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 Self-assembly of Amphiphilic Copolymers Containing 
Polysaccharide: PISA versus Nanoprecipitation, and the 
Temperature Effect. 

Djallal Ikkene,a Ana Andreea Arteni,b Malika Ouldali,b Jean-Luc Sixa and Khalid Ferji*a 

“This manuscript is a tribute to the 50 year anniversary of the French Polymer Group (Groupe 
Français des Polymères - GFP)” 

For many decades, the self-assembly of amphiphilic copolymers containing polysaccharide, called glycopolymers, has been 

induced in water via nanoprecipitation, whereas the polymerization-induced self-assembly (PISA) approach has been less 

reported. Using advanced characterization techniques including static/dynamic light scattering and TEM/CryoEM analyses, 

we studied the impact of the experimental conditions/process on the morphology of formed glyco-nanostructures. A model 

amphiphilic glycopolymer (Dex-g12-PHPMA400) based on dextran as hydrophilic polysaccharide backbone and poly(2-

hydroxypropyl methacrylate) (PHPMA) as hydrophobic grafts were prepared in water using a photo-induced RAFT 

polymerization at 405 nm. On the one hand, our findings revealed that photo-initiated PISA (photo-PISA) at room 

temperature (RT) led to a mixture of spheres with a significant population of worm-like micelles (WLM), whereas the 

nanoprecipitation of purified Dex-g12-PHPMA400 led only to spherical micelles. On the other hand, we demonstrate that the 

morphology of the produced glyco-nanostructures is affected by temperature since performing photo-PISA at 60°C led to 

spheres instead of WLM. Finally, our findings revealed that pre-synthesized WLM at RT underwent irreversibly an unusual 

morphological transition to spheres by heating to 60°C.    

Introduction  

Amphiphilic copolymers containing natural hydrophilic 

polysaccharides and hydrophobic synthetic polymers, called 

amphiphilic glycopolymers (AGPs), are promising materials for 

cosmetic, food and biomedical applications. 1-6 For many 

decades, the self-assembly of AGPs in water has been induced 

via “conventional assembly processes”, 6, 7 including 

nanoprecipitation,8-14 and emulsion-solvent evaporation. 15-22 

Namely, in these pathways, pre-synthesized amphiphilic 

copolymers are initially dissolved in a common organic solvent 

for both blocks followed by a gradual addition of water, a 

selective solvent for one of the blocks, to induce the formation 

of nanoobjects. Although such processes are relatively simple 

to perform at the laboratory scale, their industrial transposition 

is limited due to the low solids concentration (typically <1 %wt) 

prepared and the multiple processing and purification steps 

required. Moreover, performing these traditional processes 

with AGPs frequently leads to the formation of kinetically-

trapped aggregates, while advanced morphologies (worm-like 

micelles and vesicles) are rarely reached, due to the difficulty to 

find a common organic solvent of AGPs.6, 23, 24    

Polymerization-induced self-assembly (PISA)25-27 is a 

straightforward and efficient approach recently developed to 

formulate polymeric nanostructures with diverse morphologies 

in both polar and apolar solvents. 28-40 Compared to the 

conventional assembly processes, PISA is a one-pot approach 

requiring simple operating conditions to produce nanoobjects 

at high solids concentration (up to 50 wt%),41-43 without 

recourse to any additional purification steps. PISA involves a 

chain-extension of a solvophilic macromolecular stabilizer with 

a desired monomer that forms a solvophobic block when 

reaching a critical chain-length. This results in a spontaneous 

self-assembly of the produced amphiphilic copolymer into 

nanostructures of various sizes and morphologies depending on 

the relative volume ratio of each blocks and on the solids 

concentration. Although nitroxide mediated polymerization 

(NMP) 25, 41 was the first reversible-deactivation radical 

polymerization (RDRP) technique carried out in PISA, reversible-

addition fragmentation chain transfer (RAFT) polymerization 44-

58 is by far the most reported one in the literature. Currently, 

the scope of PISA has been extended to many other 

polymerization mechanisms.59-71  

Since its discovery, aqueous PISA has been intensively 

conducted using hydrophilic synthetic macromolecular 

precursor as reactive stabilizer, including poly(ethylene oxide), 

poly(glycerol monomethacrylate), and poly((meth)-acrylic acid) 

whereas natural polysaccharides have been scarcely reported. 6 

Bernard et al. 72 prepared submicronic latex particles via 

aqueous RAFT polymerization of vinyl acetate from a xanthate-

terminated dextran at 65°C. Kapishon et al. 73 prepared 

spherical micelles by polymerizing methyl methacrylate (MMA) 

from alginate-based macroinitiator using single electron 

transfer living-radical polymerization (SET-LRP). Hatton et al.74 

described the synthesis of spherical latex particles by carrying 

out RAFT-mediated surfactant-free emulsion polymerization to 

chain-extend MMA from xyloglucan-based macromolecular 

chain transfer agent. Surprisingly, only low-order morphology 
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(spheres) was observed in these works, even when different 

AGPs compositions were targeted. We guess this is due to the 

temperature (> 60 °C) used to thermally produce radicals 

required for the chain-extension of the core-forming 

hydrophobic block. 

