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Abstract 

Sugar-based amphiphiles are a relevant natural alternative to synthetic ones due to their 

biodegradable properties. The understanding of their structure-assembly relationship is needed to 

allow the concrete synthesis of suitable derivatives. Here, four different mannose-derivative 

surfactants are characterized by pendant drop, dynamic light scattering, small-angle X-ray 

scattering, cryo-transmission electron microscopy and molecular dynamics techniques in aqueous 

media. Measurements denote how the polysaccharide average degree of polymerization (𝐷𝑃̅̅ ̅̅ ) and 

the addition of a hydroxyl group to the hydrophobic tail, and thus the presence of a second 

hydrophilic moiety, affect their self-assembly. A variation in the 𝐷𝑃̅̅ ̅̅  of the amphiphile has no effect 

in the critical micelle concentration in contrast to a change of the hydrophobic molecular region. 

Moreover, high 𝐷𝑃̅̅ ̅̅  amphiphiles self-assemble into spherical micelles irrespectively of the hydroxyl 
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group presence. Low 𝐷𝑃̅̅ ̅̅  ones with only one hydrophilic moiety form cylindrical micelles, while 

the addition of a hydroxyl group to the tail lead to a spherical shape.  

 

1. Introduction 

Amphiphiles are well-known molecules characterized by having two specific moieties: a 

hydrophilic “head” group and a hydrophobic “tail” region. These compounds are under constant  

research, focus, and development due to their wide applications in our society in the form of drug 

delivery systems1, nanotemplates2, detergents3 or cosmetics4. Distinguished for their ability to self-

assemble and stabilize interfaces while adding innate properties to the system, such as 

viscoelasticity5, at present most of the surfactants found in the market are manufactured or 

synthesized from non-biodegradable petrochemical sources6. The discovery of new environmentally 

friendly supply routes is of vital importance due to the crude oil depletion. Thus, sugar-based 

surfactants are of particular interest due to their high biocompatibility and low environmental 

impact7. Bio-based amphiphiles not only provide us a way to decrease the environmental pollution 

produced during their obtention, but also in their application. In addition to their biodegradability, 

their properties such as wettability, surface activity, pH, salt or temperature resistance as well as 

biological recognition can provide addition relevant properties. As an example, rhamnolipids have 

proven their viability in eco-friendly formulations for hair washing and conditioning8 while 

sophorolipids opened a new route in the development of control plant diseases as a result of their 

antimicrobial activity9. 

Above their critical micellar concentration (CMC), sugar-based amphiphiles can self-assemble into 

well-defined nanostructures. In an aqueous system, the hydrophobic region gets surrounded by its 

hydrophilic sugar counterpart, the polar group, which is in direct contact with the liquid media. This 

reorganization process is characterized by an entropy increase in the system and yields to a 
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thermodynamically favorable assembly10. The final conformation adopted can be related to the 

concentration of the system, the solvent used, and more importantly, the molecular structure of the 

amphiphile. The demand for specific nanostructures whose morphology and size can be adjusted is 

on the rise. Different studies have shown how their size11 and their morphology12 are directly related 

to biological recognition processes, as in cells and viruses. Thus, the design and understanding of 

specific environmentally-friendly amphiphiles with the desired properties is an imperative. Recent 

examples of several assembled structures based on sugar-based amphiphiles can be found in the 

literature. Galactose and glucose-based amphiphiles have been reported to self-assemble into 

spherical micelles13,14, maltoside-derivatives organize in cylindrical micelles15 and xylan-based 

ones in the form of vesicles16. While a wide characterization is supplied, further explanations 

between their molecular structure and self-assembly behavior are seldom and often incomplete17. 

General routes to target desired shape and size self-assembled glycosides are still needed. A better 

comprehension of their interfacial and bulk behavior would be beneficial and highly advantageous 

for their future design and implementation in the society. To date, the majority of the reported 

analysis of sugar-based amphiphiles focus on simple structures, with one to four sugar units18,19. 

Furthermore, most studies do not address the effect and influence of the hydrophobic region on the 

final conformation. Contributions are focused on the nature of the sugar units, while the lipophilic 

chain is ‘reduced’ to a nonpolar chain. Only some theoretical reports can be found with more 

complex moieties20. It is necessary to understand the role and effect of variations in the lipophilic-

hydrophilic balance and solubility, a major problem in one-sugar surfactants, in the self-assembly 

process. Changes along all the molecular structure as a gradual increment of the sugar degree of 

polymerization (𝐷𝑃̅̅ ̅̅ ) or an increase in the hydrophobic region complexity could provide further 

insights into their structure-behavior correlation. Recently, our group reported the environmentally-

friendly synthesis of a mostly linear polar head mannose-based surfactant with variable 𝐷𝑃̅̅ ̅̅  ranking 

up to 821. D-mannose is a natural monosaccharide widely used in the alimentary, cosmetic, 
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pharmaceutical, or medical fields. It can be used as a food supplement, biological recognition anchor 

in drug design or blocking colonization in animal feeds22,23. It is also directly involved in the 

biological recognition of mannan-binding lectins that form part of the immunity system and its 

application for biobased nanocarriers is of vital importance. Mannose receptors are also expressed 

on alveolar macrophages, target for the treatment of diseases such as tuberculosis, or possess a 

critical role in phagocytosis through C-type lectin membrane receptors24. 

