴𝑒𝑒−𝑘𝑘𝑘𝑘. Experimental conditions similar to those reported in Figure 2 were used. The 

upturn of the scattered intensity observed with calcium at the low q-end (Figure 3A), which was 

not detected with barium and strontium may indicate that the copolymer was not fully solubilized 

for this dialysis experiment (no upturn was observed in the calcium dialysis preceding EDTA 

exchange, as shown in Figures 7B and S15). Nonetheless, the scattering due to particle formation 

was mainly detected in the intermediate q range and could be adequately fitted.  
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After dialysis against calcium ion solution, G12-b-Dex51 micelles were further characterized by 

AFM, static and dynamic multi-angle light scattering (Figure 4 and Table 2). AFM revealed the 

presence of well-defined spherical particles with an average radius of 10 nm in the dry state, a 

value close to that found by SANS (Figure 4A). Static light scattering (SLS) (Figure 4B) afforded 

a weight-average molar mass (MW) of 270 000 g/mol corresponding to an aggregation number 

(Nagg,w) of 21, neglecting the contribution of calcium ions (< 2 wt.%). The second virial coefficient 

of micelles was found to be positive but lower than for alginates in solution (ca 5 × 10-3 mL.mol.g-

2 at I = 0.17 M),54 indicating that Donnan effects originating from the polyelectrolyte behavior of 

the oligoguluronate chains were largely cancelled due to binding of calcium ions. The radius of 

gyration (RG) of micelles could not be determined by SLS due to the low angular dependency of 

the scattering intensity in relation with the small particle size in comparison to the wavelength of 

light (r  <  λ0/20). However, RG could be determined by fitting the SANS scattering profiles at low 

q with the Guinier approximation 𝐼𝐼(𝑞𝑞) = 𝐼𝐼(0) exp �− 𝑞𝑞2𝑅𝑅𝐺𝐺
2

3
�. A value of RG = 5.4 nm was obtained 

from the data in Figure 7B, where no upturn of the scattered intensity was observed at low q. 

Multiangle DLS analysis demonstrated the purely diffusive behavior of micelles as well as the 

absence of significant size dispersity or other relaxation mechanisms, as judged by the linearity of 

the Γ(q2) plot (Figure 4C). The hydrodynamic radius (RH) derived from the Stokes-Einstein 

equation was found to be 9.5 nm (Table 2). The RG/RH ratio which represents the Burchard shape 

factor (ρ)55 was then equal to 0.57. This suggests that micellar nanogels obtained from G12-b-Dex51 

have a star-like morphology, consistent with the significant larger size of the dextran blocks. 

Sanson et al. found a rather similar ρ value of 0.50 for PAA3000-b-PAM15000 double hydrophilic 

copolymer complexed with aluminum ions.53 Given the low aggregation number and the small 

size of the G blocks, the radius of 7.5 nm determined by SANS for calcium dialysis may be 
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overestimated, suggesting that the contribution of dextran segments at the core surface may have 

been included in the spherical model. Applying a core-shell or fuzzy sphere model would be more 

appropriate for determining the characteristic micelle sizes. However, this approach would require 

enhanced data statistics, necessitating longer acquisition times. Consequently, this would reduce 

the sampling frequency, particularly since three dialysis experiments were analyzed 

simultaneously.
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Figure 4. Characterization of micellar nanogels obtained from dialysis of G12-b-Dex51 against 

calcium ions. A) 2D image by AFM scanning of mica surface (2 µm x 2 µm) (top). 3D image 

corresponding to the sample section shown (bottom). B) Guinier-Zimm plot obtained by SLS. k is 

a geometric constant. C) DLS analysis at 90°; the inset shows the Γ(q2) variation.  

Table 2. Main characteristics of block copolysaccharide micelles obtained from dialysis of G12-

b-Dex51 against calcium ions.  

Technique Parameter Value 

SANS r 7.5 ± 1.1 nm 

DLS 
RHa 9.5 ± 1.2 nm 
PDIb 0.12  

SLS 

dn/dc 0.1444 ± 0.0413 mL.g-1 
Mw c 2.7 × 105 ± 1.4 x 104 g.mol-1 
A2,z d 1.4 × 10-5 ± 7.0 × 10-7 mol.mL.g-2 

Nagg,w e 21 ± 1.0 
 

a Hydrodynamic radius (z-average) calculated from multiangle DLS analysis 
b Polydispersity index obtained from the cumulant analysis of the correlation function at 90° 
c,d Molar mass (weight average) and 2nd virial second coefficient (z-average) obtained from the Guinier-Zimm plot 
representation.  
e Aggregation number (weight average) 
 

Comparison with the batch addition of calcium ions. In order to precisely control the divalent 

ion concentration introduced, the self-assembly of G12-b-Dex51 was also performed by gradual 

additions of known quantities of calcium to the copolymer solution under conditions otherwise 

identical to those for dialysis. Additions at 5-minute or 5-hour intervals, referred to as fast or slow 

additions in the following, were performed to investigate the equilibrium properties of the system. 