Over the last few years, light has emerged as a promising 

alternative initiation pathway to mediate RDRPs (photo-RDRP) 

at room temperature (RT). 40, 75-79 Among the different reported 

strategies,80-84 photo-mediated RAFT polymerization (photo-

RAFT) 85, 86 was quickly distinguished as the technique of choice 

to drive aqueous PISA at RT (photo-PISA),49, 57, 58, 87-89 due to its 

ability to control the polymerization of a wide range of 

monomers (notably thermoresponsive ones 90, 91) at mild 

temperature conditions. Currently, the activation of the photo-

RAFT using an exogenous photoinitiator, 58, 88, 91-93 is the most 

commonly strategy applied in photo-PISA. Other mechanisms 

using the direct photodissociation of a RAFT agent (iniferter) 

under UV irradiations, 49 visible light, 89, 94 or by photo electron 

transfer RAFT (PET-RAFT)95, 96 in the presence of a photocatalyst 

have been also reported.57, 97 

Recently, our group reported the first example of advanced 

morphologies based on a natural polysaccharide stabilizer 

(dextran) using the features of photo-PISA at RT. 49 A 

functionalized dextran with RAFT agents (DexCTA12) was chain 

extended in water by 2-hydroxypropyl methacrylate (HPMA) 

using photo-RAFT polymerization under 365 nm irradiations at 

RT.  

Herein, we continue our series of investigations aiming to 

understand the parameters influencing the self-assembly of 

AGPs in water, by studying the impact of the self-assembly 

methods and the temperature on the morphology of the 

resulted nanoobjects. On the one hand, for an identical 

chemical composition of the AGP (Dex-g12-PHPMA400 containing 

on average 12 PHPMA grafts per dextran chain, 𝑋𝑛
̅̅̅̅  of each graft 

= 400), we investigated the nanoobject morphologies 

generated by the photo-PISA approach and the conventional 

assembly processes. More precisely, Dex-g12-PHPMA400 -based 

nanoobjects were prepared via photo-RAFT PISA of HPMA from 

DexCTA12 in water at RT (Fig. 1). The Dex-g12-PHPMA400 

glycopolymer was then recovered by freeze-drying the PISA 

suspension, and dispersed in water to prepare glycopolymers-

based nanostructures (glyco-nanostructures) via 

nanoprecipitation, emulsion-solvent evaporation, and film 

rehydration methods using usual organic solvents. On the other 

hand, the effect of temperature on the evolution of the 

nanostructures morphology was studied, both by heating the 

previous PISA suspension and by conducting the photo-PISA at 

60 °C. A detailed physico-chemical investigation of the glyco-

nanostructures, using light scattering and (cryo)transmission 

electron microscopy, shows that the morphologies strongly 

depend on the process and on the experimental conditions.  

Experimental. 

Material. 

Dextran T40 (𝑀𝑛
̅̅ ̅̅  = 32000 g mol-1, and Ð = 1.4), dimethyl sulfoxide 

(>99.9%), acetone, chloroform and dimethyl formamide were 

purchased from Merck. Ethyl (2, 4, 6-trimethylbenzoyl) 

phenylphosphinate (TPO-L) was purchased from fluorochem. 2-

Hydroxypropyl methacrylate (HPMA) (98%) was purchased from 

ABCR and was passed through a silica column prior to use. 1H NMR 

spectrum of HPMA (Fig. S1A†) revealed the presence of 25 mol % of 

the isomer (2-hydroxyisopropyl methacrylate, HIPMA). In the 

following, only the chemical structure of HPMA will be considered to 

simplify the chemical structures of polymers produced. 

Synthesis of the macromolecular chain transfer agent, DexCTA12.  

The macromolecular chain transfer agent containing 12 CTA groups 

per dextran chain (Fig. S1B† and S2†)  was prepared by modification 

of dextran using a multistep pathway as we previously reported.11 

Nanoobjects formulation. 

Nano-1 suspension was obtained via an in-situ aqueous photo-PISA 

of HPMA at RT. In a dried schlenk flask, DexCTA12 (0.047 g, 0.0176 

mmol of CTA groups) and HPMA (1 g, 6.95 mmol) were dissolved in 
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distilled water (9.5 mL) to reach in fine 10 % w/w solids. The reaction 

mixture was purged with nitrogen in the dark for 10 minutes. TOP-L 

(18 μL of TPO-L stock solution in DMSO at 100 mg mL-1, 0.0057 mmol) 

was then added to the reaction medium under nitrogen. The mixture 

was then irradiated with a homemade UV−VIS LED (405 nm, 10 mW 

cm-2) at RT for 1 hour to achieve full monomer conversion (Fig. S1C†), 

leading to the synthesis of Dex-g12-PHPMA400 glycopolymer. The 

experiment was carried out twice to verify the repeatability. This 

glycopolymer was freeze-dried overnight to recover a dried 

glycopolymer (powder), which was used to prepare Nano-2, Nano-3 

and Nano-4 suspensions as described below.  

Nano-2 suspension was prepared by nanoprecipitation. In a typical 

experiment, dried Dex-g12-PHPMA400 (20 mg) was solubilized in 

DMSO (1 mL), then added manually dropwise (200 μL min-1) into 

distilled water (1 mL) under fast and regular stirring. Finally, DMSO 

was removed by dialysis against water for 3 days. The final 

concentration of this suspension was adjusted to 20 mg mL-1. 

Nano-3 suspension was prepared by emulsion-solvent evaporation. 

In a typical experiment, dried Dex-g12-PHPMA400 (20 mg) were 

solubilized by CH2Cl2 or CHCl3 (1 mL) as water non-miscible organic 

solvent, then milli-Q water (2 mL) was added. An emulsion was 

obtained by sonication of the mixture for 30 min using a Vibracell 75 

model (Bioblock Scientific, pulsed mode, 46 W). The organic solvent 

was evaporated during this sonication step. 

Nano-4 suspension was prepared by film rehydration. In a typical 

experiment, dried Dex-g12-PHPMA400 (20 mg) was solubilized by 1 mL 

of acetone or THF as volatile organic solvent, followed by the slow 

evaporation of the solvent under reduced pressure to form a thin 

film, which was then rehydrated by milli-Q water under gentle 

stirring overnight. 