Here, we present the self-assembly characterization of four mannose-derivative glycoside 

amphiphiles. Two almost linear mannose polysaccharides with different 𝐷𝑃̅̅ ̅̅  (= 3 and 8) were linked 

to an oleic or ricinoleic acid by click chemistry. Each amphiphilic derivative was characterized 

individually in order to understand its resulting self-assembly. In a systematic way, the effects of 

the 𝐷𝑃̅̅ ̅̅  in the final thermodynamically favorable structure, as well as the effect of a hydroxyl group 

at the unsaturated hydrophobic tail, in the case of the ricinoleic acid derivative, were studied. A 

comprehensive understanding of their organization at fluid interfaces was achieved and a plausible 

explanation reached. The air/water interface was analyzed as a simple and reliable way to elucidate 

the 2D self-assembly behavior of the amphiphiles25. Furthermore, a complete characterization of 

their 3D self-assembly above the CMC was performed. Bulk studies revealed how small-scale 

changes in the molecular structure of the amphiphile lead to discrete aqueous self-assembled 

formations26. The self-assembly capabilities of the amphiphiles are strongly correlated to their 

molecular composition. To conclude, guiding rules for the design of different micellar structures by 

the chemical modification of mannose-derivative surfactants for further applications are provided. 

2. Experimental section 

2.1.  Materials. D-(+)-Mannose monosaccharides (from wood, ≥ 99%) and Amberlyst-15 (≥ 

90%, 0.355 – 1.18 mm, 1.7 mL-1 capacity) were purchased from Sigma Aldrich and dried under 

vacuum conditions prior to their use. 1,6-Anhydro-β-D-mannopyranose and Propargyl α-D-

mannopyranoside were obtained from Biosynth Carbosynth and used without purification. L-
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Ascorbic acid (99%), propargyl alcohol (99%), D-Sorbitol (≥ 98%), 3-bromo-1-propanol (97%), 

1,5,7-triazabicyclo[4.4.0]dec-5-ene (98%), sodium azide (≥99.5%), and N,O-

Bis(trimethylsilyl)trifluoroacetamide (99%) were acquired from Sigma Aldrich and used without 

further purification. Methyl oleate (≥ 99.9%) was procured by Nuchekrep. Magnesium Sulfate 

(MgSO4) was purchased from Sigma Aldrich. Cuprisorb and Copper(II) sulfate were obtained from 

Seachem and ProLabo, respectively. Chloroform, THF, acetone, petroleum ether, dimethyl 

sulfoxide (DMSO), acetonitrile, ethyl acetate, diethyl ether, and pyridine were purchased from 

Sigma Aldrich and used as obtained. Dialysis steps were realized using a Spectra/Por®6 MWCO 

100-500 Da membrane. The ultrapure water used was produced by a Millipore Milli-Q unit and 

pretreated by a Millipore reverse osmosis system (>18.2 MΩ·cm). 

2.2. Sample preparation. For pendant drop experiments, different concentration samples were 

prepared by the addition of the amphiphiles to previously filtered ultrapure water (using a 0.22 µm 

PTFE filter), in the range of 0.01 to 15 mmol·mL-1. For DLS, Cryo-TEM and SAXS 

characterizations, samples were also prepared by direct dissolution. Surfactants were dispersed in 

previously filtered ultrapure water (using a 0.22 µm PTFE filter) at a concentration of 10 and 25 

mmol·mL-1, concentrations above the CMC. Solutions were magnetically stirred at 450 rpm for 24 

h at room temperature and filtered twice through a 0.45 µm PTFE filter without a significant weight 

loss. Sample concentrations were calculated using the respective number-average molecular weight, 

𝑀𝑛̅̅ ̅̅ , of each amphiphile. 

 

2.3. Characterization methods 

Nuclear Magnetic Resonance (NMR). A Bruker AVANCE III 400 (Bruker Scientific Instruments, 

Massachusetts, USA) equipped with a 5 mm probe was used. It was operated at 400.2 MHz for 1H 

and 298 K. Samples within a 20-40 mg·mL-1 concentration range were measured using deuterated 

solvent (D2O, Eurisotop; 99.0 atom % D, 1H-NMR: δ = 4.8 ppm.). 128 scans were recorded, and 
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the data obtained were compiled using the Bruker Topspin software. The final spectra were analyzed 

by TopSpin (v. 4.0.9). Automatic phase correction and integration steps were applied. 