The formation of micellar structures was monitored through SLS and DLS and correlated to the 

molar mixing ratio R = [Ca2+]/[G] (Figure 5 and Figure S12). A control experiment was also 
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performed with a guluronate block of DP 15 (G15). Two R values are of specific interest, namely 

R = 0. 25 for dimers and R = 0.50 for infinite multimers (Figure 1).10 For G15 with fast additions 

of calcium, a sharp increase in scattering intensity was observed between R = 0.35 and R = 0.70, 

concomitant with the precipitation of oligomer (Figure 5A, Figure S13). Under similar conditions, 

the intensity increase for G12-b-Dex51 was shifted to higher R ratios, indicating that the introduction 

of dextran blocks has imposed constraints, probably of entropic origin, on the complexation of G 

blocks by calcium ions. With slow calcium additions conditions that mimic those of dialysis, the 

block copolymer self-assembled at even higher R ratios. Aggregation number values between 16 

and 19 were found for R > 5. The Nagg value of 2 at R=0.80 could indicate the formation of dimers 

or a mixture of n-mers and free copolymers (Figure 5B). The successive size distributions obtained 

by DLS at various R values for slow calcium additions were consistent with those obtained by 

dialysis (Figure 5C) as well as the RH and PDI values obtained (Figure 5D). This result suggests 

that the self-assembly occurs near equilibrium conditions, regardless of the mixing process. 

Therefore, the characteristics of the micellar nanogels are primarily determined by the 

thermodynamics of assembly in relation to the block copolymer composition. 
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Figure 5. SLS and DLS analysis of G15 and G12-b-Dex51 solutions at 4 g.L-1 in 10 mM NaCl as 

function of R = [Ca2+] / [G] following successive additions of 20 mM calcium chloride solution 

containing 10 mM NaCl A) Normalized scattered intensity of G15 and G12-b-Dex51 against R, with 

comparison of slow and fast calcium additions (see text). B) Variation of the weight-average molar 

mass (Mw) and aggregation number (Nagg) of G12-b-Dex51 for slow calcium additions (see raw data 

in Figure S12). C) Intensity-weighted size distributions of G12-b-Dex51 obtained by DLS in similar 

conditions. D) Intensity-weighted mean hydrodynamic radii (Z-average) and polydispersity 

indexes (PDI) of G12-b-Dex51 against R (slow additions).  

2. Stability of block copolysaccharide micelles  

Ca2+-micelles. The application of block copolysaccharide micelles for biomedical purposes, 

such as in vivo imaging, requires structural stability throughout production, purification, and 

application under physiological conditions. The stability of preformed G12-b-Dex51 micelles by 

dialysis against calcium was investigated by DLS in various pH and saline conditions. They were 

found to be perfectly stable upon storage for up to one month in a 10 mM sodium chloride + 20 

mM calcium chloride solution (Figure 6A). After freeze drying, micelles could also be easily 

redispersed in water without cryoprotective agents, with dextran presumably playing naturally this 

role (Figure 6A). When the medium was acidified to pH 1, the size of the micelles increased 

significantly, but the structures remained well-defined with a low PDI value (< 0.1) (Figure 6B). 

Free G-blocks normally precipitate at this pH but with a type of chain-chain associations not 

requiring Ca2+.56 The copolymer can thus remain micellized under acidic conditions, with the 

protonated G blocks forming the core through hydrogen bonding. However, there is a difference 

between the two assembly modes. At neutral pH in the presence of calcium, the core of the micelles 

is organized and compact due to specific chain−chain association and formation of junction zones. 
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In contrast, the precipitation of acidified G blocks is not controlled, with only the formation of a 

steric barrier of dextran blocks limiting the extent of copolymer aggregation.57 

 

 Figure 6. Stability of Gm-b-Dexn micelles in various salt and pH conditions evaluated from DLS 

analysis. Autocorrelation functions and intensity-weighted size distributions are systematically 

plotted. A) G12-b-Dex51 upon dialysis against 20 mM CaCl2 + 10 mM NaCl: initial state, 30 days 

storage in same salt conditions, after freeze drying and resuspension in water (from top to bottom). 

B) Acidification of G12-b-Dex51/Ca2+ micelles at pH 1: DLS analysis (left) and AFM imaging 

(right). C) G12-b-Dex51 micelles upon dialysis against 10 mM NaCl containing 20 mM CaCl2, 20 
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mM SrCl2, 20 mM BaCl2 or 19 mM CaCl2 +1 mM BaCl2 (top). Same samples after 24 h (middle) 

and 48 h (bottom) dialysis against physiological saline (1.2 mM CaCl2 in 150 mM NaCl). 

When dialyzed against 150 mM NaCl the G12-b-Dex51/Ca2+ micelles disintegrated rapidly 

(Figure S14A). Including 1.2 mM CaCl2 (physiological conditions) delayed the disintegration 

somewhat but not sufficiently for most practical applications (Figure S14A). This is in line with 

the observation that calcium alginate gels swell and eventually dissolve under physiological 

condition due to continuous Ca-Na exchange.58 To obtain more robust micelles we reasoned that 

longer G-blocks were necessary and therefore included G19-b-Dex45 in the study. The micelles 

obtained with this copolymer composition remained stable for over 6 days when dialyzed against 

150 mM NaCl containing 1.2 mM CaCl2 (Figure S14B). However, some large aggregates were 

noticed, albeit in smaller amounts as compared to G37-b-Dex51 (Figure 2A).  