Nano-5 suspension was obtained via an in-situ aqueous photo-PISA 

of HPMA at 60°C. In a dried schlenk flask, DexCTA12 (0.047 g, 0.0176 

mmol of CTA groups) and HPMA (1 g, 6.95 mmol) were dissolved in 

distilled water (9.5 mL) to produce 10 % w/w solids. The reaction 

mixture was purged with nitrogen in the dark for 10 minutes. The 

schlenk flask was immersed in a water bath heated to 60 ° C using a 

hot plate stirrer (IKA ™), before adding TPO-L (18μL of TPO-L stock 

solution in DMSO at 100 mg mL-1, 0.0057 mmol) under nitrogen. 

Finally, the mixture was irradiated with a homemade UV−VIS LED 

(405 nm, 10 mW.cm-2) for 1 h to achieve full monomer conversion 

(Fig. S1D†), leading to the synthesis of Dex-g12-PHPMA400 

glycopolymer. The experiment was carried out twice to verify the 

repeatability. 

Nano-6 suspension was obtained by incubating Nano-1 suspension 

(10 % w/w solids) at 60 °C using a thermoshaker (thermoshake THO 

500/1 Gerhardt) for 40 days. The experiment was carried out twice 

to verify the repeatability.   

1H NMR spectroscopy. 

All 1H NMR spectra were acquired on a Bruker Avance 300 MHz, and 

carried out in DMSO-d6. 

Size exclusion chromatography (SEC).  

A Shimadzu SEC device was equipped with a HPLC pump (LC 20AD, 

Shimadzu), degasser AF (DGU – 20A3R, Shimadzu), three PLgel 

columns (100000, 1000, and 100 Å), a Multi-Angle Laser Light 

Scattering (MALLS) detector (Mini Dawn Wyatt), a differential 

refractometer detector (RID 10A, Shimadzu), and an UV detector 

(SPD-20A, Shimadzu). The number-average molar mass (𝑀𝑛
̅̅ ̅̅ ), weight-

average molar mass (𝑀𝑤
̅̅ ̅̅̅) and dispersity (Ð) were measured using 

DMSO/NaNO3 (8.5 g L-1) as eluant at flow rate of 0.7 mL min-1 at 70 

°C. The refractive index increment (dn/dc = 0.025 mL g-1) of Dex-g12-

PHPMA400 glycopolymer was determined as previously reported. 11 

UV Absorbance. 

UV-Visible absorbance spectra of thiocarbonate RAFT agent (CTA) in 

DMSO were recorded (Fig. S3†) using the UVikon-XL spectrometer 

(Bio-Tech instruments). 

Dynamic/static light scattering (DLS/SLS).  

Light-scattering measurements were performed using an ALV/CGS-3 

compact goniometer system, equipped with an ALV-7004 multiple 

tau digital correlator and a vertically-polarized He-Ne laser of 22 mW 

output power operating at wavelength λ = 632.8 nm. During the 

analysis, the sample was kept in a toluene bath to keep the sample 

temperature constant (20 °C or 60°C) and to suppress reflections 

from the glass-air-interface of the sample cell. Scattered light was 

detected at scattering angles 20° ≤ 𝜃 ≤ 150°, corresponding to 

scattering vector regime 0.00459 nm−1 ≤ 𝑞 ≤ 0.00255  nm−1 . q is 

calculated using Eq-1, where 𝑛 is the refractive index of the solvent 

(water). 

𝑞 =  
4𝜋𝑛

𝜆
sin(

𝜃

2
)            Eq-1 

In DLS, the autocorrelation functions were analysed in terms of 

relaxation time (τ) distribution according to the REPES routine. Z-

average hydrodynamic radius (RH) was estimated using the Stokes-

Einstein equation (Eq-2), where D0 is the diffusion coefficient of the 

nanoobjects determined from the slope of the q2 dependence of 

relaxation rate (<Γ> = Dq2), kB is the Boltzmann constant, T is the 

absolute temperature and ηs is the viscosity of the solvent (water). 

The polydispersity (PDI) was determined at 𝜃 = 90° using the second-

order cumulant analysis. 

𝑅𝐻 =  
𝑘𝐵𝑇

6𝜋𝜂𝑠𝐷0
              Eq-2 

In SLS, the 
𝐾𝑐

𝑅𝜃
 ratio is recorded in order to determine the radius of 

gyration (Rg) using the Zimm equation (Eq-3), where Rθ is the average 

scattered intensity measured at angle θ, 𝐾 is an optical constant, 𝑐 is 

the concentration of the nanostructure dispersion, A2 is the second 

virial coefficient of the suspension and 𝑀𝑤
𝑛𝑎𝑛𝑜̅̅ ̅̅ ̅̅ ̅̅  is the weight-average 

molar mass of the nanoobjects. K is calculated using equation (Eq-4), 

where NA is Avogadro’s constant, and 
𝑑𝑛

𝑑𝑐
 is the refractive index 

increment of the nanostructure dispersion (dn/dc = 0.145 mL g-1), 

measured in water using a differential refractometer Waters 410.  

𝐾𝑐

𝑅𝜃
=

1

𝑀𝑤
𝑛𝑎𝑛𝑜̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 𝑃(𝜃)

+ 2A2c =
1

𝑀𝑤
𝑛𝑎𝑛𝑜̅̅ ̅̅ ̅̅ ̅̅ ̅̅  (1 +

1

3
𝑅𝑔

2𝑞 2) + 2A2c  Eq-3 

 

𝐾 =
4𝜋2𝑛2

𝑁𝐴𝜆4 (
𝑑𝑛

𝑑𝑐
)

2

            Eq-4 

 

Eq-3 can be simplified for diluted systems (Eq-5) to determine the 

nanoparticle form factor P(θ) at each angle (θ). In practice, a 
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normalized form factor (Eq-6) is calculated relative to the form factor 

at θ = 20° to analyse SLS data.  