Matrix-Assisted Laser Desorption/Ionisation-Time of flight (MALDI-TOF). A CESAMO 

(Bordeaux, France) on an Autoflex maX TOF mass spectrometer (Bruker Daltonics, Bremen, 

Germany) equipped with a frequency tripled Nd:YAG laser (355 nm) was used to record every 

spectrum. A 19 kV acceleration voltage in the positive-ion linear mode was needed. 1 mL vacuum-

dried samples were measured at a concentration of 20 mg·mL-1 in water/acetonitrile 70/30 ratio with 

trifluoroacetic acid (10 vol%) solvent. A 10:1 v/v mixture of the samples with a 2,5-

dihydroxybenzoic acid solution was prepared by the prior solution of 10 mg of it in 1 mL of 

acetonitrile. 

Size Exclusion Chromatography (SEC). An Ultimate 3000 System (Thermoscientific) equipped 

with diode array detector, DAD, and a multi-angle laser light scattering detector MALLS (Wyatt 

Technology) was utilized for the determination of molar masses. In all samples, water was used as 

eluent. The separation of the compounds was carried out by two Shodex OH Pack 802.5 columns 

with exclusion limits from 500 Da to 10 000 Da. A temperature of 25 ºC and a flow rate of 0.6 

mL·min-1 were applied. The number average molar mass, 𝑀𝑛̅̅ ̅̅ , weight average molar mass, 𝑀𝑤̅̅ ̅̅̅, and 

dispersity, Ð, were calculated after calibration with dextran as standard. 

Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR). FTIR spectra were recorded on 

a Bruker VERTEX 70 instrument (DLaTGS MIR) equipped with a Pike GladiATR plate (diamond 

crystal). Each spectrum was obtained with a 4 cm-1 resolution after 64 scans at room temperature. 

Tensiometry. A Drop Shape Analyzer-DSA100 (Krüss GmbH, Germany) using a CF04 camera 

(320 fps at 1200 × 600 px), a high-power monochromatic LED (λ = 470 nm) illumination, and a 

0.72 mm diameter needle was used to obtain the surface tension data. Samples were prepared in an 

aqueous media and measured at 20 ± 0.5 ºC. Between three and six replicated experiments were 

done at each concentration and the average value is shown. For accurate results, the droplets were 
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measured in a sealed small cuvette in order to create an equilibrium humid atmosphere and slow the 

evaporation process27. 

Dynamic Light Scattering (DLS). A Zetasizer Nano ZS Instrument (Malvern Instruments Ltd., 

Malvern, UK) with a red line (wavelength, λ = 632 nm) of a He-Ne laser in a quasi-backscattering 

configuration (scattering angle, θ = 173°) was used to evaluate the apparent diffusion coefficient, at 

20 ºC. Moreover, to accurately corroborate the size distribution, multiangle light scattering analysis 

(ALV DLS) were also carried out using an ALV 22 mW linearly He-Ne polarized goniometer laser 

(λ = 632 nm) with an ALV-5000/EPP multiple tau digital correlator (initial sampling time 125 ns). 

Samples were analyzed at 20 ºC in an angle range from 30º to 150º.  

Small Angle X-ray Scattering (SAXS). A Xeuss 2.0 (XENOCS, France) equipped with a Genix-

3D Cu beam (Kα wavelength of 0.1542 nm) with a Dectris Pilatus-300k (Dectris, Switzerland) 

detector was used. The apparatus was operated at 40 kV and 40 mA with a sample distance of 1.635 

m and an exposure time of 3 h per sample. A capillary made of quartz with an inner diameter of 

~1.5 mm and 10 μm thickness was utilized as sample holder. The scattered X-ray intensities were 

collected in a two-dimensional position-sensitive imaging plate and integrated over a linear profile 

to convert into one-dimensional (I(q) vs. q) scattering data. Background scattering, obtained from 

MilliQ water, was subtracted from the sample data to obtain scattering just from the self-assembled 

structures.  

Cryo-Transmission Electron Microscopy (cryo-TEM). A LaB6 JEOL 2100 (JEOL, Japan) cryo 

microscope was used to obtain the micrographs. It was operated with a JEOL low dose system 

(Minimum Dose System, MDS) at 200 kV to protect the sample ice film from any irradiation before 

imaging and reduce irradiation during image capture. An ultrascan 2k CCD camera (Gatan, USA) 

was employed to record the images and a “quantifoil” (Quantifoil Micro Tools GmbH, Germany) 

carbon membrane was used to prepare the thin films. A droplet was directly deposited on the 

substrate and any sample surplus on the membrane was removed while liquid ethane was employed 
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to quench-freeze and form the thin film. Samples were measured at -180 ºC in a Gatan 626 cryo-

holder cooled with liquid nitrogen. 