 

Sr2+- and Ba2+-micelles. Another strategy to obtain stronger chain-chain interactions with G12-

b-Dex51 consists in replacing the calcium by strontium and barium salts. Both Sr2+ and Ba2+ bind 

stronger to alginates than do Ca2+.5 G12-b-Dex51 was therefore dialyzed (3.5 kDa MWCO) against 

10 mM NaCl containing 20 mM of CaCl2, SrCl2, BaCl2 or 19 mM CaCl2 +1 mM BaCl2. All 

systems formed well-defined micelles of small size according to DLS analysis (Figure 6C). The 

micelles were further dialyzed against 1.2 mM CaCl2, 150 mM NaCl. When monitored after 24 h 

only minor changes in micelle dimensions were observed, but after 48 h the micelles prepared only 

with calcium had disintegrated as the size distribution approached that of free copolymers in 

solution (Figure S14). In contrast, micelles formed with Sr2+ or Ba2+, or with Ca2+ in the presence 

of only 1 mM Ba2+, remained stable. Hence, Sr2+ and Ba2+, significantly enhance the stabilization 

of the micelles due to their stronger binding with alginates.  
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Ion exchange and competitive chelation properties. Tr-SANS was performed to study ion 

exchange and chelation by multidentate ligands when preformed Ca-micelles are dialyzed against 

barium ions and sodium EDTA, respectively. In the first case, at the end of the dialysis of the 

copolymer against CaCl2 (Figure 3A), the content of the two reservoirs was replaced by a 20 mM 

BaCl2 in 10 mM NaCl solution. The scattering intensity immediately increased without delay time 

indicating that ion exchange is occurring in the core of micelles rather than a disassembly/assembly 

process (Figure 7A and Figure S15). The increase in intensity can be attributed to the formation of 

denser structures by compaction of the micelle core with barium ions due to their greater affinity 

than calcium for G blocks, as seen previously. Consequently, a decrease in particle radius was 

observed (Figure 7C and Table S5). No change in particle shape and size could be observed 

compared to previous dialysis experiments with BaCl2 (Figure 3). However, the rate constant (k) 

associated to the change in SLD was almost 3 times lower than that obtained for the direct dialysis 

against barium (Figure 7D) illustrating the competitive interaction between barium and calcium 

ions for G blocks. Eventually, the scattering intensity reached a plateau when the ion exchange 

was almost completed. It corresponds to a particle radius of (7.2 ± 0.1) nm, which is slightly larger 

than the radius obtained through direct dialysis against BaCl2 (6.9 nm) (Figure 3F). In the second 

case, the content of the reservoirs was replaced by an 80 mM EDTA solution. The scattering 

intensity immediately started to decrease (Figure 7B and Figure S16) but was accompanied by an 

increase in particle size (Figure 7C and Table S6). This is consistent with a disassembly mechanism 

where the micelles first swell as the EDTA chelates the calcium ions (exchange with Na+), forming 

loose structures and progressively releasing the polymer molecules into solution. This shows that 

the hexadentate EDTA is a stronger ligand of calcium ions than the G12 block under the conditions 

used, in excellent agreement with the EDTA-sensitivity observed in Ca-alginate gels.59 
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Figure 7. Ion exchange of preformed G12-b-Dex51 / Ca2+ micelles in 20 mM CaCl2 + 10 mM NaCl 

with 20 mM BaCl2 + 10 mM NaCl (A) and 80 mM EDTA (B), as monitored by time-resolved 

SANS. See also Figures S15 and S16 for individual spectra The particle radius (C) and SLD (D)

are plotted as function of the dialysis time for the formation of G12-b-Dex51 / Ca2+ micelles (shaded 

area) followed by the exchange either with Ba2+ (blue) or EDTA (orange). The inset is a 

magnification of the size decrease of micelles upon exchange with Ba2+.
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DISCUSSION 

The development of nanoscale alginate-based materials usually requires approaches in dispersed 

media or the use of microfluidic techniques to control the gelation mechanisms of alginate chains 

under different conditions, usually in the presence of divalent ions such as calcium. The 

spontaneous formation of alginate-based nanostructures, on the other hand, requires a 

thermodynamic approach, such as self-assembly based on the principle of molecular attraction-

repulsion. In this work we demonstrate that well-defined, spherical, and stable alginate 

nanoparticles can be obtained from Gm-b-Dexn block copolysaccharides when dialyzed against 

divalent alkaline earth ions such as Ca2+, Sr2+ and Ba2+. Unlike monovalent cations or divalent 

Mg2+ ions, these cations are known to bind strongly to G-blocks and further induce G-block 

dimerization, which subsequently leads to gelation of alginates, but precipitation of purified G-

blocks.5 Hence, the ability to self-assemble into defined nanoparticles is a new property introduced 

into oligoguluronates by terminal attachment of a second, non-responsive, dextran block. It is 

noteworthy that G-blocks interact more strongly with Ca2+, Sr2+ and Ba2+ than many other 

carboxylated polysaccharides (hyaluronan, mannuronan ...). This is understood as two separate 

effects: a) charge density effects (one charge per 0.435 nm linear charge density in G block,60 b) 

additional binding site effects due to the geometry of G-blocks (chelation effect) which only 

happens when chains dimerize with divalent ions (egg-box model). The higher affinity of calcium 

ions for G blocks compared to other polyacids such as PAA is clearly demonstrated, for example, 

by calorimetry, with an exothermic response in the former case10 and an endothermic response in 

the latter case.61,62 While alginates are stiff macromolecules due to restricted rotation around their 

glycosidic linkages, dextran, used here as a neutral and stabilizing block is a polymer with high 

chain flexibility due to α-(1→6) glycosidic linkages which contain three bonds between each pair 
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of glucose residues and therefore one extra single rotatory bond per monomer unit compared to α-

(1→4) or β-(1→4) linkages found in most polysaccharides. The extendable coil structure of 

dextran should increase the aggregation number of micelles and therefore the core size by 

accommodating more copolymer chains. However, the flexible corona is less stable than a rigid 

one, making the micelle more prone to disassembly under changing conditions. 