𝑃(𝜃) =
𝑅𝜃

𝐾𝑐
×

1

𝑀𝑤
𝑛𝑎𝑛𝑜̅̅ ̅̅ ̅̅ ̅̅ ̅̅             Eq-5 

Normalized form factor = 
𝑃(𝜃)

𝑃(θ=20°)
=

𝐾𝑐

𝑅(θ=20°)
𝐾𝑐

𝑅(𝜃)

      Eq-6 

Transmission electron microscopy (TEM). 

Samples were analysed by conventional electron microscopy using 

the negative staining method. 3 μL suspension (1 mg mL-1) were 

deposited on an airglow-discharged carbon-coated grid. Excess liquid 

was blotted, and the grid rinsed with 2 % w/v aqueous uranyl 

acetate. The grids were visualised at 100 kV with a TECHNAI Spirit 

(FEI) transmission electron microscope (ThermoFisher, New York NY, 

USA) equipped with a K2 Base 4k x 4k camera (Gatan, Pleasanton CA, 

USA). Magnification was at 4400, 6500 or 15000 X, corresponding to 

a pixel size at the level of the specimen of 0.83, 0.55 and 0.25 nm, 

respectively. 

Cryogenic electron microscopy (CryoEM). 

CryoEM was performed using a Vitrobot Mark IV. 3 μL suspension (1 

mg mL-1) were deposited on airglow-discharged Quantifoil R2/2 

grids. The sample was blotted for 3 seconds using force value 2, and 

frozen in liquid nitrogen-cooled ethane. Grids were observed on a FEI 

Tecnai 200, equipped with a field emission gun and operated at 200 

kV. Images were recorded on a K2 Summit camera (Gatan) at a 

magnification of 15,000 at the level of the microscope (0.25 nm per 

pixel) and 1.5-3 microns defocus. Data were recorded under low-

dose conditions (dose rate 20e/A2). 

Results and discussion. 

Photo-RAFT polymerization system. 

In the present study, a thiocarbonate-type RAFT agent (CTA) was 

chosen to carry out the photo-PISA given its ability to initiate and 

control the polymerization of methacrylates under UV-vis 

irradiation.94 The absorption of this CTA in UV region (~ 320 nm, π → 

π* electronic transition) and in visible region (~430 nm n → π*) (Fig 

S3A†) results in the generation of a carbon radical, which can initiate 

and control the chain propagation either via a degenerative chain 

transfer mechanism or by a direct dissociation−recombination of the 

generated radical.98 Visible light (405 nm) was used instead of UV in 

order to avoid possible irreversible photolysis of CTA under UV 

irradiation.99 Given the weak absorption of CTA at 405 nm (n → π* 

electronic transition), a photo-initiator (TPO-L) was added to 

increase the kinetic of the photo-polymerization. In fact, preliminary 

tests of polymerization of HPMA from DexCTA12 in water without 

TPO-L revealed slow monomers conversion (< 30%) within 8h of 

irradiation under 405 nm. The impact of the irradiation wavelength 

on the morphology of nanoobjects was not studied in the present 

paper.   

The macromolecular RAFT agent based on dextran (DexCTA12), 

containing CTA moieties (Fig. S1B†), was prepared using a novel 

pathway, more efficient and more reproducible, according to our 

recent paper. 11 Namely, hydroxyl functions of dextran were first 

partially oxidized with sodium periodate, leading to dextran 

containing aldehydes. Oxidized dextran was then reacted with 

ethylenediamine to produce aminated dextran. Finally, CTA groups 

were linked to the dextran backbone via amidation, giving the 

DexCTA12 compound. The number of CTA groups per dextran chain 

(12 per chain) was calculated from 1H NMR spectrum (Fig. S1B†) 

using the area ratio of the signals at 0.98 ppm (CH3 relative to CTA) 

and from 4.2 ppm to 5 ppm (3 OHs and anomeric protons of dextran). 

The number-average molar mass (𝑀𝑛
̅̅ ̅̅  = 37500 g mol-1) and dispersity 

(Ð = 1.27) of DexCTA12 were determined by SEC in DMSO/NaNO3 (8.5 

g L-1) at 70 °C (Fig. S2†). 

Effect of the self-assembly process: PISA vs traditional self-

assembly processes. 

In comparison to spheres, worm-like micelles (WLM) have various 

characteristics readily recognized by static/dynamic light scattering 

(typical form factor and  = Rg/RH ratio) and by transmission electron 

microscopy (morphology), making them ideal models to study the 

impact of the self-assembly process on the morphology of the 

obtained nanostructures. Thus, in the present work, WLM were first 

targeted by conducting PISA under specific experimental conditions, 

according to our previous investigation. 49 

Chain extension of the PHPMA grafts from DexCTA12 was 

performed in water via photo-RAFT polymerization under visible 

irradiation ( = 405 nm) at RT (Nano-1). A theoretical degree of 

polymerization of PHPMA grafts (𝑋𝑛
̅̅̅̅  of each graft = 400) and a solids 

concentration (10% w/w solids) were targeted to favourite the 

formulation of WLM. 49 As evidenced from 1H NMR analysis (Fig. 

S1C†), a high monomer conversion (> 99%) was achieved within 1 

hour of irradiation, leading to Dex-g12-PHPMA400 glycopolymers, 

where 12 is the number-average of PHPMA grafts per dextran chain 

and 400 is the theoretical number-average degree of polymerization 

(𝑋𝑛
̅̅̅̅ ) of each graft. In comparison to DexCTA12, the SEC shows a shift 

of the Dex-g12-PHPMA400 chromatogram toward low elution volumes 

while maintaining a low dispersity (Ð = 1.21), indicating the uniform 

growth of grafts from the DexCTA12 backbone (Fig. S2†). 