2.4. Simulation model and parameters. 

Atomistic (ATM). Molecular mechanics (MM) and molecular dynamics (MD) calculations were 

performed using a Dreiding force field (Forcite). The charge was incorporated by Charge 

equilibration (QEq). A cutoff of 1.85 nm was used to calculate the Leonard-Jones (LJ) interactions 

and short-range electrostatic interactions. For each MD simulation, the procedure was started with 

a geometry optimization protocol followed by 400 ps of NVE ensemble dynamics with a 0.2 fs 

heating ramp from 300 K to 500 K. After, the geometry was again optimized by MM. MD-MM 

optimization cycles were repeated 10 times. 

Coarse-Grained (CG) Martini force field. Self-assembly MD calculations were performed by 

using a Martini force field on a coarse-grained (CG) model (Mesocite). A cutoff of 1.0 nm was 

employed to calculate the LJ and short-range electrostatic interactions. Periodic boundary NPT MD 

calculations were carried out at a temperature of 293.15 K and 1 atm with a 2 fs time step to a total 

simulation of 500 ns.  

3. Results and discussion 

Four mannose-based (PMan) derivatives with differences in their polar head degree of 

polymerization (𝐷𝑃𝑛̅̅ ̅̅ ̅ = 3 and 8) and in their nonpolar tail structure (based on oleic and ricinoleic 

fatty acids) have been investigated. The molecular structures of these amphiphiles are shown in 

Figure 1. The latter are composed of a mixture of oligomers and exhibit a dispersity, Ð, of ca. 2, as 

expected for a polycondensation synthesis. The tuning of their final intermolecular interactions was 

achieved by adjusting the length and complexity of the hydrophilic and hydrophobic counterparts, 

respectively. Note that the sugar-based polar head groups are not purely linear, presenting a main 

chain of mannose units connected via α-(1,6)-glycosidic linkage (60 %) with branching patterns at 
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the OH-2 position (24 %) and some other connections via β-(1,6) and β-(1,2) linkages (8 %). An in-

depth description of the synthesis procedure of similar surfactants was already reported by the 

group21 (see Figure S1-S8). 

 
 

aThe number-average molecular weight (𝑀𝑛̅̅ ̅̅ ) and the hydrophilic weight ratio 

(fMan) of the amphiphiles were determined by 1H-NMR spectroscopy. 
bDispersity = Polar head PMan 𝑀𝑤̅̅ ̅̅̅/𝑀𝑛̅̅ ̅̅ ; 𝑀𝑤̅̅ ̅̅̅ and 𝑀𝑛̅̅ ̅̅  were measured by SEC 

using H2O as eluent and dextran as calibration standards at 25 °C 

 

Figure 1. (PMan)n-b-fatty acid derivatives: structure, chemical formula and molecular parameters 

overview. 

 

The relationship between the molecular structure and self-assembly of each amphiphile at the 

air/water interface was investigated by measuring the equilibrium surface tension (γ) as a function 

of the concentration by the pendant drop technique. All the curves obtained are provided in Figure 

S9. Monodisperse samples are characterized by a linear decay until a plateau is reached. However, 

minimal changes in the system or the purity of the sample are known to affect the final interfacial 

data28,29. Due to the dispersity of the polar moiety and the possible formation of pre-micellar systems 

accounting to the strong hydrogen bonding ability of sugars, the surface tension decay as function 

of the concentration denoted a smoother decay than usual, making it harder to extract the accurate 

Amphiphile name 𝑴𝒏
̅̅ ̅̅ a (g/mol) Dispersity, Db fMan (%)a 

(PMan)3-b-OI 908 2.00 56 

(PMan)8-b-OI 1719 2.03 77 

(PMan)3-b-Ric 924 2.00 55 

(PMan)8-b-Ric 1725 2.03 76 
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CMC value30. Therefore, limitations of their analysis preclude analyzing these results as absolute 

values but rather as a general trend.  

Table 1. Critical micelle concentration, surface tension and 10 mM hydrodynamic radius of 

(PMan)n-b-fatty acid derivatives. 

Sample CMC (mM) γCMC (mN/m) 
Rh (nm) 

(DLS, ALV) 

PDI 

(DLS, Malvern) 

(PMan)3-b-OI 1.54 ± 0.12 43.0 ± 0.2  13.3 0.19 

(PMan)8-b-OI 1.60 ± 0.17 47.1 ± 0.3 4.6 0.08 

(PMan)3-b-Ric 0.65 ± 0.10 39.4 ± 0.2 5.1 0.07 

(PMan)8-b-Ric 0.62 ± 0.11 41.8 ± 0.2 4.3 0.08 

 

As it can be observed in Table 1, long-chain polar head amphiphiles (PMan)8-b-OI and (PMan)8-b-

Ric denote similar average CMC values (ca. 1.60 and ca. 0.62 mM, respectively) than their short-

chain counterparts (PMan)3-b-OI (ca. 1.54 mM) and (PMan)3-b-Ric (ca. 0.65 mM). Nevertheless, a 

general increase in the surface tension at the CMC (γCMC) was also observed for longer sugars. 