The very small size of the particles (radius < 8 nm) with a narrow size distribution, coupled with 

the characteristic response to G-block sensitive cations suggests a dynamic structure forming 

micellar aggregates. The assembly mechanism follows a closed association model, where only 

monomers and monodisperse micelles with a specific aggregation number are present in the 

solution.63 The core consists of divalent cations chelated by oligoguluronate segments, while a 

corona of neutral dextran segments provides steric stabilization (Figure 3). The small size is 

consistent with the low aggregation number (Nagg ~ 20) obtained by static light scattering (Table 

2). Given that the micelle core originates from a gelation process, the term "micellar nanogel" 

appears appropriate for characterizing the structures obtained. A star-like morphology could be 

evidenced for the G12-b-Dex51 composition, in line with the larger size of the dextran blocks.  

The in situ combination of SANS with DLS using a new dialysis set-up proved to be particularly 

useful for studying such systems.43 The formation of micellar nanogels is associated to a critical 

ion concentration (CIC) required to induce G-block multimerization, leading to block copolymer 

self-assembly. The CIC is therefore the equivalent of the Critical Micelle Concentration (CMC) 

used for amphiphilic systems. However, as with any chemical equilibrium, a minimum polymer 

concentration is also required to initiate self-assembly through ionic interactions. Given the high 

binding constant of G units for divalent ions,10 this critical concentration is expected to be very 

low. The CIC was also determined by batch (off-line) measurements combined with light 
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scattering where calcium was gradually added to the copolysaccharide solution (Figure 5). The 

addition rate of the calcium solution clearly influences the final state of the micelles. A rapid 

addition may prompt premature non-equilibrium self-assembly, a phenomenon frequently 

observed in amphiphilic block copolymers.57 In the case of slow addition, the characteristics of the 

micelles are similar to those obtained by the dialysis route (Figure 4). 

The main parameter to consider for micelle formation is the block size ratio, which translates 

the competition between the enthalpy and entropy on the system formation. Increasing the G block 

size increases the enthalpy interaction with divalent ions in a cooperative process - a minimum of 

8 units is required to form stable egg-box junction64,65 - with the possibility of aggregate formation. 

Increasing the Dex block size decreases the loss in translational entropy in the micellization 

process but also increases the loss in conformational entropy due to chain stretching in the corona. 

Clearly, an optimum block size ratio exists. The G12-b-Dex51 and G19-b-Dex45 compositions 

provided small micelles while the G37-b-Dex51 copolymer tend to form aggregates in the conditions 

used, as also observed for the precipitation of G blocks alone in presence of calcium (Figure 5A). 

In a previous work we also showed that G10-b-Dex100 only provided loose aggregates.28 Therefore, 

a mass fraction of ~20 to ~35% of G is required to obtain well defined micelles whose size then 

depends on the copolymer's total molar mass. The length of the G blocks also affects the stability 

of the micelles when subjected to physiological conditions. G12-b-Dex51 micelles rapidly 

dissassembled in 150 mM NaCl + 1. 2 mM CaCl2 while G19-b-Dex45 micelles remained stable for 

at least 7 days (Figure S14B). 

Concerning the role of ion types, it was observed that the size of the block copolysaccharide 

micelles, as determined by SANS, exhibited a slight decrease with the increase in the affinity the 

ions for the G-blocks (Ca2+ < Sr2+ < Ba2+) (Figure 3). As the differences in atomic radius of ions 
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are negligible (+/- 0.03 nm), the decrease in size should reflect different levels of core compaction 

according to the egg-box model. Kinetically speaking, the decrease rate of the SLD, probably 

associated to the dehydration of G blocks followed the affinity order of divalent ions (Figure 3). 

The nature of the ion exerts a more significant influence on micelle stability than on micelle size, 

as evidenced by tests conducted in diverse saline media, with strontium and barium giving more 

stable assemblies (Figure 6C). This was further supported by ion exchange and ligand competition 

experiments, suggesting that micelles form equilibrium structures rather than frozen aggregates 

(Figure 7). Such a distinction is important, especially for promoting triggered disassembly in a 

biological environment. 

At the molecular scale, the interaction mechanism leading to micelle formation can be explained 

in terms of the egg-box model widely used in the case of Ca-alginate hydrogels or Ca-alginate 

fibers.4,5,8,9 It has been shown that following the primary formation of egg-box dimers, a slow, 

lateral association of the egg-box dimers occurs through more unspecific interactions, such as 

water mediated hydrogen bonding and disordered ions.9 Interestingly, well diffracting crystals 

have never been obtained with Ca2+ and free oligoguluronates, supporting the concept of partly 

irregular packing. The slow growth of junction zones in alginate gels has been ascribed to the same 

phenomenon.66  

The dimeric state may well exist at low Ca2+ concentrations at the point where the molecular 

weight becomes twice that of the starting material (Figure 5B). This appears indeed to occur 

transiently for the G12-b-Dex51 system, both by slow titration or by dialysis. A similar behavior 

was observed by calcium-titration of the free G15 oligomer but is such case precipitation occurs 

(Figure 5A). The latter is in agreement with the observation by Smidsrød, who reported phase 

separation upon reaction with Ca2+ for longer G-blocks (DPn 50).5 Nevertheless, for the  rapid 
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stepwise addition of small amounts of CaCl2 into a G15 solution, the stoichiometry found by light 

scattering at the onset of chain association was R = 0.35 (Figure 5A). For G12-b-Dex51, the value 

raised to R = 0.8 suggesting that excess calcium is needed to mediate lateral association of G 

blocks (Figures 5 A,B), probably due to entropy constraints introduced by dextran blocks. It may 

also be noted that also the slightly different chain lengths (12 vs 15) are expected to influence the 

association behavior in the same direction.67 This is supported by the higher stability in 

physiological saline of micelles formed with longer G-blocks. Nevertheless, more detailed studies 

into the role of chain lengths are needed.  