The aqueous Nano-1 suspension was diluted, then characterised 

by light scattering (DLS/SLS), TEM and CryoEM without further 

purification. On the one hand, DLS analysis (table 1) reveals the 

formation of nanoobjects with a Z-average hydrodynamic radius (RH) 

equal to 98 nm (PDI = 0.2), estimated according to Eq-2 and using a 

diffusion coefficient (D0 = 2.18 10-12 m² s-1), which is the slope of the 

linear dependence of relaxation rate (Γ) plotted versus q² (Fig. 2A). 

On the other hand, a Z-average radius of gyration (Rg) equal to 214 

nm (table 1) was determined by analysing the SLS data (Fig. S4†) 

recorded from a series of Nano-1 suspensions with different 

concentrations ranging from 0.0625 g L-1 to 0.5 g L-1, using the Zimm 

equation (Eq-3). As shown in table 1, the so-called −ratio 

( = Rg/RH), which is an important indication of the morphology of 

scattering nanoobjects, is close to 2 ( = 2.17) and corresponds to a 

cylindrical morphology.100 This represents a first confirmation of the 

formulation of WLM using photo-PISA at RT.49  
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The dependence of the normalized light scattering form factor of 

Nano-1, calculated from SLS data using Eq-6, on the scattering vector 

(q) is shown in Fig. 2B. The shape of the obtained curve constitutes 

an additional approach to study the morphology of nanoobjects. As 

shown in Fig. 2B, the curve of Nano-1 displays the slope q−1 scaling 

law over intermediate q wavevector range, characteristic of WLM, 

rather than q−2 or q-4 scaling laws characteristic of vesicles or 

spherical micelles, respectively.101 In the literature, various model 

form factors were developed to fit the SLS data recorded for 

elongated nanoobjects. 102 The simplest model is that of 

monodisperse stiff cylinders (Eq-7) with length 𝐿 = 𝑅𝑔√12. As 

shown in Fig. 2B, the normalized form factor of Nano-1 could be 

fitted using Eq-7 for intermediate length scales 4< qL < 11. However, 

a large deviation is observed at large length scales qL > 11, indicating 

that Nano-1 probably contains a mixture of morphologies. 

𝑃1(𝜃)

𝑃1(θ=20°)
                Eq-7 

With 𝑃1(𝜃) =
2

𝑞𝐿
𝑆𝑖(𝑞𝐿) − 4 (

sin(𝑞𝐿)

𝑞𝐿
)

2

   

and  𝑆𝑖(𝑞𝐿) = ∫
sin(𝑞𝐿)

𝑞𝐿

𝑞𝐿

0
𝑑(𝑞𝐿) the sinus-integral-function.  

Table 1. Summary of the characteristics and parameters used to fit 

the SLS data recorded at 20°C of the Dex-g12-PHPMA400 -based 

nanostructures. WLM: worm-like micelle, S: sphere. 

Entry 
DLS/SLS Fit parameters 

Morphology RH 

(nm) 
Rg 

(nm) 
 PDI Eq 

Size 
(nm) 

Nano-1 98 214 2.17 0.2 

Eq-7 L=741 

WLM + S 
Eq-8 R=267 

Eq-9 
L=741, 
R=267 

Nano-2 88 75 0.85 0.11 Eq-8 R=98 S 

Nano-5 47 40 0.85 0.06 Eq-8 R=50 S 

Nano-6 88 68 0.77 0.10 Eq-8 R=88 S 

 

A model form factor of spherical micelles 103 (Eq-8) was also tested in 

this study in order to establish the best fit for the SLS data. The 

parameters used are summarized in table 1. As expected, the 

theoretical expression of spherical micelles does not correspond to 

the experimental SLS data (Fig. 2B). It is important to note that the 

experimental values are located between curves of Eq-7 and Eq-8, 

meaning that Nano-1 obtained via the photo-PISA at RT may contain 

a mixture of cylindrical and spherical morphologies. This assumption 

was verified by using an empirical equation (Eq-9) that describes the 

average of the contribution of worm-like and spherical micelles, 

based on the statistical analysis determined from TEM analysis. As 

shown in Fig. 2B, Eq-9 fits the SLS data well over a wide range of 

length scales (qL). 

𝑃2(𝜃)

𝑃2(θ=20°)
                Eq-8 

With  𝑃2(𝜃) =
9

(𝑞𝑅)6 (sin(𝑞𝑅) − 𝑞𝑅𝑐𝑜𝑠(𝑞𝑅))²      

and R the radius of the sphere. 
𝑃3(𝜃)

𝑃3(θ=20°)
                Eq-9  

With 𝑃3(𝜃) = 0.6 × 𝑃1(𝜃) + 0.4 × 𝑃2(𝜃)    

Fig.2 (A) q² dependence of the relaxation rate (Γ) obtained from 

DLS experiments at 20°C. (B) normalized form factors plotted 

versus q obtained from SLS measurements at 20°C for different 

nanostructure dispersions. 
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To further investigate the morphology of the nanostructures, 

the Nano-1 suspension was characterized by transmission electronic 

microscopy (TEM). Uranyl-acetate was added at very low 

concentrations to stain the nanostructures chemically. As shown in 

Fig. 3A and 3B, a mixed phase of spheres and oblate micelles with a 

significant proportion of WLM was observed. It is well-known that 

the preparation of samples for TEM characterization requires drying 

of the colloidal suspension, which can potentially induce damage and 

modification of the nanostructure morphology. Thus, one could 

assume that the observed WLM and oblate micelle morphologies 

were formed by the fusion of spherical micelles during the drying 

step. Cryogenic electron microscopy (CryoEM) is an elegant approach 

to minimize such damage, involving freezing of an aqueous sample 

in its hydrated state. A typical CryoEM image obtained for the Nano-

1 suspension is shown in Fig. 3C, confirming the presence of worm-

like micelles. Additional TEM and CryoEM images of Nano-1 are 

available in Fig. S5†. Note that a statistical study of the different TEM 

and CryoEM images reveals that Nano-1 suspension is mainly 

composed of WLM (> 60 %) (Fig. 3D), consistent with the results 

obtained by light scattering. These calculated proportions were used 

to establish empirical equation Eq-9. 