(PMan)8-b-OI shows a higher γCMC value (ca. 47.1 mN/m) compared to (PMan)3-b-OI (ca. 43.0 

mN/m) and same increased tendency was distinguished for (PMan)8-b-Ric (ca. 41.8 mN/m) 

compared to (PMan)3-b-Ric (ca. 39.4 mN/m). It can be concluded that the increase in the number 

of mannose groups has close to no impact in the CMC while increasing the γCMC. Usually, it is 

assumed that an increase in the polar region is directly related to a H-bonding promotion. As a 

consequence, a higher stabilization in the bulk media generally leads to larger CMC values31. This 

is not always the case, especially for sugar-based surfactants. In agreement with earlier findings 

reported in the literature, a small 𝐷𝑃̅̅ ̅̅  increase of the sugar moiety, in the form of one or two residues, 

can have from no impact to even decrease the CMC 32–34. Similar behavior was observed by Vanaken 

et al. (between β-D-Glu and β-D-Mal amphiphiles) or Minamikawa et al. (between β-Mal2(Ger) and 

β-Mal3(Ger) ones)32,35, where no variation in the CMC and an increase in the γCMC resulted as a 
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function of the sugar length. The relationship between the number of sugar residues and micelle 

formation is found to be affected by many variables rather than by their hydrophilicity, steric 

hindrance36, or the stereochemistry of the headgroup alone37. As suggested by previous authors for 

other sugar-based amphiphiles, mannose polysaccharides may prefer to interact between them rather 

than with the surrounding media, enhancing the sugar-sugar interactions via H-bonding. Head-head 

interactions can be in charge of balancing the hydrophilicity of the system while compensating the 

additional sterically hindrance, leading to favorable micellar structures that maintain the CMC 

constant. The impact on the CMC is less affected by the addition of one sugar unit to the polar head 

than a change in the alkyl chain length or conformation20. (PMan)3-b-Ric (0.64 mM) and (PMan)8-

b-Ric (0.62 mM) denoted lower CMC values compared to their counterparts (PMan)3-b-OI (1.54 

mM) and (PMan)8-b-OI (1.59 mM). Moreover, the effect in the structure of the hydroxyl group 

could be also observed in the γCMC, where (PMan)3-b-Ric (39.4 mN/m) and (PMan)8-b-Ric (41.8 

mN/m) denoted lower surface tension values as opposed to (PMan)3-b-OI (43.0 mN/m) and 

(PMan)8-b-OI (47.1 mN/m), respectively. The existence of a cis double bond is known to affect the 

molecular assembly by disrupting the packing of the hydrophobic tails38, while the presence of a 

hydroxyl group can be directly related to the final molecule packing and organization at the air/water 

interface39. Their implementation led to a reorganization of the molecules at the interface, mostly 

promoted by changes in the tail assembly. In this regard, the relationship between the γCMC and the 

tail bending has been already reported40. Conformational changes occurring at the air–water 

interface can be responsible for a more oriented hydrocarbon tail at the interface, and lower γCMC. 

This change could be explained by a tail reorientation in the presence of an OH group, making the 

molecule behave as a bipolar amphiphile. Surface-pressure area isotherms of ricinoleic acid and 

methyl ricinoleate have shown that the hydrophobic tail can be reorientated in function of the 

molecular area41. A bent organization was characterized by interactions between the subphase and 

the COO group with the hydroxyl group at high molecular areas (ca. 66 A2) while a perpendicular 
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state was observed at lower ones (ca. 34 A2). Oleic acid, however, denoted a preferable 

perpendicular state (ca. 33 A2) with no clear phase transitions. Similar behavior could be present in 

the mannose derivatives, where OI and Ric tails are based on ricinoleic and oleic acid structures. 

Above the CMC, the self-assembly behavior of the amphiphiles in water was also the target of study, 

and their size and shape were observed by dynamic light scattering (DLS). Figure 2 exemplarily 

shows the respective (PMan)8-b-OI and (PMan)3-b-OI ALV DLS correlogram and size distribution 

plots. All curves are provided in Figure S10 and S11.  

Figure 2. DLS intensity auto-correlation (black) and size distribution (blue) functions obtained by 

ALV at three different angles of 10 mM (a) (PMan)8-b-OI and (b) (PMan)3-b-OI. 

  

A B 
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As it can be observed in Table 1, (PMan)8-b-OI and (PMan)8-b-Ric, due to their large polar head 

group, form well-defined monodispersed micelles with an average Rh of ca. 4.6 and 4.3 nm, 

respectively (PDI = 0.08). Along the same lines but with a smaller 𝐷𝑃̅̅ ̅̅ , (PMan)3-b-Ric also shows 

a monomodal behavior of micelles with a slightly larger Rh of ca. 5.1 nm (PDI = 0.07). Multi-angle 

DLS experiments in the 30º to 150º range concluded that (PMan)8 derivatives as well as (PMan)3-

b-Ric denote a purely diffuse scattering, confirming their spherical shape. Figure S12 compiles the 

cumulant coefficient Γ values obtained as a function of the square of the wave vector q2. Moreover, 