The factor limiting the size of the micellar nanogels is ascribed to an optimal thermodynamic 

state where the loss of entropy of G blocks, the interfacial tension at the core/shell boundary and 

the repulsion between dextran blocks are minimized, as evidenced in the electrostatic 

complexation of oppositely charged double hydrophilic block copolymers.37 For Gm-b-Dexn, an 

all-or-none association process was evidenced by neutron and light scattering (Figure 3 and Figure 

5), which may appear at odds with previously reported association models based on progressive 

growth of the egg-box dimers68 or multiple-step Ca2+ binding process.10,69 It may seem our system 

has a different behavior where initial chain dimerization cannot be temporally separated from 

particle growth. This does not preclude the initial step being the formation of an egg-box like dimer 

followed by micellar growth (Figure 1). Also, we do not preclude that the micellar growth 

mechanism is related to the slow growth of junction zones in calcium alginate gels.9 Discrepancies 

found in literature regarding the binding mechanism of calcium to alginate may also be attributed 

to the mixing conditions used.10 For a strongly interacting system, such as alginate-calcium (which 

is exothermic), the mixing time is expected to play a critical role on the final morphology and 

equilibrium state (Figure 5A). Under such circumstances, applying slow mixing conditions, such 
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as those obtained by dialysis should be favored to achieve self-assembly close to equilibrium 

conditions.  

 

CONCLUSION 

There are many methods to manipulate alginate materials at the nanoscale but none of them comply 

with the thermodynamic equilibrium condition, such as that obtained through the principles of 

self-assembly. Here, we showed that double-hydrophilic block copolysaccharides containing 

oligoguluronate (G) and dextran (Dex) yield micellar objects with a gelled core in presence of 

various divalent ions (Ca2+, Sr2+, Ba2+). We referred these structures as micellar nanogels. The 

process was monitored in situ and real-time by DLS and SANS and supplemented by offline LS 

and DLS experiments. In comparison to self-assembly based on ionic interaction with sodium 

polyacrylate-based copolymers, the presence of G blocks provides biological properties as well as 

high affinity and selectivity towards certain divalent ions like calcium. The mass fraction of G in 

the diblock copolymer governs the size and stability of micelles, with a value between 20% and 

35% resulting in small micelles (r < 8 nm) with a star-like morphology that can be freeze dried 

and redispersed in water. The type of ion (Ca2+, Sr2+, Ca2+) has a negligible effect on micelle size, 

but it has a strong impact on micelle stability in saline conditions, in accordance with the respective 

affinity of divalent ions with G blocks. The structures obtained are not in a frozen state. On the 

contrary, they are living structures capable of exchanging ions and disassembling in the presence 

of chelating agents such as EDTA, which has some importance in the context of biomedical 

applications. The small sizes of the micellar nanogels (< 20 nm), combined with a high aggregation 

number (typically 20) provides a high capacity to sequester relevant multivalent ions in the core 

structure (about 100 sites for Me2+), making them suitable as injectable systems for potential 
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applications in biomedical applications such as contrast-enhanced magnetic resonance imaging or 

radionuclide therapy. The intrinsic biocompatibility of the polysaccharide blocks is also 

considered as an attractive property in this context. 
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Figure S1a. HPAEC-PAD chromatogram of the G12 fraction (top). G-block standards 
(unfractionated hydrolysate) are included for DP assignment. Peak integration corresponds to 
DPn 11.8 (rounded off to 12) and dispersity (DPw/DPn) of 1.03

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1b. SEC-MALS analysis of G10 (blue), Dex51-PDHA (red) and G12-b-Dex51 (green). 
Columns: TSK G-4000 and G-2500 (serially connected). Eluent: 150 mM NaCl, 10 mM EDTA, 
pH 6.0. 

 

Mw (kDa) Mn (kDa) Mw/Mn

G12 2.0 2.0 1.01
Dex51-PDHA 8.5 8.3 1.02
G12-b-Dex51 12.8 12.4 1.03



 

 

 

 

 

 

 

 

 

 

 

 

Figure S1c. 1H-NMR spectrum of G12-b-Dex51 recorded in D2O at 82°C. Integrals for main 
peaks based on assignments in the literature:1 5.2 ppm: H-1α (red. end), 5.1 ppm: H-1 internal, 
4.9 ppm: H-1β (red. end), 4.7 ppm: GGM-5, 4.6-4.7 ppm: (M-1 internal), 4.5 ppm: GG-5). 
Integrals correspond to FG = 0.91, DPn = 14.



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2a. Left: SEC-MALS analysis of G19 and Dex45-PDHA.Column: TSK G-4000 and G-
2500 (serially connected). Eluent: 150 mM NaCl, 10 mM EDTA, pH 6.0. Right: SEC-MALS of 
G19-b-Dex45. Column: OHpak LB-806M. Eluent: 1.2 mM CaCl2, 150 mM NaCl, pH 6.0.
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2b. 1H-NMR spectrum of G19-b-Dex45 recorded in D2O at 82°C. Assignments for main 
peaks shown in the figure are based on the literature.1

Mw (kDa) Mn (kDa) Mw/Mn

G19 3.83 3.79 1.01
Dex45-PDHA 7.36 7.36 1.00
G19-b-Dex45 11.6 11.1 1.04



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. SEC-MALS analysis of G37 (blue), Dex51-PDHA (red) and G37-b-Dex51 (green). 
Column: TSK G-4000 and G-2500 (serially connected). Eluent: 150 mM NaCl, 10 mM EDTA, 
pH 6.0.

 

Figure S4. HPAEC-PAD chromatogram of the G15 fraction (bottom). G-block standards 
(unfractionated hydrolysate) are included for DP assignment. Peak integration corresponds to 
DPn 15 and dispersity (Mw/Mn) of 1.02.
.