In order to study the impact of the self-assembly process on the 

morphology of formed nanostructures, Nano-1 suspension was 

freeze-dried overnight to give a dried powder of Dex-g12-PHPMA400 

glycopolymers. This powder was then dispersed in water using 

conventional assembly methods: nanoprecipitation (Nano-2), 

emulsion-solvent evaporation (Nano-3) and film-rehydration (Nano-

4). For all methods, the glycopolymers were dispersed in the usual 

solvents used for each method (DMSO for Nano-2, CH2Cl2 or CHCl3 

for Nano-3, and THF or acetone for Nano-4) before addition of water. 

As shown in Fig. S6†, after elimination of the organic solvent, a 

homogeneous white dispersion was obtained for Nano-2 at 20 mg 

mL-1, while white precipitates were formed for Nano-3 and Nano-4. 

The low solubility of the Dex-g12-PHPMA400 glycopolymers in CH2Cl2, 

CHCl3, acetone and THF, prior adding water, could explain the 

formation of these precipitates instead of homogeneous 

suspensions. These early investigations demonstrate how it is 

difficult to find a common organic solvent for both parts of the 

glycopolymers and consequently to induce their self-assembly in 

water by emulsion-solvent evaporation and film-rehydration 

methods.  

Various aqueous suspensions of Dex-g12-PHPMA400 -based 

nanoobjects were prepared by nanoprecipitation at different final 

concentrations (from 1 to 100 mg mL-1) to study the impact of the 

glycopolymer concentration on the morphology of the resulting 

nanostructures. Unfortunately, white precipitates were obtained at 

higher concentrations (100 mg mL-1 and 50 mg mL-1), whereas 

homogeneous suspensions were obtained for dilute dispersions (20 

mg mL-1, 10 mg mL-1 and 1 mg mL-1). Light scattering analysis (table 

1) of the Nano-2 suspension (20 mg mL-1), prepared by 

nanoprecipitation, shows nanostructures with RH = 88 nm, estimated 

according to Eq-2 and using D0 = 2.46 10-12 m² s-1 (Fig. 2A), and Rg = 

75 nm determined by analysing the SLS data (Fig. S4†). A -ratio ( = 

0.85) close to 0.77 is obtained, suggesting the formation of spherical 

Fig.3 (A, B, E, G, I) TEM and (C) cryoTEM images of nanostructure 

suspensions based on Dex-g12-PHPMA400 obtained via different 

pathways (see Fig. 1).  (D, F, H, J) statistical analysis made from 

100 nanoobjects using ImageJ software. 
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micelles. By comparing the SLS data recorded for Nano-1 and Nano-

2 (Fig. 2B), one can observe a significant difference between the 

normalized form factors of these two suspensions. Note that the SLS 

data of Nano-2 could be fitted using a spherical micelle form factor 

(Eq-8). These findings are consistent with the TEM characterization, 

where spherical micelles are observed (Fig. 3E, 3F). It should be noted 

that the other suspensions produced by nanoprecipitation at lower 

concentrations (10 mg mL-1 and 1 mg mL-1) were characterized by 

DLS/SLS (data not shown) and by TEM. Spherical micelles were also 

observed as shown in Fig. S7†, suggesting that concentration does 

not have an impact on the nanostructure morphology.  

Thus, our findings showed that the same glycopolymer (Dex-g12-

PHPMA400) can form different order of morphologies in water 

depending on the assembly process used (WLM using PISA at RT, and 

spheres using nanoprecipitation), demonstrating how the 

morphology of glycopolymers-based nanoobjects depends strongly 

on the method of self-assembly used, in contrast to synthetic 

copolymers.104   

Effect of the temperature during the PISA process. 

Currently, apart from our previous work describing photo-PISA at 

RT,49 all the other reports on the use of reactive polysaccharide 

derivatives as hydrophilic stabilizer for PISA were exclusively 

performed by thermal initiation.73, 74 Surprisingly, if a large set of 

advanced morphologies was yielded in the former, only spherical 

morphology was reported in the latter. We hypothesised that 

temperature could have a strong effect on the morphology of the 

glyco-nanostructures produced by PISA. To the best of our 

knowledge, this challenging question has been never discussed in 

case of polysaccharidic steric stabilizers in PISA. However, it has been 

reported for some synthetic block copolymers. 58, 88  

Herein, to study the impact of temperature on the morphology of 

the glyco-nanostructures during the process of PISA, the aqueous 

photo-RAFT polymerization of HPMA from DexCTA12 was carried out 

at 60 °C (Nano-5), using a similar experimental protocol of Nano-1 

(𝑋𝑛 
̅̅ ̅̅ of each graft = 400 and 10% w/w solids). Fig. S8† shows the 

experimental setup used. As evidenced from 1H NMR analysis (Fig. 