(PMan)8-b-OI, (PMan)8-b-Ric and (PMan)3-b-Ric self-assemble into micelles with similar Rh values 

when increasing the sample concentration from 10 mM to 25 mM (Figure S10). Comparing the size 

and conformation relationship of the amphiphiles at 10 mM, a slight variation of the micelles was 

observed between (PMan)8-b-OI (4.6 nm) and (PMan)8-b-Ric (4.3 nm) spherical self-assembly. The 

size of the micelles, with a 𝐷𝑃̅̅ ̅̅  of 8, is minimally affected by the molecular structure and the 

organization of the core. The slight Rh decrease of (PMan)8-b-Ric can be associated to the OH group, 

which hydrophilicity could promote the tail bending due to the action of a second hydrophilic 

moiety, increasing the compactness of the core, compared to (PMan)8-b-OI. Similar conclusion 

could be reached between (PMan)8-b-Ric and (PMan)3-b-Ric micelles, as their difference in 

concentration has no critical effect in the final conformation. While (PMan)8-b-Ric molecules can 

organize their tail in a bent configuration due to the higher 𝐷𝑃̅̅ ̅̅ , (PMan)3-b-Ric amphiphiles can be 

described by a mostly vertical tail position. Thus, even if the sugar unit is smaller in average, the 

final size of the micelle is larger (5.1 nm) compared to (PMan)8-b-Ric (4.3 nm). This conclusion 

would be in agreement with the literature, as reported between oleic and stearic-based surfactants, 

where the bending of the tail lead to smaller micelles40. More specifically, previous contributions 

evidenced how sodium ricinoleate derivatives, as (PMan)8-b-Ric, can self-assemble into micelles 

where the OH group of the hydrophobic tail is in contact with the aqueous media or the CO, bending 

the hydrophobic tail42. This interpretation is in line with the previous 2D interfacial tensiometry 
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results, where the hydroxyl group is suggested to have a clear effect in the molecular reorganization. 

However, a different behavior was observed for the (PMan)3-b-OI amphiphile. Self-assembled 

structures with a larger average Rh of 13.3 nm (PDI = 0.19) were obtained and associated with 

flexible cylindrical micelles. As for polymers, the Rh obtained was related with the folded state of 

the micelle, where an increase of the Rh with the concentration could be related to the increase of 

the cylindrical length of the micelles (Figure S10). A deeper analysis of the obtained DLS spectra 

also shows the presence of a second population with a smaller relaxation time, albeit in small 

concentrations, in the 5 nm range. The low population of spherical micelles could be associated with 

the presence of high 𝐷𝑃̅̅ ̅̅  molecules in the sample, due to the dispersity. As previously observed for 

(PMan)8-b-OI, molecules with larger polar head groups are related to spherical conformations. In 

line with Israelachvili packing parameter P = vtail/(ahg·ltail), (where vtail is the volume of tail, ahg is 

the head group area, and ltail is the tail length), increased P values in molecules with only one 

hydrophilic moiety are associated with worm-like micelles, while smaller ones are to spherical 

micelles43. (PMan)8-b-OI, due to its high 𝐷𝑃̅̅ ̅̅  and ahg, is characterized by lower P values and thus 

assembles into spherical micelles. (PMan)3-b-OI, in contrast to (PMan)3-b-Ric, forms cylindrical 

structures that can be only explained by the absence of the hydroxyl group in the lipophilic tail. To 

assert the stability of the structures, the evolution of the self-assembled conformations was followed 

by DLS overtime during a period of 15 days. No change in the scattered intensity was observed, 

confirming the stability of the self-assembled micelles. Figure S13 shows the micelle size 

distribution for all the sugar derivatives synthesized. It can be concluded that all the structures 

formed by the direct solubilization process are reproducible and thermodynamically stable in time.  

A deeper view of these structures was obtained by cryo-TEM experiments. Spherical micellar self-

assembled structures were observed for (PMan)8-b-OI, (PMan)8-b-Ric, and (PMan)3-b-Ric in 

agreement with DLS results. In contrast, (PMan)3-b-OI self-assembles into clear flexible cylindrical 

structures, while still in the presence of few small spherical micelles. Figure 3 shows cryo-TEM 
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examples of the (PMan)8-b-OI micellar and (PMan)3-b-OI cylindrical assemblies (other significant 

cryo-TEM images can be found in Figure S14). Also, shape stability could be observed in the 

studied range of the concentrations. Note that dark motives surrounded by a bright halo are ice 

aberrations produced during sample preparation. (PMan)3-b-OI cylindrical micelles clarify the 

previous higher Rh and PDI DLS results obtained. Their values can be associated with the rotational 

and translational diffusion of flexible cylinders. Moreover, the small presence of spherical micelles 

can be directly related to the second distribution previously mentioned in the DLS spectrum, based 

on the presence of higher 𝐷𝑃̅̅ ̅̅  molecules in the sample. 