Mw (kDa) Mn (kDa) Mw/Mn

G37 7.9 7.5 1.06
Dex51-PDHA 8.5 8.3 1.02
G37-b-Dex51 17.7 17.0 1.04



Figure S5. (left) Exploded view of the dialysis setup used for continuous kinetic monitoring of 
alginate micellar nanogels. The main components are: i) 2 lateral reservoirs containing the 
solution of divalent ions (2 × 250 mL); ii) Scattering cell containing the Gm-b-Dexm solution in 
D2O (V = 4.5 mL); iii) Quartz windows (thickness = 1 or 2 mm); iv) Custom-cut ultrafiltration 
discs in regenerated cellulose of defined porosity (×2); v) Conductivity probe, vi) Reservoir and 
cell stirring. All plastic parts are made in solvent-resistant PEEK. (right) Configuration of the 
remote DLS head and SANS detection. More details can be found in Ref.2



 
 
 

Figure S6. Time variation of the ion concentration in the dialysis cell determined from 
conductivity measurements. A) 4.5 ml of a 10 mM NaCl solution was dialyzed against 2 x 100 
ml of 10 mM NaCl with either 20 mM CaCl2, 20 mM SrCl2 or 20 mM BaCl2 by using a dialysis 
membrane with a MWCO of 10 kDa. B) 4.5 ml of pure water was dialyzed against 2 x 100 ml 
of 300 mM NaCl solution with a membrane MWCO of 10 kDa and 100kDa. The conductivities 
of CaCl2, SrCl2, BaCl2 and NaCl solutions at various concentrations were determined prior to 
dialysis experiments. 
 

Figure S7. Time-resolved DLS monitoring of the dialysis of Gm-b-Dexn against calcium ion 
solution for two block copolysaccharide compositions: A) G37-b-Dex51. B) G12-b-Dex51.
Correlation functions are plotted at different dialysis times. Copolymer were dissolved at 4 g.L-

1 in 10 mM NaCl. The dialysis was performed against 2 x 100 mL of 20 mM CaCl2 in 10 mM 
NaCl using a dialysis membrane with a MWCO of 10 kDa.



 
 
Figure S8. A) Time-resolved SANS monitoring of the dialysis self-assembly of G37-b-Dex51 at 
4 g/L in 10 mM NaCl against 20 mM CaCl2 + 10 mM NaCl using a dialysis membrane with 
MWCO of 10 kDa. B) Size distribution and correlation curve of G37-b-Dex51/Ca nanoparticles 
as determined by DLS after dialysis of the copolysaccharide against CaCl2.

 
 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S9. Time-resolved SANS monitoring of the dialysis self-assembly of G12-b-Dex51 in 
presence of Ca2+. Data were fitted using sphere form factor (red line).



Table S1. Parameters used to fit the SANS curves of the dialysis self-assembly of G12-b-
Dex51 in presence of Ca2+. A monodisperse sphere form factor was used. 
 
 

Time 
(min) 

Scale 
(imposed) 

Background 
(imposed) 

SLD  
(10-6 Å-2) 

SLD error 
(10-6 Å-2) 

Solvent 
SLD  

(10-6 Å-2) 

Radius 
(nm) 

Radius 
SD (nm) 

3 

0.005 

0.0860 6.246 0.031 

6.4 

4.56 0.91 
27 0.0924 6.279 0.023 5.91 1.18 
44 0.0905 6.239 0.028 4.80 0.96 
59 0.0891 6.254 0.019 5.81 1.16 
74 0.0861 6.235 0.030 4.41 0.88 
90 0.0853 6.221 0.032 4.09 0.82 
105 0.0846 6.232 0.016 5.84 1.17 
121 0.0847 6.251 0.008 7.50 1.50 
136 0.0839 6.194 0.008 6.95 1.39 
154 0.0814 6.173 0.006 7.34 1.47 
169 0.0820 6.131 0.006 6.87 1.37 
185 0.0813 6.103 0.005 7.00 1.40 
200 0.0814 6.094 0.005 7.26 1.45 
216 0.0807 6.079 0.004 7.28 1.46 
231 0.0793 6.069 0.004 7.36 1.47 
246 0.0787 6.058 0.004 7.47 1.49 
262 0.0788 6.048 0.004 7.50 1.50 
277 0.0780 6.037 0.004 7.37 1.47 
293 0.0783 6.029 0.004 7.37 1.47 
308 0.0780 6.026 0.004 7.43 1.49 
323 0.0773 6.020 0.004 7.43 1.49 
339 0.0773 6.025 0.003 7.57 1.51 
354 0.0771 6.012 0.004 7.36 1.47 
370 0.0766 6.014 0.003 7.57 1.51 
385 0.0768 6.013 0.003 7.62 1.52 
400 0.0768 6.011 0.004 7.46 1.49 
416 0.0757 6.008 0.003 7.49 1.50 
431 0.0757 6.005 0.003 7.48 1.50 
447 0.0752 5.995 0.004 7.29 1.46 
464 0.0753 5.997 0.004 7.38 1.48 

 

 
 
 
 



 



 
 

Figure S10. Time-resolved SANS monitoring of the dialysis self-assembly of G12-b-Dex51 in 
presence of Sr2+. Data were fitted using sphere form factor (red line). 



Table S2. Parameters used to fit the SANS curves of the dialysis self-assembly of G12-b-Dex51 
in presence of Sr2+. A monodisperse sphere form factor was used. 
 