S1D†), a complete conversion of HPMA (> 99%) was achieved within 

1 hour of irradiation. SEC analysis (Fig. S2†) shows uniform growing 

of the PHPMA grafts from DexCTA12 backbone, leading to a 

glycopolymer (Nano-5) with macromolecular parameters (𝑀𝑛
̅̅ ̅̅  = 

134000 g mol-1, Ð = 1.22) equivalent to the one estimated for Nano-

1 (𝑀𝑛
̅̅ ̅̅  = 135000 g mol-1, Ð = 1.21). After one hour of irradiation at 

60°C, a diluted sample was prepared and directly characterized by 

DLS at 60°C. The reaction medium was then cooled to RT, and a new 

diluted sample was prepared and characterized by DLS at 20°C. As 

shown in Fig. 4A, similar hydrodynamic radii were obtained by DLS 

performed at 60 °C (before cooling, RH = 50 nm, PDI = 0.17) and at 

20°C (after cooling, RH = 47 nm, PDI = 0.06), suggesting the absence 

of any phase transition of nanoobjects from 60°C to RT. The slight 

difference in RH is attributed to the relatively large PDI of Nano-5 at 

60°C. It should be stressed that no visual changes were occurred 

during the cooling step. We assumed that the morphology formed at 

60°C remained equivalent to the one at RT. Note that Nano-5 

remained stable for several months at RT as evidenced by DLS results 

Fig. 4 Effect of temperature and storage period on the 
morphology of Nano-1, Nano-5 and Nano-6. (A) and (B) RH was 
estimated from the slop (kB/3πRH) of q² dependence of (Γηs/T) 
recorded by DLS measurements (Eq-2) at 20°C (closed symbols) 
and at 60°C (open symbols). η is the viscosity of the water (η = 
10-3 or 0.47x10-3 kg m-1 s-1 at 20°C or 60°C, respectively). (C) 
Evolution of the normalized form factors of Nano-1 at 60°C for 
different heating period.  
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(Fig. 4A), RH = 45 nm, PDI = 0.09. A Rg = 40 nm was calculated at RT 

using a Zimm plot diagram (Fig. 4S†), leading to a -ratio ( = 0.85) 

close to 0.77, which is characteristic of the spherical micelle 

morphology. Additionally, the SLS data of Nano-5, which are 

considerably different from those of Nano-1 (Fig. 2B), were fitted 

using the theoretical expression of spheres (Eq-8). TEM images (Fig. 

3G and 3H) clearly reveal the spherical morphology formed during 

the photo-PISA at 60 °C. Additional TEM images are shown in Fig. S9†. 

Our findings confirmed that performing PISA at different 

temperatures led to the formation of nanoobjects exhibiting 

different morphologies. More important, we demonstrated that 

increasing the temperature of polymerization in PISA (60°C) results 

in the formation of nanoobjects with lower order of morphology, i.e. 

spheres, instead of WLM formed by PISA at RT. This difference of 

morphology could be attributed to the change in the hydration state 

of the hydrophobic PHPMA grafts with temperature,105 resulting in 

the variation of the hydrophobic / hydrophilic volume ratio (Vr) that 

drives the packing parameter (Fig. 5). PISA at RT produced WLM 

(Nano-1) because PHPMA grafts were more hydrated (increase of the 

hydrophobic PHPMA volume), which results in a larger Vr (higher 

packing parameter). In contrast, at 60°C, PHPMA grafts were less 

hydrated (more compact) leading to a lower Vr (smaller packing 

parameter) and thus resulting in the formation of lower-order 

morphology (spheres, Nano-5). Note that dextran does not undergo 

any conformational change at this range of temperature,106 that 

would explain the difference of morphology observed by PISA at RT 

and 60°C. 

It should be stressed that our findings are in contrast to the ones 

of Tan, Zhang and co-workers, who found, using macroCTAs based 

on poly(ethylene glycol)58 and poly(glycerol monomethacrylate),88 

that increasing the temperature of photo-polymerization of HPMA 

led to higher order of assemblies (vesicles instead of spheres). 

Authors reported two explanations for their observations: i) the low 

aqueous solubility of HPMA at high temperature would induce an 

increase of local HPMA concentration within the micelles at early 

stage of polymerization (in comparison to RT), which favourites the 

formation of high order morphologies, 58 ii) the fusion of spheres at 

high temperature due to the increase of the PHPMA mobility 88 (Tg of 

HPMA in water =47 °C 27). The unusual behaviour of our system can 

be explained as following. On the one hand, the higher surfactant 

properties of DexCTA12, due to the presence of various CTA on 

dextran backbone, may confer uniform dispersion of HPMA in water 

at high temperature and thus avoids aggregation of monomers. On 

the other hand, the grafted architecture of Dex-g12-PHPMA400 

glycopolymer may confer a higher stabilization of the 

nanostructures, avoiding mobility of the glycopolymers and thus the 

fusion of spheres into WLM. 

 

Temperature induced phase transition. 

One might legitimately wonder about the factor driving Dex-g12-

PHPMA400 glycopoymers (Nano-1 and Nano-5) to in fine form 

different morphologies (WLM vs spheres) at the same temperature, 

i.e. RT. We assumed that the thermal history of nanoobjects could 

have a considerable effect on their morphologies. To verify this 

assumption, we decided to subject WLM previously prepared by 

photo-PISA at RT (Nano-1) to a thermal annealing, allowing Nano-1 

to have a similar thermal history as Nano-5.  

The aqueous Nano-1 suspension (10 % w/w solids) was first 

heated to 60 °C for 1 hour. Immediately, a diluted sample was 

prepared and characterized by DLS at 60°C. Fig. 4B indicates that the 

RH of Nano-1 remained unchanged after such heating (98 nm, PDI = 

0.2 at 20°C instead of 99 nm, PDI = 0.12 at 60°C), suggesting that 

WLM remained stable at 60°C for one hour. These preliminary results 

indicate that no thermal transition was occurred under the 

experimental conditions of Nano-5. We assumed that the 

dehydration process of PHPMA would request a much longer time. 

Accordingly, we decided to increase the thermal annealing period. 