 

Figure 3. Cryo-EM images of (a) (PMan)8-b-OI spherical micelles (b) (PMan)3-b-OI cylindrical 

micelles. Darker motives surrounded by a bright halo are ice aberrations produced during sample 

preparation. 

 

A complete morphological study of the sugar-based self-assembled structures, was carried out by 

small angle X-ray scattering (SAXS) measurements. Figure 4 shows the experimental spectra of 

(PMan)8-b-OI, (PMan)8-b-Ric, (PMan)3-b-Ric and (PMan)3-b-OI self-assembled micelles. For all 

compounds, a characteristic dependence of the scattered intensity I(q) as a function of the 

wavevector q could be observed, from which fit it can be inferred the presence of well-defined 

nanostructures44,45. In the case of spherical micelles, the plateau at low q values can be fitted by a 
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Guinier Law, their Rg deduced and the Rg/Rh ratio can be used to get information of the micellar 

system46. (PMan)8-b-OI, (PMan)8-b-Ric, and (PMan)3-b-Ric amphiphiles are described by Rg/Rh 

ratios of 0.78, 0.79, and 0.75, respectively, close to 0.77, ratio associated to perfect spherical 

micellar conformations47,48.  

 

Figure 4. Small-Angle X-ray scattering signal (dots) and their respective spherical core/shell fitting 

(solid line) of (a) 10 mM (PMan)8-b-OI (red) and (PMan)8-b-Ric (blue) (b) 25 mM (PMan)3-b-Ric 

(black) and (PMan)3-b-OI (green). Inserted plots are the corresponding Pair Distance Distributions 

Functions (PDDF) determined from IFT as a function of q (same color code used).  

 

These results clearly support previous DLS and cryo-TEM observations. The amphiphiles self-

assemble into a spherical micellar shape. SAXS data were also fitted using a spherical core-shell 

model for (PMan)8-b-OI, (PMan)8-b-Ric and (PMan)3-b-Ric amphiphiles while applying a 

cylindrical core-shell model for (PMan)3-b-OI, Figure 4 (solid line). A compact hydrophilic 

mannose shell is surrounding a hydrophobic core, where the amphiphilic tail is placed (all the values 

obtained after the fitting are summarized in Table S1). In line with previous interfacial and bulk 

results, (PMan)8-b-Ric and (PMan)8-b-OI amphiphiles, with the same sugar 𝐷𝑃̅̅ ̅̅ , self-assemble into 

spherical micelles with similar Rshell values of 27.3 and 27.7 Å, respectively. The ricinoleic tail, with 

a possibly favorable bent organization, leads to a smaller core characterized by a Rcore of 15.0 Å, 

B A 
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while the oleic tail gives a Rcore of 17.4 Å, explaining the smaller size of the (PMan)8-b-Ric micelles. 

(PMan)3-b-Ric, while showing a thinner sugar shell with a Rshell value of 20.8 Å, has a larger 

micellar size compared to (PMan)8-b-Ric. Due to a more vertical orientation of the hydrophobic 

moiety, described by a Rcore of 21.7 Å, (PMan)3-b-Ric self-assembles into larger spherical micelles, 

in agreement with DLS results. (PMan)3-b-OI cylindrical micelles were characterized by having a 

similar sugar Rshell than (PMan)3-b-Ric, of 19.9 Å, while possessing a shorter Rcore of 17.0 Å, in 

range of (PMan)8-b-OI one. These tail results are in line with MM and MD simulations, as in Figure 

S15, where the ideal distances for every conformation are shown as a reference. 

By using an inversion approach, the pair distance distribution functions (PDDFs) were also 

calculated, Figure 4 (inner plot). A two-step function characteristic of a core-shell model is 

observed for all the surfactants. Such a two-step model gives an average idea of the size of the head 

groups at the outer shell, as well as information about the length of the chains at the inner shell49. 

Moreover, the intersection with the x-axis of the PDDF can give information about the size of the 

spherical micelles, which is two times the radius. Spherical micelles showed an increased average 

size, going from (PMan)8-b-Ric to (PMan)8-b-OI and (PMan)3-b-Ric. All radii were in agreement 

with previous DLS results and confirmed the size values obtained after the core-shell fitting. As 

previously observed, (PMan)8-b-OI is described by a thicker core region and a final micellar size 

compared to its (PMan)8-b-Ric counterpart (Figure 4a). In contrast, while still a core-shell system, 

(PMan)3-b-OI PDDF denoted a clear cylindrical conformation against (PMan)3-b-Ric, which was 

spherical (Figure 4b). A pronounced peak in the low-r regime and an extended tail in the high-r 

side exhibits the typical feature of cylindrical nanoparticles50. Also, the flexible behavior of the 

cylindrical micelles can be elucidated, characterized by a non-linear decay of the PDDF to high-r 

values, which also denotes the average length of the micelles49. 