Time 
(min) 

Scale 
(imposed) 

Background 
(imposed) 

SLD  
(10-6 Å-2) 

SLD error 
(10-6 Å-2) 

Solvent 
SLD  

(10-6 Å-2) 

Radius 
(nm) 

Radius 
SD (nm) 

3 

0.005 

0.0768 6.312 0.009 

6.4 

8.66 1.73 
24 0.0850 6.301 0.015 7.05 1.41 
40 0.0838 6.287 0.013 6.98 1.40 
55 0.0821 6.286 0.018 6.25 1.25 
71 0.0820 6.299 0.007 8.95 1.79 
86 0.0809 6.209 0.008 6.84 1.37 

101 0.0803 6.171 0.007 6.99 1.40 
117 0.0805 6.138 0.006 6.93 1.39 
132 0.0788 6.115 0.005 7.10 1.42 
148 0.0788 6.093 0.005 6.93 1.39 
163 0.0787 6.085 0.005 7.18 1.44 
179 0.0789 6.080 0.004 7.25 1.45 
194 0.0782 6.066 0.005 7.06 1.41 
209 0.0780 6.061 0.005 7.06 1.41 
225 0.0776 6.053 0.004 7.09 1.42 
240 0.0769 6.057 0.004 7.13 1.43 
256 0.0774 6.050 0.005 7.01 1.40 
271 0.0773 6.049 0.004 7.11 1.42 
286 0.0767 6.053 0.005 7.01 1.40 
302 0.0768 6.046 0.004 7.12 1.42 
317 0.0760 6.056 0.004 7.12 1.42 
333 0.0758 6.062 0.004 7.28 1.46 
348 0.0756 6.054 0.004 7.19 1.44 
363 0.0757 6.055 0.004 7.18 1.44 
379 0.0754 6.063 0.004 7.41 1.48 
395 0.0753 6.061 0.004 7.37 1.47 
410 0.0747 6.064 0.004 7.38 1.48 
426 0.0756 6.060 0.004 7.28 1.46 
441 0.0742 6.049 0.004 7.14 1.43 
456 0.0746 6.054 0.004 7.25 1.45 

 
 
 
 
 



 
 
 
 



 
 
Figure S11. Time-resolved SANS monitoring of the dialysis self-assembly of G12-b-Dex51 in 
presence of Ba2+. Data were fitted using sphere form factor (red line). 
 



Table S3. Parameters used to fit the SANS curves of the dialysis self-assembly of G12-b-Dex51 
in presence of Ba2+. A monodisperse sphere form factor was used. 
 

 

Time 
(min) 

Scale 
(imposed) 

Background 
(imposed) 

SLD  
(10-6 Å-2) 

SLD error 
(10-6 Å-2) 

Solvent 
SLD  

(10-6 Å-2) 

Radius 
(nm) 

Radius 
SD (nm) 

3 

0.005 

0.0753 6.253 0.020 

6.4 

5.61 1.12 
24 0.0802 6.227 0.036 3.79 0.76 
40 0.0787 6.292 0.013 7.38 1.48 
55 0.0783 6.245 0.034 4.24 0.85 
71 0.0777 6.232 0.023 4.93 0.99 
86 0.0780 6.213 0.011 6.36 1.27 

101 0.0774 6.111 0.008 6.14 1.23 
117 0.0762 6.039 0.007 6.10 1.22 
132 0.0757 6.000 0.006 6.36 1.27 
148 0.0757 5.961 0.005 6.47 1.29 
163 0.0759 5.939 0.004 6.55 1.31 
179 0.0760 5.931 0.004 6.66 1.33 
194 0.0746 5.917 0.004 6.59 1.32 
209 0.0752 5.905 0.004 6.62 1.32 
225 0.0744 5.905 0.004 6.66 1.33 
240 0.0739 5.906 0.004 6.67 1.33 
256 0.0738 5.900 0.004 6.70 1.34 
271 0.0736 5.907 0.004 6.79 1.36 
286 0.0742 5.903 0.004 6.78 1.36 
302 0.0740 5.896 0.004 6.78 1.36 
317 0.0729 5.897 0.004 6.77 1.35 
333 0.0735 5.888 0.004 6.71 1.34 
348 0.0733 5.898 0.004 6.87 1.37 
364 0.0727 5.896 0.004 6.79 1.36 
379 0.0728 5.905 0.004 6.92 1.38 
395 0.0731 5.897 0.004 6.86 1.37 
410 0.0719 5.899 0.004 6.85 1.37 
426 0.0724 5.902 0.004 6.91 1.38 
441 0.0724 5.893 0.004 6.86 1.37 
456 0.0722 5.894 0.004 6.89 1.38 

 
 
 
 
 



Table S4.  SLD values of the components of the system 

  density SLD (x10-6 Å-2) 
Ca  1.55 1.095 
Sr  2.54 1.226 
Ba  3.59 0.798 
Na  0.971 0.923 

H2O  0.997 -0.559 
D2O  1.11 6.393 

C6O6H5D2a  1.04 2.453 
 

a guluronate units with hydroxyl protons exchanged with deuterium 
 
 
 
 

 
Figure S12. Static light scattering analysis of G12-b-Dex51 solutions at 4 g.L-1 in 10 mM NaCl 
as function of R = [Ca2+] / [G] following successive additions of 20 mM calcium chloride solution 
containing 10 mM NaCl. The Guinier-Zimm plots are plotted for each R value. The 
concentration c values take into account the dilution factor.  
 



 

Figure S13. Precipitation of G28 upon dialysis against 20 mMCaCl2 in 10 mM NaCl.