As shown in Fig. 4C, WLM remained stable during the first 

incubation day at 60°C, as the shape of the normalized form factor 

was unchanged. However, after 8 days at 60°C, SLS data underwent 

a small deviation, then became completely different after 40 days of 

incubation at 60°C (Nano-6), indicating an evolution of the 

morphology. The normalized form factor of Nano-6 was well-fitted 

using the theoretical expression of spheres (Eq-8) as shown in Fig. 2B, 

confirming the evolution of the WLM (Nano-1) to spherical micelles 

(Nano-6). The -ratio ( = Rg/RH = 0.77) calculated (from the RH = 88 

nm and the Rg = 68 nm) for the Nano-6 suspension (table 1), and the 

TEM images (Fig. 3I, 3J and S10†) clearly reveal the presence of 

spherical micelles.  

As summarized in Fig. 5, such thermal order-order transition 

(WLM to spheres) could be attributed to the decrease of the packing 

parameter at 60 °C caused by the weak hydrophobic nature of 

PHPMA-based core-forming nanoobjects (dehydration of PHPMA 

grafts by heating). It should be noted that such thermal transition is 

Fig. 5 Proposed mechanism explaining the effect of temperature 

on the morphological evolution of Dex-g12-PHPMA400-based 

nanoobjects at 10% w/w solids. (a) WLM prepared by photo-

PISA at RT (Nano-1). (b) Irreversible transition of WLM to 

spheres by heating to 60°C. (c) Spherical micelles prepared by 

photo-PISA at 60°C. (d, e) Cooling of spheres dispersions 

prepared by routes b and c leading to spheres (Nano-6 and 

Nano-5, respectively). 
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irreversible, given that spheres formed at 60°C remained stable at RT 

for many months as evidenced by DLS results shown in Fig. 4B (RH = 

88 nm, PDI = 0.04). This could be attributed to the Dex-g12-PHPMA400 

glycopolymers architecture (grafted), which may confer a higher 

stabilization of the nanostructures, avoiding the fusion of spheres 

into WLM. Analysis of Nano-1 suspension stored at RT in dark for 15 

months (Fig. 4B) showed that WLM remained stable at RT (RH = 98 

nm, PDI = 0.12). This finding constitutes an additional proof that the 

WLM to spheres transition is induced by a thermal process rather 

than an aging phenomenon.  

In the literature, inter-morphology thermal transitions have been 

previously reported for various PHPMA-based core-forming 

nanoobjects. 105, 107-111 Armes and co-workers reported reversible 

phase transformation between 4°C and 50°C for nanoobjects 

prepared by PISA using poly(ethylene glycol), 107 poly(glycerol 

monomethacrylate),105, 108 and poly(N-(2-hydroxypropyl) 

methacrylamide) 110 as hydrophilic macroCTAs. Tan, Zhang and co-

workers 112 observed irreversible transformation of WLM to spheres 

when cooling from RT to 4°C. Recently, Delaittre and co-workers 111 

observed reversible phase transitions between 4°C and 40°C for 

poly(2-oxazoline)-b-PHPMA-based nanoobjects at high 

concentration, and an irreversible transition at low concentration 

(only vesicles to WLM to spheres were possible by cooling) due to 

the unfavourable fusion of spheres or WLM in diluted medium. 111 

Note that our observations are again in contrast to those reported 

by such research groups, who found that heating aqueous 

suspensions of nanoobjects induced an increase of the morphology 

order, i.e. WLM to vesicles. Authors 110 ascribed this phenomenon to 

the surface dehydration of the PHPMA segments (closest to the 

hydrophilic block and previously preferentially hydrated at low 

temperature), which causes a reduction of the effective hydrophilic 

block size, resulting in higher Vr (higher packing parameter). In our 

case, we assume that the unusual behaviour of Dex-g12-PHPMA400 

glycopolymers at high temperature is attributed to an uniform 

dehydration of the PHPMA, which causes a reduction of the volume 

of the PHPMA grafts, resulting in a smaller Vr and thus in the 

formation of lower order morphology. 

 

Conclusion 

In summary, the effect of the experimental conditions, used to 

induce the self-assembly of amphiphilic glycopolymers (AGPs) in 

water, on the produced nanoobjects morphology was highlighted 

using advanced characterization techniques, including 

static/dynamic light scattering and TEM/CryoEM analysis. A model 

amphiphilic grafted glycopolymer (Dex-g12-PHPMA400) based on 

dextran as hydrophilic polysaccharide backbone and PHPMA as 

hydrophobic grafts was investigated.  

On the one hand, we demonstrated that the self-assembly of 

glycopolymers is sensitive to the process used. Formation of glyco-

nanostructures using photo-PISA at RT led to a mixed phase of 

spheres with a major population of WLM, whereas the 

nanoprecipitation method, which is one of the most-used 

conventional self-assembly techniques, led only to spherical 

micelles. Additionally, we showed that the emulsion-solvent 

evaporation and film-rehydration techniques using usual solvents led 

to the precipitation of Dex-g12-PHPMA400 in water, indicating that 

these conventional assembly techniques are not suitable for such 

glycopolymers.  

On the other hand, we demonstrated that the morphology of 

glyco-nanostructures was affected by temperature. Performing 

photo-PISA at 60 °C led to spheres instead of the WLM observed with 

photo-PISA at RT. Additionally, our findings revealed that WLM of 

Dex-g12-PHPMA400 underwent an unusual morphological transition to 

spheres upon incubation at 60 °C. We attribute such thermal 

behaviour to the weak hydrophobic nature of PHPMA-based core-

forming nanoobjects, which changes with temperature, resulting in 

a shift of the hydrophobic/ hydrophilic volume ratio that drives the 

packing parameter.  

We hope that this study contributes to the fundamental 

comprehension of the self-assembly of amphiphilic glycopolymers 

into nanostructures with advanced morphology, which is an 

important step in developing glyco-nanocarriers for drug delivery. 

We believe that the self-assembly of amphiphilic glycopolymers is far 

to be completely understood, many other parameters need to be 

deeply investigated, including nature of hydrophilic polysaccharide, 

number and size of grafts.          
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