To attain a depth insight in the formation of the (PMan)3-b-OI self-assembled cylindrical micelles, 

coarse-grained (CG) molecular dynamic (MD) simulations were performed. All the modelling 
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parameters and conditions used are summarized in Figure S17-S18. Note that the model is based 

on monodispersed ideal samples, but allows us to observe the average conformation of the 

amphiphile at this 𝐷𝑃̅̅ ̅̅ . Figure 5 snapshots depict the self-assembly process of the amphiphiles in 

time. Water beads were eliminated for a clear vision of the structures. The relationship between the 

molecular structure and its self-assembly have been accurately reported before by CG MDs51. From 

a randomly organized state, which represents the addition of the amphiphiles to an aqueous media 

at 0 ns, surfactants quickly started to reorganize in the form of small clusters, where the hydrophobic 

moieties avoid their contact with water (Figure 5a). The recombination of these aggregates led to 

the formation of the first stable assembly, spherical micelles, and the sugars formed a shell 

surrounding the hydrophobic tail (Figure 5b). In time, these spherical micelles came closer, merged, 

and lengthened into rod-like micelles (Figure 5c). Finally, the rod-like structure continued to 

interact with the rest of the spherical micelles, forming a final cylindrical micellar structure (Figure 

5d). Note that the periodicity of the box denotes the connection of both sides of the cylindrical 

structure. A more quantitative analysis of the self-assembly process and the evolution of the average 

chain numbers of the aggregates is collected in Figure S19. In line with experimental DLS as well 

as SAXS results, (PMan)3-b-OI amphiphiles self-assemble into more thermodynamically stable 

cylindrical micelles after the intermediate states of spherical and worm-like micelles.  

 

Figure 5. Representative snapshots of the cylindrical micelle formation processes at different time 

stages of (PMan)3-b-OI at (a) 0 ns (b) 85 ns (c) 120 ns (d) 500 ns. For clarity, water beads are not 

shown. 

a b c d 



19 
 

The CG MD simulations also allowed the observation of the rod-like micelle formation. The detailed 

pathway is shown in Figure 6. Two micelles came closer to each other by their Brownian motion 

at the aqueous media (Figure 6a). As in the formation of a micelle, the amphiphiles interacted and 

the spherical shape of the micelle started to get deformed (Figure 6b). In time, the hydrophobic 

regions of the micelles met gradually (Figure 6c), and a final rod-like micelle structure was formed 

(Figure 6d). From these results, it can be inferred how, at early stages, (PMan)3-b-OI self-assemble 

into initial spherical micelles that evolve into final more thermodynamically stable cylindrical ones. 

 

Figure 6. (a-d) Representative snapshots of the fusion process of two (PMan)3-b-OI spherical 

micelles into one rod-like micelle. 

 

4. Conclusions 

Changes in the hydrophobic and hydrophilic moieties of the designed mannose-based amphiphiles 

are directly related to their final self-assembled structure at the 2D and 3D systems. Tiny tuning-up 

changes in the structure of the biobased amphiphiles can lead to the desired different self-assembly 

processes and resulting nanostructures. While an increase in the polysaccharide chain, from (PMan)3 

to (PMan)8, does not affect the CMC, (PMan)8 mannose derivatives at the air/water interface 

denoted higher γCMC values than (PMan)3 ones, possibly due to larger polar head volumes and a 

less alkyl chain coverture at the surface36. Also, the presence of a hydroxyl group in the ricinoleic 

acid derivatives is suggested to act as a second hydrophilic moiety, promoting a reorganization of 

the hydrophobic region. The bending of the tail could be related to the decrease of the CMC and 

A B C D 
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γCMC values of the system41. Changes in the 3D self-assembly of the amphiphiles can also be 

observed in line with the interfacial studies. (PMan)8-b-OI and (PMan)8-b-Ric high 𝐷𝑃𝑛̅̅ ̅̅ ̅ mannose 

derivatives tend to form self-assembled spherical micellar structures. No change in the final 

structure was induced by the presence of a hydroxyl group at the hydrophobic moiety but a slight 

decrease in the core radius. (PMan)3-b-Ric, characterized by a thinner sugar shell than (PMan)8-b-

Ric, self-assembles into spherical micelles with a thicker core due to the possible vertical orientation 

of the tails. In contrast, (PMan)3-b-OI does it into cylindrical micelles. In line with previous reports 

and supported by CG MD, when no second hydrophilic moiety is present at the molecular structure, 

a lower hydrophilic head/hydrophobic tail volume ratio in the molecular structure leads to 

cylindrical micelles. Systems with a higher ratio, as (PMan)8-b-OI, lead to spherical ones43. These 

conclusions offer interesting guidelines for the design of specific sugar-based self-assembled 

amphiphiles in a wide range of fields, broadening their supramolecular design and, more 

specifically, mannose-based ones. This edition process could be applied in biomedicine, to design 

nanocarriers, where spherical micelles are required due to lower circulation time in the human 

body52 while cylindrical micelles are on demand due to their high aspect ratio and enhanced 

properties12. 
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