Figure S14. Stability of Gm-b-Dexn micelles in saline conditions evaluated by DLS analysis. A) 
G12-b-Dex51 micelles after dialysis against 20 mM CaCl2 + 10 mM NaCl (top). The micellar 
suspension was then dialyzed against 150 mM NaCl or 150 mM NaCl + 1.2 mM CaCl2. For 
comparison purposes, the size distribution of G12-b-Dex51 dissolved in 10 mM NaCl is given
(bottom). B) G19-b-Dex45/Ca2+ micelles upon dialysis against 150 mM NaCl + 1.2 mM CaCl2.



 
 
 



 
 
Figure S15. Time-resolved SANS monitoring of the barium ion exchange on preformed G12-b-
Dex51 nanoparticles by dialysis against calcium. Data were fitted using sphere form factor (red 
line). 



Table S5. Parameters used to fit the SANS curves of the exchange dialysis for Ba2+ after self-
assembly of G12-b-Dex51 in presence of Ca2+. A monodisperse sphere form factor was used. 
 

Time 
(min) 

Scale 
(imposed) 

Background 
(imposed) 

SLD  
(10-6 Å-2) 

SLD error 
(10-6 Å-2) 

Solvent 
SLD  

(10-6 Å-2) 

Radius 
(nm) 

Radius 
SD (nm) 

0 

0.005 

0.075 5.991 0.004 

6.4 

7.36 1.47 
15 0.074 5.977 0.003 7.37 1.47 
31 0.075 5.972 0.003 7.36 1.47 
46 0.075 5.957 0.003 7.32 1.46 
62 0.075 5.950 0.003 7.36 1.47 
77 0.074 5.948 0.003 7.40 1.48 
92 0.074 5.935 0.003 7.36 1.47 

108 0.073 5.935 0.003 7.31 1.46 
123 0.074 5.926 0.003 7.34 1.47 
139 0.074 5.915 0.003 7.23 1.45 
154 0.073 5.920 0.003 7.36 1.47 
169 0.073 5.914 0.003 7.26 1.45 
185 0.073 5.910 0.003 7.32 1.46 
200 0.073 5.904 0.003 7.23 1.45 
216 0.074 5.906 0.003 7.33 1.47 
231 0.074 5.901 0.003 7.23 1.45 
247 0.073 5.892 0.003 7.18 1.44 
262 0.073 5.897 0.003 7.25 1.45 
277 0.073 5.894 0.003 7.26 1.45 
293 0.073 5.890 0.003 7.26 1.45 
308 0.072 5.889 0.003 7.19 1.44 
324 0.072 5.891 0.003 7.21 1.44 
339 0.072 5.890 0.003 7.22 1.44 
354 0.073 5.892 0.003 7.29 1.46 
370 0.073 5.897 0.003 7.30 1.46 
385 0.073 5.894 0.003 7.31 1.46 
401 0.072 5.896 0.003 7.30 1.46 
416 0.072 5.883 0.003 7.17 1.43 
431 0.072 5.889 0.003 7.23 1.45 
447 0.073 5.888 0.003 7.28 1.46 

 

 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S16 Time-resolved SANS monitoring of the EDTA exchange on preformed G12-b-Dex51

nanoparticles by dialysis against calcium. Data were fitted using sphere form factor (red line).



Table S6. Parameters used to fit the SANS curves of the exchange dialysis for EDTA after self-
assembly of G12-b-Dex51 in presence of Ca2+. A monodisperse sphere form factor was used. 
 

Time 
(min) 

Scale 
(imposed) 

Background 
(imposed) 

SLD  
(10-6 Å-2) 

SLD error 
(10-6 Å-2) 

Solvent 
SLD  

(10-6 Å-2) 

Radius 
(nm) 

Radius 
SD (nm) 

3 

0.005 

0.0765 6.0054 0.0042 

6.4 

7.58 1.52 
24 0.0800 5.9913 0.0047 7.28 1.46 
40 0.0795 6.0054 0.0044 7.50 1.50 
55 0.0795 6.0244 0.0044 7.60 1.52 
71 0.0798 6.0203 0.0046 7.48 1.50 
86 0.0792 6.0221 0.0049 7.30 1.46 

102 0.0798 6.0390 0.0047 7.55 1.51 
117 0.0788 6.0564 0.0048 7.59 1.52 
132 0.0785 6.0602 0.0050 7.50 1.50 
148 0.0786 6.0681 0.0047 7.70 1.54 
163 0.0781 6.0745 0.0049 7.66 1.53 
179 0.0782 6.0951 0.0052 7.66 1.53 
194 0.0781 6.0743 0.0059 7.19 1.44 
209 0.0781 6.1008 0.0054 7.57 1.51 
225 0.0770 6.1070 0.0059 7.42 1.48 
240 0.0774 6.1146 0.0066 7.21 1.44 
256 0.0771 6.1348 0.0062 7.52 1.50 
271 0.0771 6.1421 0.0066 7.41 1.48 
286 0.0770 6.1729 0.0061 7.93 1.59 
302 0.0771 6.1766 0.0062 7.94 1.59 
317 0.0759 6.1775 0.0077 7.36 1.47 
333 0.0761 6.1904 0.0073 7.65 1.53 
348 0.0763 6.2077 0.0078 7.68 1.54 
364 0.0765 6.2471 0.0066 8.82 1.76 
379 0.0757 6.2456 0.0063 8.93 1.79 
395 0.0767 6.2655 0.0075 8.83 1.77 
410 0.0752 6.2473 0.0105 7.47 1.49 
426 0.0766 6.2720 0.0071 9.20 1.84 
441 0.0755 6.2563 0.0096 7.87 1.57 
456 0.0755 6.2457 0.0083 8.08 1.62 
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